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ABSTRACT. In this monograph we study four fundamental questions
about 1-periods and give complete answers. These complex numbers are
the values of integrals of rational algebraic 1-forms over not necessarily
closed paths, or equivalently periods in cohomological degree 1, or of
Deligne 1-motives over Q.

(1) We give a necessary and sufficient condition for a period integral
to be transcendental. We make this result explicit in the case of
the Weierstrafl o-function on an elliptic curve.

(2) We give a qualitative description of all Q-linear relations between
1-periods. This establishes Kontsevich’s version of the Period Con-
jecture for such periods.

(3) Periods may vanish and we determine all cases when this happens.1

(4) For a fixed 1-motive, we derive a general formula for the dimension
of the space of its periods in the spirit of Baker’s theorem, which
appears as a very special case.

These long-standing open questions lie in the heart of modern tran-
scendence theory. They look back to a long history starting with the
transcendence of 7.
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Prologue

The study of transcendence properties of periods has a long history. It
began in 1882 with the famous theorem of Lindemann on the transcendence
of m which showed that squaring the circle is not possible. This settled a
problem more than 2000 years old from the time of the Greeks. At the
same time, he showed that o and e® cannot both be algebraic unless « = 0.
In particular, loga is transcendental for algebraic o # 0,1. Lindemann
actually proved more: his method gives us that if ag,...an are pairwise
distinct algebraic numbers then e®',...,e*N are linearly independent over
Q. This was carried out in full detail, and with the approval of Lindemann,
in 1885 by Weierstraf in [Wei85]|ﬂ

In his famous address at the ICM 1900, Hilbert went further. In the
seventh of his 23 problems, he asked when «, 8 and v = o can all three be
algebraic numbers. There are some obvious cases where this is true, namely
when o = 0, @« = 1 or 3 is rational. But Hilbert went further and asked
whether these were the only cases. He considered this problem as more
difficult to prove than the Riemann hypothesis.

To much surprise Gelfond [Gel34] and Schneider [Sch34b], applying
different methods, independently succeeded in 1934 in answering Hilbert’s
problem. An almost equivalent formulation is that for a # 0 the three
numbers are algebraic if log(a) and log(a?) are linearly dependent over Q.

Linear Forms of Logarithms. The work of Gelfond and Schneider
initiated extensive work on so-called linear forms in logarithms. It was
known that lower bounds for such linear forms would give solutions to several
outstanding problems. One of them is the famous class number 1 problem;
another is finding effectively the integral solutions of classes of diophantine
equations. The main open problem in this context was to deal with linear
forms in three logarithms of algebraic numbers with algebraic coefficients.

The methods that had been developed so far could not handle more
than two logarithms and it was considered a very difficult problem to make
progress on. This hurdle was overcome in the case of classical logarithms in
1966 by Baker. In his famous paper he was able to solve this problem in full
generality not only for three but even for any finite number logarithms. In

Lsee p- 1067, footnote 2

vii



viii PROLOGUE

particular he showed that if aq, ..., o, are non-zero algebraic numbers, then
a linear form with algebraic coefficients in log aq,...,log «,, vanishes if and
only if the logarithms are linearly dependent over Q. This result is exactly
in the spirit of Gelfond and Schneider’s solutions of the Hilbert Problem.

Elliptic and Abelian Integrals. The number 27 is a period of the
integral d?"” of the rational differential form ‘fE—x taken over a closed path
in C. Other period numbers appear in the theory of the Weierstrafl elliptic
function as elliptic integrals of the first kind and, consequently, it was no
surprise that Siegel [Sie32] took up the topic. He proved that not all periods
of the Weierstraf} elliptic functions with algebraic invariants g and g3 are
algebraic, in particular it follows that in the complex multiplication case all

non-zero periods are transcendental.

Schneider further developed the theory also to deal with elliptic integrals
of the first and second kind and complete or incomplete periods. In a series of
papers based on his solution of Hilbert’s seventh problem [Sch34b, [Sch34al
he went as far as the technical tools of the time allowed. He proved in
[Sch37| for example that if u is chosen such that the Weierstra$ p-function
takes an algebraic value, then 1, u and ((u) are linearly independent over
Q. In particular if w is in the period lattice then 1, w and n(w) are lin-
carly independent over @. This was the first paper in which he proved a
result about the Weiserstrass p-function and the exponential function. In
particular he showed that ” is transcendental.

In the subsequent years Schneider extended his work, studying the tran-
scendence properties of abelian functions and integrals and obtaining the
first, albeit partial, results. The most striking example was the transcen-
dence of the values of the B-function at rational arguments, see also [Sie49].
In his book [Sch57] he asked, as open problems, for proofs of similar re-
sults also for elliptic integrals of the third kind and for abelian integrals. As
he noted, it was clear that the methods were exhausted and new methods
would be necessary for solving the problems.

In a series of papers following his work on logarithms, Baker was also
able to extend in a very limited way Schneider’s results about transcendence
of values of elliptic functions in the case of the Weierstrafl p— and (-functions
which contain also transcendence results on elliptic integrals of the second
kind, see for example [Bak69]. His results were extended to linear indepen-
dence results on periods of integrals of the second kind by himself, Coates,
Masser, Laurent and Bertrand. However, they were also strongly limited by
the lack of a general tool for handling the case of an arbitrary number of
elliptic or abelian logarithms. The problem was that Baker’s approach did
not work in general in the case of abelian varieties or more generally in the
case of commutative algebraic groups.
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This changed only when the Analytic Subgroup Theorem [W1iis89] be-
came available in 1982. It allowed one to deal with 1-periods in general and
linear relations between them. The case of complete periods in the general
case where w is an algebraic 1-form on a curve of arbitrary genus and v a
closed path on the corresponding Riemann surface, was settled in 1986 by
the second author in [Wiis87|: If a period is non-zero, it is transcenden-
tal. Both cases can arise. A simple example is a hyperelliptic curve whose
Jacobian is isogenous to a product of two elliptic curves. Then 8 of the 16
standard periods are 0. The others are transcendental.

The Analytic Subgroup Theorem opened a fruitful interplay between
transcendence theory and algebraic groups through the exponential map for
Lie groups. More recently it turned out that the right frame is the theory
of 1-motives introduced by Deligne in 1974, see [Del74]. It added to the
algebraic groups extra data in the shape of a homomorphism of a free abelian
group into the group, which lets one deal with so-called incomplete periods
in an elegant and natural way. We develop this point of view in full detail
in the present monograph.

Grothendieck’s Period Conjecture. The transcendence properties
of periods make it natural to ask questions about linear and algebraic re-
lations between them. A conceptual interpretation of possible relations is
provided by what came to be known as the Period Conjecture. Periods are
given a cohomological interpretation and all relations between them should
be induced by relations between motives.

This string of ideas was started by Grothendieck in [Gro66l p. 101].
He discussed the comparison of the de Rham cohomology of a smooth va-
riety X over a number field K with its singular cohomology. The entries
of the comparison matrix comparing H 1 (X) and Hsling(X Q) of a com-
plete non-singular curve X are classical periods of the first and second kind.
Grothendieck asks for instance if Schneider’s theorem generalises in some
way to these periodsﬂ Subsequently, he came to a conceptual conjecture
and went further by predicting the transcendence degree of the field of peri-
ods of H™(X) for a smooth projective variety X (or more generally of a pure
motive M) as the dimension of the motivic Galois group or alternatively the
dimension of the Mumford-Tate group of the Hodge structure on M.

However, he did not publish the conjecture himself. We refer to the
first hand account of André in [And19] on the history of the conjecture.
A complete formulation and discussion was finally given by André [And04),
Chapter 23]. This includes a straightforward extension of the conjecture to
the case of mixed motives. The formulation of the conjecture for 1-motives
is discussed by Bertolin in [Ber02] and more recently [Ber20]. The only

2In footnote 10 Crothendieck recalls the belief that the periods wi,w2 of a non-CM
elliptic curve should be algebraically independent. “This conjecture extends in an obvious
way to the set of periods (w1,ws,m1,7m2) and can be rephrased also for curves of any genus,
or rather for abelian varieties of dimension g, involving 4g periods.”
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known result in this direction is a theorem of Chudnovsky, who showed in
[Chu80] that for any elliptic curve defined over Q at least two of the numbers
w1, wa, N(w1) and n(ws) are algebraically independent provided that w; and
wo generate the period lattice over Q. In the case of complex multiplication
this implies that w and n(w) are algebraically independent, which confirms
the prediction in the CM case. In general Grothendieck’s conjecture is out
of reach. We shall present an outlook on further developments below.

The Period Conjecture as Formulated by Kontsevich and Za-
gier. In a series of papers, Kontsevich and Zagier [KZ01], [Kon99] pro-
moted also the study of periods of non-smooth, non-projective varieties, or
more generally of mixed motives. In [Kon99] Kontsevich formulated for-
mulates an alternative version of the Period Conjecture. As André pointed
out, it has a very different flavour based on calculus rather than algebraic
geometry. Relations between periods are induced by the transformation rule
and Stokes’s Theorem. This approach puts relative cohomology front and
centre. Kontsevich views periods as the numbers in the image of the period
pairing given by period integrals for relative cohomology

Hip(X,Y) x Hi"(X,Y;Q) - C

for algebraic varieties X over Q and subvarieties Y ¢ X. By Kontsevich’s
Period Conjecture all Q-linear relations between such periods should be
induced by bilinearity and functoriality of mixed motives. More explicitly,
he introduces an algebra of formal periods P (also called motivic periods by
some authors) with explicit generators and relations. His conjecture predicts
that the evaluation map P — C (sending a formal period to the actual value
of the integral) is injective. In the present monograph, we give an answer in
the case of periods in degree 1, or equivalently, periods of curves.

Grothendieck’s Period Conjecture on algebraic relations between periods
is essentially equivalent to Kontsevich’s Period Conjecture on linear relations
between periods, see e.g. [Ayol4a], [And17|, [HMS17, Section 13.2.1] or
[Hub20, Section 5.3] for the precise relation. It rests on a key insight of
Nori, who realised that Spec(ﬁ) of the algebra P is a torsor under a motivic
Galois group, in fact the torsor of tensor isomorphisms between the de Rham
realisation and the singular realisation of the category of mixed Nori motives.

Dimensions of Period Spaces. For any given variety, the space of
periods is finite dimensional. This makes it natural to ask about their di-
mension. A qualitative prediction already follows from the Period Conjec-
ture. The precedent for the kind of formula that we have in mind is Baker’s
theorem, [Bak66| on logarithms. Such a formula can be made explicit: for
Bi,o...BneQ let (B1,---,0n) be the multiplicative subgroup of Q" gener-
ated by these numbers. Then the dimension of the vector space generated by
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the principal determinations of log f1,. . .,log 8, over Q (but modulo multi-
ples of 7) is equal to the rank of the group generated by f1,..., (y.

In addition to Baker’s Theorem, a number of cases have been consid-
ered in the past; for example, the case of elliptic logarithms, see [BWOQ7,
Chapter 6.2] or the extension of an elliptic curve by a torus of dimension
n in [Wiis84b]. An interesting new case came up recently in connection
with curvature lines and geodesics for billiards on a triaxial ellipsoid, see
[Wiis21]. This leads to a period space generated by 1, 27i and the periods
w1, wa, N(w1),N(w2), A(u, w1 ), \M(u,ws) of the first, second and third kind. Its
dimension over Q is 8, 6 or 4 depending on the endomorphisms of the elliptic
curve involved and on the nature of the differential of the third kind. This
case serves as a model for a completely general result.

In the case of 1-motives this is the question about the dimension of the
vector space generated over Q by their periods. It turns out that to state
and prove such a general formula for the dimension of the period space of
a l-motive is difficult. The difficulties arise from periods of the third kind
and the formulae we shall give are quite involved.

Outlook. As we have already stated, the Period Conjecture itself seems
currently far out of reach. Even the special case of values of the Riemann (
functions is widely open. The Period Conjecture implies that the {(2n + 1)
for n € N are algebraically independent. On one side we have the theory
of motives and on the other hand transcendence theory. The interaction
between both is a wonderful topic. It has been exploited in order to deduce
upper bounds for the spaces of periods. However, on the transcendence
side only comparitively weak lower bounds are available. Only for the case
of 1-motives over Q we have a complete description of the transcendental
aspects. This is what our book explains.

It is appropriate to give a short overlook on other types of motives which
were studied with respect to transcendence. This concerns motives over Q,
motives over function fields, both over Q as well as over finite fields. The
more structure the base field has the more complete gets the transcendence
situation. In the following we go through some cases of motives for which
transcendence has been studied and we also mention some problems about
effectivity.

Mixed Tate Motives. The Riemann (-function has been, since the work
of Euler, one of the central objects in number theory. Euler showed that its
value at positive integers 2n is, up to a constant, of the form (27)?". This im-
plies that they are transcendental over the rationals. This is Lindemannn’s
theorem. The only other known fact about irrationality or transcendence
of integral values of the (-function is Apery’s discovery of irrationality of
C(3); see [ApéT79|. Only since about 2000 has there been more intensive
study about these values, starting with Rivoal, Zudilin and others; see, for
example, [Zud01], [BRO1]. They considered the space over Q generated
by odd (-values up to a fixed integer n for small n and first showed that its
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dimension is at least 1. More recently they have been able to prove that the
dimension tends to infinity with n at a rate at least of order logn.

From the other side, upper bounds on spaces generated by (- and multi-
zeta values (the periods of mixed Tate motives over Z) were provided by
Deligne-Goncharov in [DGO5]. The reason why these results could be
established is that the motivic picture is completely understood, see also
Brown’s work [Brol2] on the structure of the motivic Galois group in this
case. Closely related to the study of (-values is the study of multi-zeta
values, dilogarithms and multi-logarithms.

Motives over Function Fields over Q. Ayoub reformulated Kontsevich’s
Period Conjecture with fewer generators. Only polydisks are needed as
domains of integration. Based on this description, he was able to formulate
and prove a function field version of the conjecture in [Ayo15].

For a closed polydisc D" he considered the subspace

o, @") co@")[[TIT™]

of Laurent series F' = Y. _oo fi(21,. .., 2,)T* with coefficients in O(ﬁn) which
are algebraic over C(T),z1,...,2,). The dimension n is allowed to vary and

O(J;lg (ﬁoo) = Unen Ollg (ﬁn) In analogy to Kontsevich’s space of formal pe-

riods P, he defined P! as a quotient of (’)Lg(ﬁm) by certain relations and

showed that there is an evaluation map P’ — C((T)). The main result
(and geometric analogue of the Period Conjecture) is the injectivity of this
evaluation map. There is also independent work of Nori (unpublished) in
the same direction.

Motives over Function Fields over Finite Fields. All that is known about
transcendence over Q is also known for function fields over finite fields: in-
deed often more is known. Let p be a prime, ¢ = p" and F,[z] the ring of
polynomials in one variable over the finite field F,. In 1935 Carlitz intro-
duced the so-called Carlitz i-functions in [Car35], defined as

< (-1)* q*
P(t) = %:Tkt

where Fj = [k][k - 1]q---[1]qk_1 and [k] = 29" — 2. On the basis of these
functions Wade started studying transcendence theory over function fields
over finite fields [Wad46|. Their minimal algebraic closure is complete with
respect to the standard valuation so that the function ¢(x) exists and is a
replacement of the exponential function. Its inverse exists as a multi-valued
function and is the analogue of the logarithm. Wade proved among other
things the analogue of the theorem of Gelfond and Schneider.

In 1983 Jing Yu took up the topic and proved the analogue of Linde-
mann’s theorem in the realm of Drinfeld modules and started a very interest-
ing transcendence theory for Drinfeld modules and ¢-motives. As a highlight
of a sequence of papers including periods and quasi-periods of Drinfeld mod-
ules as well as special zeta values in characteristic p, he obtained an analogue
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of the Analytic Subgroup Theorem for Drinfeld modules and, more gener-
ally, Anderson’s t-motives. Once the theory and the techniques had been
established, a whole spectrum of applications followed, including linear inde-
pendence of zeta-values, by Yu, Chieh-Yu Chang, Papanikolas and Thakur;
see [Yu97], [CYO07], [CPTY10]. They even were able to determine the
transcendence degree of fields generated by logarithms or zeta-values in this
setting. The survey paper of Chang [Chal7| gives a very nice and substan-
tial report about the newest achievements in this theory.

Hypergeometric Period Relations, Periods of Higher Weight. It is well-
known that values of hypergeometric functions can be expressed as quotient
of two abelian integrals, in general of the second kind. This leads to a
period relation between the two periods of the second kind with the hyper-
geometric function as coefficient. Algebraic values of the hypergeometric
function provide linear relations between the two periods with algebraic co-
efficients. This cannot be true in general and leads to special points on cer-
tain Shimura varieties as explained very carefully in Chapter 5 of Tretkoff’s
beautiful monograph [Trel7]. In particular new transcendence results are
given for the Appel-Lauricella (hypergeometric) functions in n > 2 variables.
They exceed the known results on the values of the classical hypergeometric
function in one variable.

Hodge Level 1. An obvious problem is to extend the transcendence re-
sults to periods of higher weight. In general this seems to be a hopeless
undertaking. However, there are cases when periods of higher weight can be
related to 1-periods. Tretkoff gives some nice examples dealing with periods
of Fermat hypersurface. This is the case for certain algebraic K3-surfaces
and smooth complete intersections over C of Hodge level 1 as explained in
[Del72]; see also [Wiis87].

We are not going to expand our monograph in this direction but mention
some interesting research dealing with this kind of problems. The starting
point was given in [W1is87] and then taken up by Tretkoff.

In Chapter 6 of her monograph [Trel7| P. Tretkoff discusses among
other things algebraic K3 surfaces X defined over a number field. She con-
siders a holomorphic 2-form w on X and shows that if the vector space
generated by the periods fﬂ/w for v € Hyo(X,Z) has dimension 1, then X
has complex multiplication, i.e. its Mumford-Tate group is abelian. This
implies that if X has complex multiplication these periods are all transcen-
dental unless v = 0.

In Chapter 7 she deals with arbitrary smooth projective varieties X de-
fined over Q. One of the questions she raises is whether the Hodge filtration
of H*(X,C) for 0 < k < dim X has complex multiplication if it is defined
over Q. She gives some nice examples dealing with periods on Fermat hy-
persurfaces.

All this is restricted to holomorphic differential forms and complete pe-
riods. In our monograph we deal with meromorphic differential forms and
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incomplete periods. It would be interesting to try to get more general cases
involving incomplete periods.

Effectivity, Lower Bounds. The main applications of Baker’s work on
linear forms in logarithms were the lower bounds he derived. He showed
that if A is a linear form in logarithms of algebraic numbers with algebraic
coefficients a lower bound for the absolute value of A can be obained. For
a detailed account on this see [BWO07]. A similar theory exists also for
the p-adic analogue, started by Coates and finally brought to the level of
the archimedean case by Kunrui Yu. Similar results were also obtained
for elliptic and abelian logarithms. One might ask whether this can be
extended to 1-motives in a modified way. First steps in this direction were
the work of Masser and Wiistholz [MW93] on isogeny estimates. It says
that, given an isogeny between two abelian varieties, there exists an isogeny
with degree bounded by the original data: height of the source isogeny,
degree of the number field, dimension of the abelian variety. The result is
completely effective and a crucial ingredient for the proof of the famous Tate
conjecture. It has also been used for the proof of the André—Oort conjecture
for the coarse moduli space of prinicipally polarised abelian varieties [T'si18]
by Tsimerman. It would be interesting to formulate an isogeny estimate type
statement for 1-motives and to find applications in diophantine geometry.
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CHAPTER 1

Introduction

This introduction aims to present the principal actors of the book and
to explain the main results of our monograph. We begin with the ques-
tion about transcendence of periods of integrals of 1-forms over closed or
non-closed paths. Historically integrals over non-closed paths were not con-
sidered as periods. The change came from looking at them in the relative
cohomology. This leads us to distinguish between complete and incomplete
periods.

The presentation does not follow the order in the main text, but is, we
hope, designed to help those readers without a background in transcendence.

1.1. Transcendence

The vector space P! over Q of one-dimensional periods, complete or
incomplete, has a number of different descriptions. In the most elementary
situation its elements are given by the period integrals

a:[w
o

e X is a smooth projective curve over Q;
e w is a rational differential form on X;
e 0 =Y, a7y is a chain in the Riemann surface X*" defined by X
which avoids the singularities of w and has boundary divisor do in
X(Q); in particular v; : [0,1] - X?" is a path and a; € Z.
This set includes many interesting numbers like 27, loga for algebraic «
and the periods of elliptic curves over Q. We study their transcendence
properties.
The case of complete periods in the general case, i.e. X and w arbitrary,
7 closed, was settled in 1986 by the second author in [Wiis87]: if a period
is non-zero, it is transcendental. Both cases can arise. A simple example
is a hyperelliptic curve whose Jacobian is isogenous to a product of two
elliptic curves. Then 8 of the 16 standard periods are 0. The others are
transcendental.
When X is an elliptic curve we refer to [BWO07, Chapter 6.2] for the
case of incomplete periods. The general case has been described as an open
problem in [Wiis84al]. Often the values are transcendental, e.g. f12 dz/z =

where

log2 but certainly not always, e.g., f02 dz = 2. Again, it is not difficult to

1
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write down a list of simple cases in which the period is a non-zero algebraic
number. However, it was not at all clear whether the list was complete and
what the structure behind the examples was; see [Wiis12]. The answer that
we give now is surprisingly simple:

THEOREM 1.1 (See Theorem [13.9). Let a = [ w be a one-dimensional
period on X. Then « is algebraic if and only if

w=df +u'
with f € Q(X)* and [, w' =0 with w' a form with no extra poles.
The condition is clearly sufficient because the integral evaluates to

> ai(f(4(1) - F(:(0))) € T

in this case.

Theorem [13.9] gives a complete answer to two of the seven problems
listed in Schneider’s book [Sch57, p. 13§], E|E| open for more than 60 years.
Actually we even include periods of abelian integrals of the third kind.

1.2. Relations between Periods

Questions on transcendence can be viewed as a very special case of the
question on Q-linear relations between 1-periods: a complex number is tran-
scendental if it is Q-linearly independent of 1. The most general problem of
this kind is to determine the dimension of the period space generated over
Q by the periods of all rational 1-forms of an algebraic variety. It is easy to
give an upper bound for this dimension in terms of cohomological data. The
problem is then to decide whether the upper bound is the correct number
or whether there are linear relations between periods.

This fundamental question will be one of the central topics in this mono-
graph. We establish a complete description of the linear relations between
(not necessarily complete) periods for all rational differential forms of degree
1. Tt is crucial to use here the more conceptual descriptions of P! either as
periods in cohomological degree 1 or as cohomological periods of curves, or
even better periods of 1-motives.

The following theorem gives a first answer. It establishes Kontsevich’s
version of the Period Conjecture for P! and furnishes a qualitative descrip-
tion of the period relations.

THEOREM 1.2 (Kontsevich’s Period Conjecture for P!, Theorem [13.3).
All Q-linear relations between elements of P* are induced by bilinearity and

Iproblem 3. Es ist zu versuchen, Transzendenzresultate iiber elliptische Integrale
dritter Gattung zu beweisen.

2Problem 4. Die Transzendenzsitze iiber elliptische Integrale erster und zweiter
Gattung sind in weitestmoglichem Umfang auf analoge Satze iiber abelsche Integrale zu
verallgemeinern.
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functoriality of pairs (C,D) where C is a smooth affine curve over Q and
D c C a finite set of points over Q.

The conjecture has an alternative formulation in terms of motives. Ac-
tually, we deduce Theorem from the motivic version below together with
the result of Ayoub and Barbieri-Viale in [ABV15] which says that the sub-
category of MMSE . generated by H*(C, D) with C' of dimension at most
1 agrees with Deligne’s much older category of 1-motives; see [Del74].

Every 1-motive M has a singular realisation Viing(M) and a de Rham
realisation Vyg(M). They are linked via a period isomorphism

Viing(M) ® C = Var (M) @5 C.

There is a well-known relation between curves and 1-motives provided by
the theory of generalised Jacobians. From this fact we see that the set P!
has another alternative description as the union of the images of the period
pairings

Viing (M) x Vg (M) - C
for all 1-motives M over Q.

THEOREM 1.3 (Period conjecture for 1-motives, Theorem [9.10)). All Q-
linear relations between elements of P! are induced by bilinearity and func-
toriality for morphisms of iso-1-motives over Q.

The theorem does not say anything about the actual dimension of the
period space. We need a quantitative answer. In other words the space of
relations has to be determined. It turns out that to find the answer is rather
difficult in some cases.

1.3. Dimensions of Period Spaces

The above qualitative theorems can be refined into an explicit computa-
tion of the dimension §( M) of the Q-vector space generated by the periods of
a given 1-motive M. The result depends on the subtle and very unexpected
interplay between the constituents of M.

Not only for the proofs, but also for the very formulation of the dimension
formulas, we rely on the theory of l-motives introduced by Deligne; see
[Del74]. They form an abelian category that captures all cohomological
properties of algebraic varieties in degree 1, including all one-dimensional
periods.

We review the basics: a l-motive over Q is a complex M = [L - G]
where G is a semi-abelian variety over Q and L a free abelian group of finite
rank. The map is a group homomorphism. As mentioned before, every
1-motive has de Rham and singular realisations and a period isomorphism
between them after extension of scalars to C.

If C is a smooth curve over k, D c C a finite set of Q-points, then there
is a 1-motive M;(C) such that H; #(C*",D;Q) agrees with the singular
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realisation of M;(C), and Hjy (C,D)" agrees with the de Rham realisation
of M;(C). Hence the periods of the pair (C, D) agree with the periods of
M;(C). Explicitly, M1(C) = [Z[D]° - J(C)] where J(C) is the generalised
Jacobian of C' and Z[D]° means divisor of degree 0 supported on D.

We denote by P(M) the image of the period pairing for M and by P(M)
the abelian group (or, equivalently Q-vector space) generated by P (M) c C.

We fix a 1-motive M = [L - G] with G an extension of an abelian variety
A by a torus T and L a free abelian group of finite rank. For the definition
of its singular realisation Viing(M) and its de Rham realisation Vi (M), we
refer to Chapter

The weight filtration on M, explicitly given by

[0-T]c[0->G]c[L~G]
induces
Viing(T') = Viing(G) = Viing(M).
and dually
Var(M) < Var([L — A]) < Var([L —~ 0]).
Together, they introduce a bifiltration

PT)—— P(G) = P(M
—P(

J

)
P(A) L~ A)

P([L - 0])
on P(M).
We introduce the notation and terminology
Pra(M) =P(T) Tate periods,
Pa(M) =P(A) 2nd kind wrt closed paths,
Paig(M) = P({[L - 0]) algebraic periods,
P3(M) =P(G)/(Pra(M) +Pa(M)) 3rd kind wrt closed paths,
Pinc2a(M) = P([L - A])/(P2(M) + Pag(M)) 2nd kind wrt non-cl. paths,
Pincs(M) = P(M)/(P3(M) + Pinca(M)) 3rd kind wrt non-cl. paths,

where wrt and non-cl. are abbreviatios for 'with respect to’ and’non-closed’.
After choosing bases, we can organise the periods into a period matrix of
the form
PTa(M) pS(M) Pinc3(M)
0 Po(M)  Pine2(M)
0 0 Patg (M)



1.3. DIMENSIONS OF PERIOD SPACES 5

The contribution of Pr, (M) (multiples of 27i) and Pys (M) (algebraic num-
bers) is readily understood. Note that the off-diagonal entries are only well-
defined up to periods on the diagonal. This can also be seen in the case of
Baker periods, which are contained in Pin3(M) for special M. The value
of log o depends on the chosen path and is only-well-defined up to multiples
of 2mi. The total dimension is obtained by adding up these dimensions. In
particular, we have e.g.

P([L = A]) n P([0 -~ G]) = P([0 - A]).
The complete result takes a rather complicated form. In order to state
it we write (M) = dimP(M) and §-(M) = dimP>(M) for the different
entries of the period matrix. If B is a simple abelian variety, g(B) will

be its genus and e(B) the Q-dimension of End(B)g. We also need the
invariants rkg (L, M), tkp(T, M) as introduced in Notation [15.2]

THEOREM 1.4 (Corollary Proposition [16.5)). We always have
5(M) = 5Ta(M) + 52(M) + 5a1g(M) + 63(M) + 5inc2(M) + 5inc3(M)'

(1) All Tate periods are Q-multiples of 2mi. All algebraic periods are
in Q. In particular 51a(M) and Sag(M) take the values 0 or 1,
depending on the (non)-vanishing of T' and L.

(2) We have
19(B)”
G2(M) =
5 e(B)
where the sum is taken over all simple factors of A, without multi-
plicities.
(3) We have

53(M) = ¥ 2g(B)rkp (L, M)
B

5inc2(M) = Z 29(B)rkB(T7 M)
B

In the special case A = 0, we get back Baker’s theorem. The most
interesting and hardest contribution is Pinc3(M ). The computation of this
contribution was not possible without the methods that we develop here.
Up to particular cases the formulae for the other contributions were not in
the literature either. For an overview seee for example[BWO07,, Chapter 6.2],
[Wiis84a| [Wiis12] and [Wiis21].

The formula for Py,c3(M) simplifies in the case of motives that we call
saturated, see Definition [15.1

THEOREM 1.5 (Theorem 15.3)). If M = Myx M is the product of a Baker
motive My = [Lo — To], i.e. with vanishing abelian part, and a saturated
motive My = [L1 - G1], then

Oinc3 (M) = rkgm (L, M1) + )" e(B)rkp(G1, M1)rkp(Ly, My)
B
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Fortunately, by Theorem the periods of a general motive are
always included in the period space of My x Mg,y with My of Baker type
(Ap =0) and Mg, saturated.

There is a precise recipe for di,e3(M) for any 1-motive M. It is spelled
out in Chapter [17], in particular Theorem We also refer to Chapter
for the examples of elliptic curves without and with CM.

1.4. Method of Proof

As in the case of closed paths, the main ingredient of our proof (and the
only input from transcendence theory) is the Analytic Subgroup Theorem
of [Wiis89]. We give a reformulation as Theorem given a smooth
connected commutative algebraic group over Q and u € Lie(G®") such that
expg(u) € G(Q), there is a canonical short exact sequence

0—>G1—>G1>G2—>0

of algebraic groups over @ such that Ann(u) = 7*(coLie(G2)) and u €
Lie(G§"). Here Ann(u) c coLie(G) is the largest subspace such that (Ann(u), u) =
0 under the canonical pairing.

Given a 1-motive M, Deligne constructed a vector extension M! of G
such that Vggr(M) = Lie(M"). This is the group we apply the Subgroup
Theorem to.

THEOREM 1.6 (Subgroup Theorem for 1-motives, Theorem . Given
a 1-motive M over Q and u € Viing(M), there is a short exact sequence of
1-motives up to isogeny

0 M 5> M5 M, -0

such that Ann(u) = p* Vi (M2) and u € iy Viing (M1). Here Ann(u) c Vi (M)
is the left kernel under the period pairing. The sequence is uniquely deter-
mined by these properties.

Given a pair of non-zero u € Viing(M) and w € Vi (M) with vanishing
period, the theorem provides a proper submotive M7 of M such that v = i,uq
for uy € Viing(M1) and w = p*wy for wy € Vyp(M2). Any Q-linear relation
between periods can be translated into the vanishing of a period. Then the
Subgroup Theorem for 1-motives is applied.

As a byproduct, we also get a couple of new results on 1-motives over
Q: they are a full subcategory of the category of Q-Hodge structures over
Q (see Proposition [8.17) and of the category of (non-effective) Nori mo-
tives (see Theorem D and of the category (Q,@)—Vect of pairs of vector
spaces together with a period matrix. The last statement was also obtained
independently by Andreatta, Barbieri-Viale and Bertapelle, see [ABVB20].
The case of Hodge structures has just recently been considered by André in
[And21]. He proves that the functor from 1-motives into Q-Hodge struc-
tures is fully faithful for all algebraically closed fields k c C.
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1.5. Why 1-Motives?

This seems the right moment to address the question if our emphasis on
1-motives is necessary. We think that the answer is yes.

Obviously, all proofs using 1-motives could be rewritten in terms of
commutative algebraic groups because this is how the Subgroup Theorem
for 1-motives itself is deduced. However, the dimension formulas depend on
the constituents of the 1-motive and do not admit a transparent formulation
in terms of the constituents of the algebraic group.

More generally, 1-motives are the link between the classical objects of
transcendence theory a la Lindemann, Schneider, or Baker and the structural
predictions linked with Grothendieck, André, or Kontsevich.

1.6. The Case of Elliptic Curves

The above results are very general and depend on a subtle interplay
between the data. It is a non-trivial task to make them explicit in particular
examples. We have carried this out to some extent in the case of an elliptic
curve E defined over Q.

Recall the Weierstrafl p-, (- and o-function for £. We obtain:

THEOREM 1.7 (see Theorem 18.6). Let u e C be such that p(u) € Q and
expp(u) is non-torsion in E(Q). Then

u(u) —2logo(u)

1s transcendental.

This is an incomplete period integral of the third kind. The proof of the
above result actually is not a direct consequence of Theorem but rather
uses the insights of our dimension computations.

We also carry out the dimension computation in this case: let M =[L —
G| with L 2 Z, G an extension of E by G,, that is non-split up to isogeny,

Lg — Eg injective. Then by Proposition and

11 FE without CM,

dimP(M) = {9 B CM

The incomplete periods of the third kind become more difficult already if
we consider M = [L - G] with L = Z?, G an extension of E by G2, again
Lg - Eg injective and G' completely non-split up to isogeny. If £ does not
have CM, then
dim P(M) = 18.
If £ is CM, then
dimP(M) =16, 14,12, 10,

depending on the interplay of the complex multiplication and L and G.
The extreme case occurs when End(M ) is the CM-field. Then the resulting
dimension is 10.
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1.7. Values of Hypergeometric Functions

Euler had already known that the hypergeometric function F(a,b,c;z)
can be written as a quotient of two integrals. If a,b,c are rational num-
bers, these integrals can be regarded as periods on certain explicit alge-
braic curves. Knowledge about Q-linear indepdendence of periods translates
then into transcendence statements for the values F(a,b,c;\) for A e Q ~
{0,1}. This insight is exploited by Wolfart’s in [Wol88]| or by Chudnovski-
Chudnovsky in [CC88]. We explain the argument in detail for a = b = 1/2
and c=1:

PROPOSITION 1.8 (Proposition (19.3)). The value F(1/2,1/2,1;2) of the
hypergeometric function is transcendental for z € Q \ {0,1}.

The proposition follows from the Q-linear independence of 7 and the
complete periods of elliptic curves established first by Schneider in 1936, see
[Sch37, Satz Illal.

In the case of general a,b, c € Q with least common denominator N, the
Euler integrals can be seen as periods for the algebraic curve with affine
equation

YNV =2"(1-2)*(1 - Ax)’
for suitable r, s,t. For the formula in the case of N = p a prime see Propo-
sition These curves have been intensely studied. Using results of
Gross—Rohrlich [GRT78], Archinard [Arc03b] and Asakura—Otsubo [AO18]

we work out another example.

THEOREM 1.9 (Corollary(19.22)). Let p be a prime such thatp #1 mod 3,
1<n<p-1. Let 0<r,s <p such that p does not divide r + s, putt =p-—s

o E bl B b B i

n(r+s)

We further assume

nr ns

+{—) =
p p p
Then for all A € Q ~ {0,1}, the corresponding value F(a,b,c;\) is zero or

transcendental and transcendental if X € (0,1).

) # 1.

An explicit example where the assumptions are satisfied is p = 11,
r=s=2n=126,7,8 We deduce, for example, that the numbers
F(6/11,6/11,12/11; \) are zero or transcendental, provided A € Q \ {0,1}.

We should stress that this application only relies on complete periods
on abelian varieties and not on the more general theory developed in our
monograph. It should be seen as a proof of concept: the same argument
can be applied to other geometric families of curves, allowing families of
differential forms of the third kind and non-closed paths. The hyergeometric
function would be replaced by the solutions of differential equation defined
by the Gaufl-Manin connection.
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1.8. Structure of the Monograph

We have tried to make the monograph accessible to readers not familiar
with either motives or periods.

The first part provides foundational material that will be used through-
out, fore example terminology from category theory, a review of the theory
of the generalised Jacobian or the basics on singular homology and de Rham
cohomology. We provide precise references for the facts that we need later.
Along the way we also fix notation and normalisations. Depending on their
background, readers are invited to skip on some or all of these chapters and
only use them for reference.

Chapter [6] and Chapter [7] address less classical material. The first de-
duces a reformulation or our key tool, of the Analytic Subgroup Theorem.
We apply it to the comparison between analytic and algebraic homomor-
phisms between connected commutative algebraic groups.

Chapter [7] presents an abstract formulation of the theory of periods and
the Period Conjecture for abelian categories without a tensor structure.

Part [2| is the heart of the monograph and presents our main result. It
addresses periods of 1-motives. After settling some notation, Chapter
starts by reviewing Deligne’s category of 1-motives and its properties. We
then establish auxiliary results that are needed in the next chapter.

Chapter [J] discusses periods of 1-motives and proves the version of the
Period Conjecture purely in terms of 1-motives. We then consider examples:
in Chapter we treat the classical cases like the transcendence of m and
values of log in our language. In Chapter [L1] we apply the general results in
the case of a 1-motive whose constituents are as small as possible without
being trivial and compute the dimensions of their period spaces.

In Part |3| we turn to periods of algebraic varieties. Chapter [12] clarifies
the notion of a cohomological period. After defining P! in a down to earth
way, the interpretation of cohomological periods as the periods of 1-motives
is explained. Finally, we explain the interpretation as periods of Nori or
Voevodsky motives.

In Chapter we use the results on periods of 1-motives to deduce
the qualitative results on P! and periods of curves: the criterion on tran-
scendence and the Period Conjecture. The results are made explicit in the
classical terms of differential forms of the first, second and third kind on an
algebraic curve in Chapter [I4]

Part [ aims at a dimension formula for the space of periods of a 1-motive
in terms of its data. Chapter [15] treats mainly the saturated case. This can
be applied to deduce complete structural results in Chapter [I6] Finally,
Chapter [I7)is devoted to an explicit dimension computation for the space of
incomplete periods of the third kind, which is very involved. In this rather
complicated case the results were unexpected.

In the next chapter [18 we deal with the case of elliptic curves and make
our results explicit in terms of the classical Weierstrafl functions g, (,o.
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We explain in Chapter how transcendence results on special values
of the hypergeometric function can be deduced from Q-linear independence
of 1-periods.

There are three appendices: The first two sketch the theories of Nori
and Voevodsky motives to the extent used in the proof of Theorem [13.3

The last appendix is of technical nature: we need to verify that the
singular and de Rham realisations of a 1-motive agree with the realisation
of the attached geometric motive.



Part 1

Foundations






CHAPTER 2

Basics on Categories

In this monograph some basic concepts of the theory of categories are
used frequently. For the convenience of the reader, we recall them here. At
some places however the requirements are higher than what can be found in
this chapter. In such a situation we give a precise reference to the literature
where the reader can find the full information needed.

2.1. Additive and Abelian Categories

DEFINITION 2.1. A category C consists of a class of objects Ob(C) and for
every pair of objects X,Y € Ob(C) a set of morphisms Morc(X,Y') together
with a composition law

o: More(X,Y) x More(Y, Z) - More(X, Z)
(f,9)  w~=ygof

for every triple of objects X,Y,Z. These data are subject to the following
conditions:

(1) The composition law is associative.

(2) For every object X there is a morphism idx € More (X, X') which is
a left and right identity for the composition law, i.e. foidx = f for
allY and all f: X - Y andidxog=g forall Z and all g: Z - X.

A category is Z-linear (or Q-linear) if the morphism sets are given the
structure of abelian groups (or Q-vector spaces) and the composition of
morphisms is bilinear. We usually write Hom¢ instead of Mor¢ in this case.
It is additive if it is Z-linear and, in addition, has finite direct sums. The
direct sum of two objects X and Y is denoted X @ Y. As the particular
case of the empty direct sum, this also requires the existence of a 0-object
characterised uniquely by the property that

Hom(0,X) = Hom(X,0) =0

for all objects X.
An additive category A is called abelian, if the following two properties
are satisfied:

(1) Every morphism f: X — Y in A has a kernel and cokernel.
(2) For every morphism f: X — Y in A the natural map X /ker(f) —»
im(f) is an isomorphism.

13
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In this abstract setting, the image of a morphism is defined as the kernel of
the cokernel.

EXAMPLE 2.2. For every ring R, the category of R-modules is abelian.
The category of finitely generated modules is additive. It is abelian if R is
noetherian.

Many examples of additive and abelian categories are going to be used
throughout the book. In order of appearance:

EXAMPLE 2.3. (1) Let k be a field. Then the category of connected
commutative algebraic groups schemes over k is additive, but not
abelian. We refer to Chapter [4] for details.

(2) Let K,L c C be subfields. Then the category (K, L)-Vect intro-
duced in Section is Q-linear and abelian.

(3) Let k be a field. Then the category of filtered k-vector spaces is
additive, but not abelian. Every morphism has a kernel and a
cokernel, but the isomorphism between X /ker(f) and im(f) fails
in general.

(4) Let k be an algebraically closed field of characteristic 0. The cate-
gory 1-Moty, of iso-1-motives is abelian. A thorough review is given
in Chapter

Given a Z-linear category A, we obtain a Q-linear category A ® Q with
the same objects as A and morphism

HomA®Q(X, Y) = HomA(X, Y) ®z Q.

We refer to it as the isogeny category of A. If A is additive or abelian, then
so is A® Q.

EXAMPLE 2.4. (1) Let k be a field. If A is the category of abelian
varieties over k, the A ® Q is what is referred to as the category of
abelian varieties up to isogeny in the literature. It is abelian. The
same remark also applies to the category of connected commutative
group schemes.

(2) By Definition , 1-Moty, is defined as the isogeny category of the
category of 1-motives over k.

For any category C, we define the additive hull Z[C] with the objects
formal direct sums @;"; X; for n >0 and Xj,...,X,, € C. We interpret the
empty direct sum as an object 0. Morphisms are defined by the formula

HOHIZ[C] (éXZ,éYvJ) = @Z[Homc(Xz,Y})]

J=1 1,J

Here for a set S, we denote by Z[S] the free abelian group with basis S.
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2.2. Subcategories

Given a category C, a subcategory of C is a category C’ such that every
object and every morphism of C’ is an object and morphism in C, respec-
tively. The composition of morphisms in C’ is defined as their composition
in C and the identity morphisms in C’ agree with the identity morphisms in
C. A subcategory is called full if

Morer(X,Y) = More(X,Y)
for all objects X,Y of C'.

REMARK 2.5. If C is additive or abelian, then a subcategory C’ is not
necessarily additive or abelian itself. If C and C’ are both abelian, this does
not imply that the kernels and cokernels are the same when computed in C
or C'. We are not going to consider such pathological situations, which only
appear if the subcategory is not full.

EXAMPLE 2.6. The category of abelian varieties (up to isogeny) is a full
subcategory of the category of connected commutative algebraic groups (up
to isogeny).

EXAMPLE 2.7. The category of Q-vector spaces is a full subcategory of
the category of abelian groups.

Let A be an abelian category. A subquotient of an object X in A is a
quotient of a subobject of X, or equivalently, a subobject of a quotient of
X.

DEFINITION 2.8. Let A be an abelian category and X € A an object.
We define (X) as the smallest full subcategory closed under subquotients
containing X.

More explicitly, this means that (X) contains X and all the quotients
and subobjects of every object Y € (X).

LEMMA 2.9. The category (X) is abelian. We have

A= J(X).
XeC

PROOF. Let f:Y — Z be a morphism in (X). Then ker(f) c Y exists
in A. As a subobject of an object in (X) it is itself an object of (X).
The universal property of a kernel holds because it holds in 4. The same
argument gives the existence of cokernels. The natural map Y/ker(f) —
im(f) has an inverse in A because the category is abelian. This inverse is
in (X) because the subcategory is full.

Obviously all objects of A are contained in the union of all (X). We
have to check that the same is true for morphisms. Let f: X - Y be a
morphism in 4. Both X and Y are subobjects of X & Y, hence they are
both objects of (X@Y'). As (X®Y) c Ais a full subcategory, the morphism
f is a morphism in (X ®Y'). O



16 2. BASICS ON CATEGORIES

2.3. Functors

DEFINITION 2.10. Let C and C’ be categories. A covariant functor F :
C - C' is an assignment F : Ob(C) - Ob(C") together with a map

More(X,Y) = More/ (F(X), F(Y))

for every pair of objects X,Y of C. It is subject to the following conditions.
(1) Compatibility with composition: F(g) o F(f) = F(go f) for all
objects X,Y,Z in C and morphisms f: X =Y, g:Y - Z;
(2) Compatibility with identities: F'(idx) = idp(x for all objects X of
C.

In the case of a contravariant functor, we are given maps
MorC(Xa Y) - MorC’(F(Y)a F(X))
and the compatibility condition reads F'(f)o F(g) = F(go f) instead.

A functor is called F : C — C faithful, full, or fully faithful, if for all
objects X,Y €C the natural map

HOch(X, Y) - HomC’(F(X)v F(Y))
is injective, surjective or bijective, respectively.

ExaMpLE 2.11. If F is the inclusion of a subcategory of a category, then
it is faithful. If the subcategory is full, the inclusion is fully faithful.

A functor F : C - C’ between Z-linear or Q-linear categories is called
additive or Q-linear if for all X,Y € C the map

Home(X,Y) - Home/ (F(X), F(Y))

is Z-linear or Q-linear, respectively. Such a functor automatically respects
direct sums, provided that they exist (e.g., because the categories are addi-
tive).

An additive functor F' : A - A’ between abelian categories is called
exact if it sends short exact sequences to short exact sequences.

LEMMA 2.12. Let F : A - A’ be an exact functor between abelian cat-
egories. Then F is faithful if and only if for all X in A the assumption
F(X) =0 implies X =0.

PROOF. Assume that F' is faithful and that X is an object of A such
that F(X) = 0. Then this implies F(0) = F(idx). By faithfulness this gives
0 =idx and hence X = 0.

Conversely assume the condition on objects. Let f be in the kernel of
the map Hom4(X,Y) - Hom (F(X),F(Y)). The functor F maps the
exact sequence

0—>ker(f)—>Xi>Y—>coker(f)—>0
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to the exact sequence

0 - Fker(f)) = F(X) L% p(v) > Feoker(f)) - 0.

This gives F(ker(f)) 2 F(X) and F(Y) 2 F(coker(f)). Now consider the
short exact sequence

0->ker(f) > X - X/ker(f) =0
and its image
0— F(ker(f)) » F(X) > F(X/ker(f)) = 0.

We had established that the first map is an isomorphism, so F'(X /ker(f)) =
0. By assumption this implies that X /ker(f) = 0 or ker(f) 2 X. The same
type argument also shows that Y = coker(f). Taken together this means
that f =0. O

Faithful functors allow us to test for inclusions.

LEMMA 2.13. Let F: A— A’ be a faithful exact functor between abelian
categories, X € A an object and X1, X5 c X subobjects. If F(X2) c F(Xy),
then X2 C Xl.

PROOF. Let X3 = X7 n X5 (or more abstractly, let X3 be the pull-back
of X3 - X via Xy - X). We need to show that the natural inclusion
X3 — Xy is an isomorphism, whence X9 c¢ X;. By the exactness of F', we
have F(X3) 2 F(X1)n F(X3). By assumption this is F'(X3). We apply F
to the exact sequence

0—>X3—>X2—>C—>O
As F(X3) = F(X2), we get F(C) =0. By the faithfulness of F, this implies
C=z0. O

As a consequence of our results on transcendence and the Period Conjec-
ture, we are are also going to establish results on fullness of certain functors,

see Proposition Theorem and Theorem The following crite-

rion will be useful.

LEMMA 2.14. Let F : A — A’ be a faithful exact functor between abelian
categories. Assume that the image of F' is closed under subquotients, i.e, if

0-Y' > F(X)->Y"->0
is an exact sequence in A, then there is a short exact sequence
0-X'-X-X"-0
in A mapping to the given exact sequence in A'. Then F is full.

PRrROOF. Let f: F(Y1) - F(Y2) be a morphism in A" and I' ¢ F(Y7) x
F(Y3) its graph. We find it as the image of F(Y7) under the map

F) S Fn) < F0n) S0 m(v) @ F(12).
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It is a subobject. By assumption there is G ¢ Y7 x Y5 in A such that
F(G) =T. The projection p : G — Y] x Yo - Y] is an isomorphism because
this is true for the image I' —» F(Y7) and F is faithful. Let ¢ be its inverse.
The composition

Yi>GeYixYy Y

is the preimage of f we were looking for. O



CHAPTER 3

Homology and Cohomology

A key step in our approach to periods is the reinterpretation of paths
as homology classes and differential forms as classes in algebraic de Rham
cohomology. We survey the key definitions. For an in-depth review with
complete references we refer to [HMS17, Part IJ.

3.1. Singular Homology

All topological spaces in this section are locally compact, Hausdorff and
satisfy the second countable axiom. The analytification of an algebraic va-
riety over C is an example of such a space. We refer to standard text books
on algebraic topology like [Spa66] or [Hat02] for full details and proofs.

DEFINITION 3.1. The topological n-simplex A, is defined by

n
An:{(l‘o,...,l‘n)eRn'ﬂ|:p020,...,$n20, Z"L’,L:l}
1=0

By setting one coordinate x; to 0, we get the inclusion of the codimen-

sion 1 faces F;. They are homeomorphic to the (n—1)-simplex in an obvious
way.

ExaMpPLE 3.2. The 0 simplex is a single point. The 1-simplex is the
interval from Fy = (0,1) to F1 = (1,0). We often identify it with the unit
interval [0,1] c R.

DEerFINITION 3.3. Let X be a topological space. For an integer n > 0
a singular n-chain is a formal QQ-linear combinations of continuous maps
f A, - X. The space of singular chains S, (X) is a Q-vector space.
Together with the natural differential

dn : Sp(X) = Spo1(X)

which maps a basis element f in S,(X) to
dn(f) =2 (-1)'fIr,
i=0

we obtain a chain complex (5.(X),d.), the singular chain complezx of X.
Its homology

H"(X,Q) = Hy((5:(X),d.)).
is called the singular homology of X with rational coefficients.

19
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ExAMPLE 3.4. If X is a finite discrete set, then

Q¥ n=o,
0 else.

H3"8(X,Q) = {

EXAMPLE 3.5. Take o0 = 7" a;y; € S1(X), where a; e Q and v; : A - X
is continuous. We identify A; with the unit interval and view the 7; as paths.
Then o is in the kernel of d; if the formal linear combination

n n

> avi(1) = Y aivi(0))

i=1 i=1
vanishes. We say that o is closed or a cycle. Cycles in the image of do are
called boundaries. They are the ones that can be filled in by discs.

In particular, every closed path gives rise to a homology class and ho-
motopic paths are homologous. We get a well-defined map

m (X, x0) - H"8(X,Q),

the Hurewicz homomorphism. Its image generates Hfing(X,Q) if X is path
connected. In fact, we have

H™(X,Q) = mi(X, 20)™ ®7 Q
in this case.

EXAMPLE 3.6. Let C be a smooth complete curve of genus g over C and
C®* the compact Riemann surface defined by its analytification. Then

dimg HY"8(C™, Q) = 2g.
For C° =C ~ S with S a non-empty finite set we have
dimg H™8(C°*, Q) = 29 - | S| + 1.
ExaMPLE 3.7. The projective line satisfies
Hfing(Plan @) =0.
For A'™ = C and G® = C* we obtain
H™(C,Q) =0, H™(C*,Q)=Q

with the last group generated by a loop around 0, e.g., the boundary of the
unit disc.

We also want to handle non-closed paths. They define classes in relative
homology.

DEerFINITION 3.8. Let X be a topological space, A ¢ X a closed subset.
We call

S*(XvA;Q) = S*(XvQ)/S*(Av@)
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the singular chain complex for (X, A). Its homology is singular homology of
the pair (X, A) with rational coefficients or singular homology of X relative
to A, written as

H"8(X, A;Q) = Hy(S.(X, 4;Q), da).
By definition relative singular homology is functorial for pairs.

EXAMPLE 3.9. Let v:[0,1] - X be a path with end points in A. Then
it is a cycle relative to A and gives rise to a class in H] "#(X, 4; Q).

The short exact sequence
0 5.(4,Q) - S.(X,Q) - 5.(X,4;,Q) ~ 0
gives rise to a long exact sequence in homology
o HY™(A,Q) > HY™(X,Q) » Hy"(X, 4;Q) ~ Hy"F(A,Q) » -
Of particular interest for us is n = 1.

ExAMPLE 3.10. If A is a finite set of points, then the sequence simplifies

to
0~ H™(X,Q) - H™¥(X, 4;Q) » QX" - 0.

More generally, we get boundary maps for triples Bc Ac X
0: Hy"(X, 4;Q) » H"}(4, B; Q)
and natural long exact sequences
<> HY'8(A, B;Q) - H"8(X, B; Q) - Hy"8(X, A;Q) » H)"F (A, B; Q) — -

REMARK 3.11. If X is a manifold, it suffices to work with smooth singu-
lar chains. Let S°(X) c S.(X) be the subcomplex of linear combinations
of C*-maps f: A, > X, see [HMS17, Definition 2.2.2]. By [HMS17], The-
orem 2.2.5] the complex S5°(X) can be used to compute singular homology
of X.

There is another tool that allows us to reduce questions on the homology
of algebraic varieties to the smooth case. We formulate it in cohomology
obtained by replacing all vector spaces by their duals.

PROPOSITION 3.12 (Blow-up sequence). Let X be an algebraic variety
over C, m: X - X a proper map, Z ¢ X a closed subvariety with preimage
FE in X such that 7 induces an isomorphism X N\ E - X \ Z. Then there is
a natural long exact sequence

T gng(Xaan) - srilng(Xan7Q)®Hgng(ZanaQ) - srilng(Ean7Q)

N Hr}+1(Xan7Q) e

sing

PROOF. In the case of analytic spaces attached to algebraic varieties,
we can identify singular cohomology with sheaf cohomology. The statement
then follows from proper base change (see [KS90, Proposition 2.6.7]) for
. (]
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EXAMPLE 3.13. Let C be a curve with normalisation C. Let Y c C
be the set of singular points with preimage Y ¢ C. The assumptions of
the proposition are satisfied and the long exact sequence degenerates to the
short exact sequence

0-QY » HL,(C™, Q) » Hy,, (C**,Q) - 0.
with N = [Y]-|Y].

3.2. Algebraic de Rham Cohomology

Algebraic de Rham cohomology was introduced by Grothendieck in
[Gro66] as a purely algebraic way to define the Betti numbers of algebraic
varieties. In this section k is a field of characteristic 0.

3.2.1. The Smooth Case. We start by presenting the much easier
smooth case.

DEFINITION 3.14. Let X be a smooth variety over k. We define algebraic
de Rham cohomology of X as hypercohomology of the complex of sheaves
of differential forms on X,

Hir(X) = H"(X, Q).
This is particularly easy if X is, in addition, affine. In this case
Hir(X) = H"(Q"(X),d).

There are different ways to compute hypercohomology. We make the ap-
proach via Cech-cohomology explicit for later use.

Let X be a smooth variety and i = (Uy,...,U,) be an open cover of X
by affine subvarieties U;. For every I c {1,...,n} we put Uy = N;c; U; and
for every p,q € Ny we define

Qi) = T QUU).
[I]=p+1
The CP(44,Q%) form a double complex. The differential d in g-direction is
induced by the differential of Q2%. The differential § in p-direction is the
differential of the Cech-complex given as follows: for a = (ar) € CP(U, Q%)
we have

6p(a)iogi1<z Z 1)pazo< <z]<...ip

where z; means that the index is omltted.

DEFINITION 3.15. Let Rde(X,ﬂ) be the total complex of the double
complex CP (4, Q9) consisting of
RLGr(X, )" = @ CP(1,09)
p+qg=n
with differential ¥, -, (d? + (=1)967).
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REMARK 3.16. This complex is nice because it is explicit and bounded.
However, the boundary depends on the choice of an ordering of Uy, ..., U,.
In consequence, these complexes have bad functorial properties, unless f :
Y — X is affine.

LEMMA 3.17. The complex RUqr(X,4) computes algebraic de Rham
cohomology of X.

Proor. We take the stupid filtration on the complex Q% , which induces
a filtration on the double complex CP(4, Q7). By the spectral sequence for
the filtration, it suffices to consider the individual Q9. They are coherent,
so by [Har75l IIT Theorem 4.5] Cech-cohomology agrees with sheaf coho-
mology. ([

We also need relative cohomology. Again the smooth case is easier.
DEerFINITION 3.18. Let X be a smooth variety, Y c¢ X a smooth closed
subvariety, and il a finite open affine cover of X. We put
RU4r(X,Y,4) := cone(RIqr (Y, 4nY) » RTqr(X, 40))[-1]
and define algebraic de Rham cohomology of the pair (X,Y) or algebraic de
Rham cohomology of X relative to Y as
Hip(X,Y) = H"(RIar (X, Y, 4)).
These groups satisfy the same formal properties as singular cohomology.
LEMMA 3.19. Relative algebraic de Rham cohomology is well-defined.
There is a natural long exact sequence
= Hig(X,Y) » Hip(X) - Hig(Y) - Hi (X,Y) = -
Proor. The exact sequence is the long exact sequence attached to the
distinguished triangle
RTqr(X,4) - RTqr(Y,4nY) - RTqr (X, Y, $0)[1]
or, in different language, the short exact sequence of complexes
0> RLqr(Y,4NnY)[-1] > RTqr(X,Y,4) - RL4r(X,4) - 0.

To verify that algebraic de Rham cohomology is well-defined we need to
check independence of the choice of cover. We sketch the argument.

As a first step replace RTqr(X,4) by the quasi-isomorphic complex
RT4r (X, 4)" which has all tuples I = (ig,...,i,) as indices rather than only
the ordered ones. Given two covers ; and s, there is a common refinement
$3. It suffices to compare Ly and s with 3. The choice of a refinement
map from Us to Uy induces homomorphisms

RU4r(X,84)" - RT4r(X,Us)’

and also for Y and the pair (X,Y). They are quasi-isomorphisms for X
and Y because the complexes compute algebraic de Rham cohomology. By
the above-mentioned long exact sequence the comparison map is a quasi-
isomorphism for (X,Y") as well. O
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If dim X =0, then Q% = Ox[0] and X is affine, hence
RL4r(X) = Ox(X).

We now spell out the curve case in degree 1. Let C' be a smooth affine
curve over k, D c C a finite set of closed points viewed as a smooth subvariety
of dimension 0. We use the trivial cover = (C) and get

~ f=(df,-fIp)
(1) RI4r(C,4) = [0(C) ——"5 Q'(C) ® O(D)]
with O(C) in degree 0.
More generally, if C' is not necessarily affine, let Uy, ...,U, be an open

affine cover. We write D; = U; n D and more generally Dy = D nU;. By
definition RT'(C, D, 1) is the shifted cone of the homomorphism RT(C, () -
RT(D,$4n D) of complexes. If we write the complexes vertically this takes
the form

[1Q'(U:nU) e ] OUr) [ o(Dr)

i<j 113 1113

IEI (21([]2) @ I_I C)((]{fﬁ (]j) I I_I O(lji'j I)j)
=1

i<j i<J

T

ﬁ@(m) ﬁO(Di)

When taking the cone, we obtain the following description of cohomology
in degree 1.

LEMMA 3.20. The group Hle(C',D) is given by the cohomology in de-
gree 1 of

IEI C)(l];) — IEI (21(175) @ I_I C)(ljgrﬁ l]j) @ IEI C)(:l)i)
i=1 i=1 i<j i=1
— [ UnU) e [T OW) @ []O(D;nD;) — ...
i<j |7|=3 i<j
with differentials
d°((f)i) = ((df)i (fj = £i)i» (= filp,)i)
d" (@i, (fij)igs (90)i) =
((~wj +wi +dfij)ijs (= firia + fivia = fioiriviria» (= fijlDi; = 95 + 9i)ig)
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REMARK 3.21. The signs in the differentials depend on the sign con-
ventions used for total complexes, shifts and cones. We are using the nor-
malisations of [HMS17, Section 1.3]. However, any other choice of sign
conventions will lead to isomorphic cohomology groups. We only have to
ensure that d' od® = 0.

3.2.2. The General Case. The definition of (relative) algebraic de
Rham cohomology can be generalised to the singular case by different meth-
ods, all yielding the same cohomology groups. The first was Hartshorne’s,
who embedded a singular variety X into a smooth variety P and worked
with the completion of the complex of sheaves of differential forms on P
with respect to the vanishing ideal of X. In the context of Hodge theory,
Deligne used smooth proper hypercovers: given X, he constructs a simpli-
cial variety X, over X with smooth components and such that the singular
cohomology of X agrees with the singular cohomology of X,. (Our Propo-
sition is an instance of this fact.) He then defines algebraic de Rham
cohomology of X as the de Rham cohomology of X,. In [HMS17], we
use a variant of this approach. Algebraic de Rham cohomology is defined
as sheaf cohomology of the complex Q; of h-differentials in the h-topology
introduced by Voevodsky with the theory of triangulated motives in mind.

Instead of explaining the construction, we summarise the result:

THEOREM 3.22 ([HMS17, Section 3.2]). There is a sequence of functors
Hig: (X,Y) ~» Hig(X,Y)

which attach a finite dimensional k-vector space to every pair (X,Y) con-
sisting of an algebraic variety and a closed subvariety Y and which extends
the functors for smooth X and Y .

If ZcY c X are closed subvarieties, there are natural coboundary maps

0+ Hijn (Y, Z) ~ Hig (X.Y)
fitting into a long exact sequence
= Hijp(X, 2) > Hip (Y, 2) & Hii (X,Y) > -

EXAMPLE 3.23. Let C be a curve with normalisation C—>C,andY cC
the set of singular points with preimage Y ¢ C. Then the shift by [-1] of
the cone of

Rde(é) @ Rde(Y) - Rf‘dR(f/)

computes algebraic de Rham cohomology of C. In particular, this leads to
a short exact sequence

0 kY > Hig(C) - Hig(C) >0
with N = [Y|-|Y. This is the same result as in Example
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3.3. The Period Pairing

We now fix an embedding of k into C, which allows us to define an
analytification functor from k-varieties to complex spaces. Again we start
under the simplifying assumption that X is smooth and affine. In this case
there is the natural pairing

SE(X*M)xQ(X)->C; (o,w)r~ fw.
ez
By Stokes’s theorem the pairing induces a well-defined map on homology
Hzing(X7Q) X HZILR(X) - (Cv
the period pairing.

REMARK 3.24. For n = 1, which is the most important case for us,
the pairing is even defined on all of S1(X). We get its value by analytic
continuation.

For fixed n and (X,Y’), singular cohomology is a Q-vector space and
de Rham cohomology is a k-vector space. After extension of scalars to
C, the pairing becomes perfect. In the smooth and proper case, this is a
direct consequence of GAGA. In full generality, it was established by Deligne
as part of the development of Hodge theory for non-proper and singular
varieties. It even extends to pairs.

THEOREM 3.25 ([HMS17, Chapter 5]). There is a natural period pair-
ing .
H"(X,)Y;Q)x Hirp(X,Y)->C
inducing period isomorphisms
H (X, Y;Q) ©9 C > Hip(X,Y) ®, C.

The period isomorphism is functorial for pairs of k-varieties and compatible
with coboundary maps for triples Z cY c X.

3.3.1. The Case of Smooth Affine Curves. For later use, we make
the period pairing explicit in the first interesting case. Let C be a smooth
affine curve, Y c C a finite set of k-points. By definition algebraic de Rham
cohomology of (C,Y") is the cohomology of the complex

[2°(C) - Q' (C) e Q°(Y)].

Hence every class in H éR(C’, Y') is represented by a pair (w,a) where w is a
1-form and a : Y (k) — k is a set-theoretic map. Conversely, every such pair
defines a class in relative de Rham cohomology.

Singular homology of the pair is defined as homology of the complex

SS(O)SE(Y).
Its 1-cycles are represented by Z-linear combinations o = Y. n;y; of smooth
maps v; : [0,1] = C* such that (X nvi) = X nivi(l) = X niv(0) is in
So(Y). Up to homotopy such a cycle can be replaced by a formal Z-linear
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combination of closed paths and paths with end points in Y (k). The defini-
tion of the period pairing requires to replace the singular complex of (C,Y")
by the quasi-isomorphic

cone (S5°(Y) = 57(C).) = [95°(C) « S7°(C) & 5" (V) < -]
The homology class of o is represented by the pair (o, -0c). In these explicit
terms, the period pairing is given by

((w,a),(0,00)) = faw—a(ﬁa).






CHAPTER 4

Commutative Algebraic Groups

4.1. The Building Blocks

We fix an algebraically closed field k of characteristic zero. The cases
of relevance for us are k = Q and k = C. We denote by G the category
of commutative connected algebraic groups over k. They are automatically
smooth. This category is not abelian because the kernel of a morphism is not
necessarily connected. However, the category of all commutative algebraic
groups over k is abelian and so is the isogeny category of G, where morphisms
are tensored by Q. For a careful review and analysis, see [Bril7].

EXAMPLE 4.1. The additive group G, = Spec(k[T]) and the multiplica-
tive group G, = Spec(k[T,T7']) are objects of G.

A connected commutative algebraic group is called vector group if it is
isomorphic to a power of G, and torus if it is isomorphic to a power of G,,.

EXAMPLE 4.2. Every abelian variety over k is an object of G.

Note that there are no non-trivial morphisms between vector groups,
tori and abelian varieties.

THEOREM 4.3 (Structure theory). Let G be a connected commutative
algebraic group. Then there is a canonical short exact sequence

0-L-G—-A-0

with an abelian variety A and a linear connected commutative algebraic group
L. Moreover, there is a canonical split short exact sequence

0-V->L->T-0
with a torus T and a vector group V.

PROOF. The first sequence is the commutative case of [Bar55]; see also
[Che60]. By [DG70, Ch. IV §3 Théoréme 1.1] or [Ser88|, Ch. III Proposi-
tion 12] we have L = V xT with V unipotent and a torus 7. By [Ser88| Ch.
VII §2.7], all unipotent groups are powers of G, in characteristic 0, hence V'
is a vector group. O

COROLLARY 4.4. An object of G is simple if and only if it is isomorphic
to Gy, Gy, or a simple abelian variety.

29
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A connected commutative algebraic group is called a semi-abelian variety
if it is an extension of an abelian variety by a torus, or, equivalently, if its
vector part is trivial. The Structure Theorem then implies that for any
connected commutative algebraic group G there is also a canonical short
exact sequence

0-V->-G->G*-0

with a vector group V' and a semi-abelian variety G**.

The aim of this chapter is on the one hand to give an alternative de-
scription of the category of semi-abelian varieties and, on the other hand,
explain the construction of the universal vector extension.

DEFINITION 4.5. (1) Let V be a vector group. We define VV =

Hom(V, k) and view it as a vector group.

(2) Let A be an abelian variety. We define AV = Pic®(A), the dual
abelian variety.

(3) Let T be a torus. We define X(7T') = Hom(T,G,,), the character
group of T.

(4) Let Z be a free abelian group of finite rank. We define G,,(Z) =
Hom(Z, G, ), the dual torus of =.

Note that A" has a canonical structure of abelian variety by [Mum?70),
§13 Theorem]; see also [Mil08|, p. 40]. All these functors are contravariant.
Given a morphisms of abelian varieties oo : A — A’, by pull-back of line
bundles we get an induced morphism «" : A" - AY. Given a morphism
of tori 7: T — T’, by composition we get an induced morphism of abelian
groups 7% : X(T") - X (T'). Given a morphism of finitely generated abelian
groups £ : 2 - Z/, by composition we get an induced morphism of tori

& G (Z) - G (D).
PROPOSITION 4.6. Let V' be a vector group, A an abelian variety and T
a torus. Then there are canonical isomorphisms
VYWV, Az A Gu(X(T))=T.
PRrOOF. The case of V is linear algebra. In the case of T, we get by
adjunction a canonical map
T - G (X(T)).

By naturality, it suffices to check that it is an isomorphism in the case
T = G,y,. This case is again trivial. For the double dual of an abelian variety,
see [Mum70, §Corollary, p. 132], see also [Mil08| Theorem 8.9]. O

4.2. Group Extensions

In this section we give a short introduction to the functor Ext' in the
abelian category of commutative algebraic groups defined over k. Most of
the material can be found in Serre’s book [Ser88].
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Let A, B be objects of G. To give an extension of A by B is the same
as to give a triple (C,¢,m) with C' a commutative algebraic group C and
(¢,m) e Hom(B,C) x Hom(B, A) such that

(2) 0 B—=C-"%A 0

is exact. By abuse of notation we often call the group C an eztension of A
by B. It is automatically connected.

A morphism of extensions is a triple a: A - A", : B—> B',v:C - C’
making the diagram

(3) 0—=B—>C—"A4A—>0

bbb
0—=B 0 T A0
commutative. Note that v is an isomorphism if and only if o and 3 are.
In this case the extensions are isomorphic. We say that two extensions are
equivalent if there is a homomorphism of extensions with A = A’, B = B’
and o =idy, B = idg. The set of equivalence classes of extensions makes

up a commutative group Ex‘cl(A7 B), the group of Yoneda-1-extensions. By
abuse of notation we often write C' for its equivalence class [C'].

REMARK 4.7. The morphisms «, 3 are uniquely determined by ~. If
Hom(B, A’) = 0 (for example because B is a linear algebraic group and A’
an abelian variety), then the existence of o and /3 is automatic.

We now review the group structure on Ext! via the Baer sum. As for all
abelian categories, the bi-functor Ext! which associates with a pair (4, B)
the set Ext!(A, B) is contravariant in the first and covariant in the second
variable. The functoriality in the first variable is given by pull-back. Given
a morphism «: A” - A, introduce

C// - C XA A”.
By construction,
0-B->C"-A"->0
is exact and we define
a*[C] =[C"] e Ext'(A”,B).
The functoriality in the second variable is given by push-out. Given a mor-
phism 3: B - B’, introduce
C'=CxB'|B
where B acts both on B’ and on C. Let B’ - C’ be given by b — (-b, 3(b)).
By construction,
0B -C'-A-0
is exact and we define

B.[C] =[C"] e Ext' (A, B).
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The two transformations o* and . commute in the sense that

(4) Ext!(4, B) —~> Ext'(4”, B)

B E
Ext!(4, B') —*~ Ext(A", B')

commutes. This is a general property of Ext-groups in abelian categories.
If [C1] and [C3] are in Ext'(A, B), then their Baer sum is

[C1]+[Ca] = A%s.([C1 x C2]),

which makes Ext!(4, B) into a commutative group with neutral element

0 = [B x AJ; here A is the diagonal map from A into Ax A and Bx B> B
the addition on B. We deduce that multiplication by an integer n can be
defined inductively using addition. Equivalently take

n[B]=A"s.([B"])
where A = A,, is the diagonal from C to C" and s = s, is n-fold addition
A™ - A on A.
The bi-functor Ext! is additive in both variables, which implies that
Ext'(A; x Ay, B) = Ext'(A;, B) x Ext'(Ay, B)
and
Ext'(A, By x By) = Ext'(A, By) x Ext'(A4, By).
Hence it is of particular importance to understand Ext! for the simple build-
ing blocks.

PROPOSITION 4.8. Let A be an abelian variety, L,L' linear connected
commutative algebraic groups. Then:

(1) Ext'(A4,G,) = H'(A4,0),
(2)  Ext'(A,G,,) = AY(k) = Pic’(A) (k) c Pic(A) (k) = H' (A, 0),
(3) Ext'(L,L") = 0.

PROOF. For the statements on abelian varieties see [Ser88, Ch VII §3
Theorem 7 and 6]. All linear connected commutative algebraic groups are
split by Theorem In particular, there are no non-trivial extensions. [J

REMARK 4.9. The identification of Ext!(A,G,,) with A (k) is provided
by the Poincaré bundle P on A x AY: see [Mum?70, Chapter II 8. p. 78].
Given a point z € AY(k), the pull-back P, to A via (id,z) is a line bundle
of degree 0. After removing the zero-section, it is a G,,-bundle and, in fact,
a semi-abelian variety in Ext'(4,G,,).

COROLLARY 4.10. Let G be a semi-abelian variety with abelian part A
and V' a vector group. Then the natural map

Ext'(A,V) 2 Ext' (G, V)
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is an isomorphism. In particular, Extl(G,V) is finite dimensional.

Proor. We start with the short exact sequence
0-T->-G->A-0

with T" the torus part of G, and apply the long exact sequence for Hom (-, V');
see [Ser88, Ch. VII §1 2.]. This yields the exact sequence

- > Hom(T,V) - Ext'(A4,V) - Ext'(G,V) - Ext (T, V) - ...

The first and the last term vanish.
Finite dimensionality holds because

Ext'(A,V) 2 Ext'(4,G,)* = H'(A,0)*
where s = dim(V). O

From this proposition, we get classifying maps: let A be an abelian
variety, T a torus. Then we have the bilinear map
X(T) x Ext' (A, T) - Ext'(4,G,,)
(6 [G]) = x+[G]-
Alternatively, let [G] € Ext'(A4,T) and consider the exact sequence of The-

orem with L = T. Applying the long exact Hom(-,G,,)-sequence of
[Ser88| VII, dir0o Proposition 2] we get a long exact sequence

- —— Hom(T, G,,) o Ext!(A,G,,) - Ext!(G,G,,) — -,
where the connecting homomorphism is given by dg(A) = A\« ([G]). The two
descriptions are equivalent.

COROLLARY 4.11. The induced map
Ext!(A,T) - Hom(X (T),A")
is an isomorphism.

ProoOF. As T = G}, and both sides are natural in 7', it suffices to treat
the case T = G,,. In this case we have X(G,,) =Z and Hom(X(G,,),A") =
AY (k). The claim now follows from in Proposition O

We refer to the image of G in Hom(X (T"), AY) as the classifying map of
G.

Now let V' be a vector group. Again we have a bilinear map
VY xExt'(A4,V) - Ext'(4,G,)
(A [G]) = ALG].
As in the torus case, there is an alternative description as
(M [G]) = da(N)

with respect to the long exact Hom(-, G,)-sequence attached to with
L=V.
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COROLLARY 4.12. The induced map
Ext'(A,V) - Hom(V", H'(4,0))
s an isomorphism.

PrROOF. As V = G and both sides are natural in V, it suffices to treat
the case V = G,. In this case G = G, and Hom(G,, H'(A4,0)) = H*(4,0).
The claim follows from in Proposition O

The same considerations also apply to extensions of semi-abelian vari-
eties by vector groups. We obtain:

COROLLARY 4.13. Let G be semi-abelian, V a vector group. Then the
natural map

Ext'(G,V) - Hom(V",Ext! (G, G,))
18 an isomorphism.

Proor. By Corollary we can replace G by its abelian part A on
both sides. Then we are back in the situation of Corollary O

4.3. Semi-abelian Varieties

As shown in Corollary [£.T1] the datum of a semi-abelian variety G over
k is equivalent to the datum of a homomorphism X (7)) — AY(k). This
construction is functorial. A morphism of semi-abelian varieties o : G1 = Go
induces a commutative diagram

X(Ty) <"~ X(Tz) .

[Gl]l l[Gz]

A (k) ~—— AY(k)
In conclusion:

PROPOSITION 4.14. The assignment G — [X(T) - AY(k)] yields an
equivalence between the category of semi-abelian varieties over k and the
category with objects given by triples (X, A,¢) where X is a free abelian
group of finite rank, A an abelian variety and ¢ : X - AV(k) is a group
homomorphism.

PROOF. We verify that the functor is faithful. Let f: G - G’ be a mor-
phism of semi-abelian variety mapping to 0 under the functor. In particular,
the induced morphisms on the torus part and the abelian part vanish. The
composition G - G’ — A’ vanishes because it factors over 0: A — A’. Hence
f maps into T’. The restriction f|r vanishes, hence we get an induced map
f:A - T'. There are no such maps, hence f = 0.

The functor is also full: given a commutative diagram as above, we get

back the morphism « as the composition
Gl g GaVO[Gz] = G2 X Ag Al - GQ.
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We are often going to make use of this equivalence without mentioning it
explicitly. To verify the equality Gvog,) = G2 x4, A1 we consider the
cartesian diagram

Go xp, A1 — G

L

Ay Ag
which corresponds to
X(T») X(T»)
[Gz]l l[G2XA2A1]
Ay — A7

This shows that Gavo[GQ] =G x4, A1 = a"Go.
It remains to check that the functor is full on objects. Given (X, A, ¢),

we construct G as follows: let eq,...,e, be a basis of X. The elements
p(e;) € AV(k) define elements of Ext!(A,G,,) and hence extensions

0-Gp -G —»A-0.

We put
G=G1xaxx4Gp.

By construction G maps to (X, A, ¢) under our functor. O

REMARK 4.15. The map X (7") - AY(k) is zero if and only if G2 AxT.
Given two maps s1 : X(71) - AV (k) and sy : X (Tz) — AY(k) corresponding
to G and G, their sum defines s: X(71) @ X (T2) - AY(k). It corresponds
to the semiabelian variety G obtained as the pull-back of Gy x Go >~ A x A
via the diagonal A — A x A. TIts torus part is Ty x To. If s = 0, then
the composition G - Gy 2 A x Ty - T} together with G - G5 induce an
isomorphism G 2 T} x Gs.

DEFINITION 4.16. The category of semi-abelian varieties up to isogeny
has the same objects as the category of semi-abelian varieties but with mor-
phisms tensored by Q.

Proposition[£.14] implies that the category of semi-abelian varieties up to
isogeny is equivalent to the category with objects given by triples (Xgq, 4, ¢)
where Xgq is a finite dimensional Q-vector space, A denotes an abelian variety
up to isogeny and ¢ a Q-linear map Xg — A" (k)g. We often write objects
as X - AY(k)q, where X is a free abelian group of finite rank.

COROLLARY 4.17. Let G be a semi-abelian variety, T a torus and G - T
a surjective morphism of algebraic groups with kernel G'. Then G 2T x G’
up to isogeny.
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PROOF. Since tori are semi-simple there is also an injective homomor-
phism 7" — G with image in the torus part of G. By the universal property
of the direct product, this leads to an isomorphism G =T x G'. O

4.4. Universal Vector Extensions

As shown in Corollary the datum of a vector extension of a semi-
abelian variety G over k is equivalent to the datum of a linear map V" —
Ext!(G,G,) or dually Ext'(G,G4)¥ — V. As in the semi-abelian case, this
construction is functorial.

PROPOSITION 4.18. The assignment G + [Ext'(G,G,)Y — V] yields
an equivalence between the category of vector extensions of semi-abelian
varieties over k and the category with objects given by triples (V, A, o)

where V is a finite dimensional k-vector space, A is an abelian variety and
¢ Ext!(G,G,)Y =V is a k-linear map.

PROOF. The argument is the same as in the semi-abelian case. ([l

The vector space Ext! (G, G, ) is itself finite-dimensional by Corollary
hence there is a distinguished object in the category of vector extensions of
A.

DEFINITION 4.19. Let G be a semi-abelian variety. We call the vector
extension

0 - Ext'(G,Gy)Y - G" > G -0
corresponding to id : Ext'(G,G,)" - Ext'(G,G,)Y the universal vector
extension of G.

PROPOSITION 4.20. The universal vector extension of a semi-abelian
variety G has the following universal property: given a vector extension

0-V -G -G-0
there is a unique morphism G% - G’ compatible with the projection to G.

PRrOOF. Under the equivalence of Proposition the vector extension
G' corresponds to the triple (V,G,¢ : Ext'(G,G4)Y — V) and GU corre-
sponds to (Ext!(G,G,),A,id). A morphism G’ - GY corresponds to a
linear map Ext'(G,G,)” - V compatible with the structure maps. The
only such maps is ¢. ([

REMARK 4.21. Let A be the abelian part of G. By the computation of
Ext'(A,G,) in Proposition we have

0> H'(A4,0)" - A" > A 0.

Moreover, the isomorphism Ext!(A,G,) = Ext'(G,G,) of Corollary
implies that G is explicitly constructed as

G'= A", G.
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If V is a vector group, G € G, both Hom(G,V) and Ext'(G,V) are k-
vector spaces and do not change when we replace the category G with its
isogeny category Gg. This remark implies:

COROLLARY 4.22. The universal vector extension G of a semi-abelian
variety G also satisfies the universal property of a vector extension in the
isogeny category Go.

4.5. Generalised Jacobians

Let k£ be an algebraically closed field of characteristic zero. Let Y be a
smooth connected algebraic curve over k with a chosen base point .

The following theorem is a special case of the theory of generalised Ja-
cobians. They were introduced by Rosenlicht. We follow the presentation
of Serre, see [Ser88| Chapter V]. We recall briefly the deduction.

THEOREM 4.23 (Rosenlicht: see Serre [Ser88, Chapter V]). There is a
semi-abelian variety J(Y') over k and a morphism

Y > J(Y)

depending only on yo such that Hfmg(Y,Z) - Hfing(J(Y),Z) is an isomor-
phism.

4.5.1. Construction of J(Y). Let Y be the smooth compactification
of Y and S =Y \Y the set of points in the complement of Y. We define the
divisor m as ) p.g P. In the terminology of [Ser88]| this is a (special case of
a) modulus. The case m=0 (i.e. S =) is allowed.

A rational function ¢ on Y is congruent to 1 mod m if vp(1-¢) > 1 for
all P € S where vp denotes the valuation at P. We write

e Cy, for the group of classes of divisors on Y which are prime to
S modulo those which can be written as () for some rational
function ¢ =1 mod m;

o Jn= 0191 for the subgroup of classes which have degree 0;

e J =" for the usual group of divisor classes of degree 0.

There is a surjective homomorphism
T:idy—>J

with kernel L, consisting of those classes in J, which are invertible at each
P e S. Moreover, let
0:Y - Jn

be the map assigning to a point y € Y the class of the divisor y — yo.
Alternatively, the group Jy, can be described as the group of isomorphism
classes of pairs (L,:) where L is a line bundle of degree 0 on Y and ¢ is a
trivialisation of L on S. The image of a divisor D of degree 0 on Y is the line
bundle O(D) together with the canonical trivialisation, which exists because
O(D)|v = O|y outside the support of the divisor, in particular on S. In the
case S = @, this identification is the familiar isomorphism J = Pic?(Y).
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By [Ser88, Chapter V Proposition 2], the group Jy, is an algebraic group
and by Serre’s Proposition 4 the map 6 is a morphism of algebraic varieties.
By [Ser88l, Chapter V Theorem 2], the pair has a universal property for
morphisms into commutative algebraic groups mapping yg to 0: given a
rational map f:Y — G to a commutative algebraic group G admitting m
for a modulus; see [Ser88, Chapter I, Theorem 1], there exists a unique
algebraic homomorphism F': Jy, — G such that

f=Fob+f(y)

The structure of Jy is explained in [Ser88, Chapter V Section 13]. In
the case m = 0, we get back the usual Jacobian of C'. This is an abelian
variety. In our special case, the kernel Ly, is isomorphic to G, where

0 for m =0,
T =
degm-1 for m=0.

We put J(Y) := Jy and obtain up to isomorphism the short exact se-
quence
1-Gl - JY)>JY)-0
of commutative algebraic groups, making J(Y') semi-abelian.
The classifying map of J(Y) maps a lattice of rank r to J(Y)V
Pic®(Y) = J(Y).

LEMMA 4.24 (Serre [Ser60, Section 1]). The classifying map of J(Y') is
given by the map

IR

Z[S]° - J(Y) =2 J(Y)"
induced by 6, where Z[S]° is the group of divisors of degree 0 supported on
the S.

4.5.2. Generalised Jacobian over C. The structure of J; over C is
explained in [Ser88, Chapter V, §19]. Serre shows

Jn(C) = BV, Q1 (-m))" H" (Y, 2).
This implies that the map induced by ¥ — J(Y) induces an isomorphism
HY™ (Y, Z) > Hy"8(J (Y)(C). Z).

REMARK 4.25. Actually, this isomorphism is shown in [Ser88|] on the
way to establishing the formula for Ju(C').



CHAPTER 5

Lie Groups

We review the construction and properties of the exponential map, fixing
notations and normalisations for later.

5.1. The Lie Algebra

Let G* be a connected commutative complex Lie group. We denote
gc or Lie(G*™") the Lie algebra of invariant vector fields on G* and by g
or coLie(G®") the dual space of invariant differential forms. Note that gc
is abelian, i.e. the Lie bracket is trivial and does not play a role in what
follows.

If V is a C-vector space, we can view it as a complex commutative Lie
group V. In this case Lie(V*") = V.

EXAMPLE 5.1. For G, = Spec(Z[t]) we have G3" = C. It has a canonical
coordinate with the property ¢(1) = 1. Then its Lie algebra g2" is generated

a;

by —jt and its dual by dt. The canonical identification of gi" with G5" maps
d

to 1.
di

Morphisms in the category of connected commutative complex Lie groups
are called analytic homomorphisms. The assignments Lie and colLie are
functors. Given an analytic homomorphism ¢ : G*" — H?" of connected
commutative complex Lie groups, we get by push-forward of vector fields
and pull-back of differential forms C-linear maps

o.=dpige > be, ¢ =00:b¢ — gt

The linear maps are adjoint with respect to the natural pairings between
a space and its dual space and this means that (¢.)Y = ¢*. If (, ) is the
pairing which defines duality, then

(QO*(LU),X) = (W’SD*X)

for every invariant differential form w on H and invariant vector field X on
G.
Of particular interest is the case of analytic homomorphisms ¢ : C - G**
_d
and X = ai

39
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5.2. The Exponential Map

For any given vector field X € g¢ there exists a unique analytic homo-
morphism px : GI" - G*" such that its tangent map dpx satisfies

(o) () = X

as can be found in [War83]. It amounts to solving an ordinary linear dif-
ferential equation. This is used to construct the exponential map of the Lie
group G®" in the following way. We choose X € gc and put

expg(X) = px(1).
This defines an analytic homomorphism exps : gc = G*". In other words,
exp is uniquely characterised by functoriality with respect to analytic group
homomorphisms and dexpg =id. This leads to an exact sequence

expg

(5) 0 A ac G 0.

PRrOPOSITION 5.2. Let G* be a connected commutative complex Lie
group. Then expq : gc = G is the universal cover.

PRrROOF. The map exp. is unramified because dexp = id is an isomor-
phism. It is a cover by the sequence . This makes it the universal
cover. 0

REMARK 5.3. This also means that A is the fundamental group of G*".
We will deduce an explicit identification from the point of view of paths
below.

An analytic homomorphism ¢ : G* — H?" induces a commutative dia-
gram

(6) 0 Ag —E= go —2€ gan 0
lzx ldcp l@
0 Apg o pe 2 pgan 0

The converse does not hold necessarily: A Lie algebra homomorphism 6 :
gc = be does not necessarily descend to an analytic homomorphism from
G* to H?*". However, this does hold if G*" is simply connected:

LEMMA 5.4. Let G* be simply connected, 6 : gc — bc a linear map.
Then there exists an analytic homomorphism © : G* - H* such that d© =

6.

Proor. As G*" is simply connected, it agrees with its universal cover.
Hence exp; is an isomorphism of connected commutative complex Lie groups.

We define
O =expgofo expa1 .
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The group G®" is simply connected if and only if G*" is a vector group
V=Gl

5.3. Integration over Paths

Another pairing is obtained by integration. Let v :[0,1] - G*" be any
path in G*". This path defines an element I(v) in gc by putting

I(7)(w) = fw for all w € g
0!

By Stokes’s Theorem we see that I(+y) depends only on the homotopy class
of 7. The pairing is non-degenerate so that I(«y) = 0 implies that ~ is closed
and homotopically equivalent relative {0,1} to a constant path.

EXAMPLE 5.5. In the case that G = G, and €: [0,1] - G3" is the path
going from €(0) = 0 straight to (1) = 1 we have

0-(4).

In fact every invariant differential form on G, is a constant multiple of dt
and everything reduces to the calculation

1 d
dt =1=(dt,— .
fo ( ’dt)

Let ¢ : G* - H*" be an analytic homomorphism. Then we have for all
invariant differential forms w € h¢ and paths v on G*"

I(pxy) (W) = I(7)(¢"w)

by the transformation rule.
Fix now an element X in gc and let ¢ x be the analytic homomorphism
from G3" to G*" determined by X. Also let

X : [0’ ]-] - G™
be the path obtained by restricting the analytic homomorphism ¢x to the
interval [0,1]. Note that by definition vx = ¢x o€ = px «€.

We thus have defined maps I and X — vx assigning tangent vectors to
paths and conversely.

LEMMA 5.6. We have I(yx)=X.

PROOF. Let w be in gf. Since yx is a restriction of the analytic ho-
momorphism ¢x we see that yyw is an invariant differential form in g, c.
Then

I620() = I(px,-)(@) = 1)) = (i, 7 ) = (0,05 ) = (@, %)

by the transformation formula for integrals together with I(e) = (-,d/dt).
This means that I(vx) = X. O
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In particular we may start with the element X = I(y). Then

I(v) = X =I(vx)) = 1("V1¢y))

whence 7 is homotopic to 77(,). This gives 7(1) = v7¢,)(1) = exps(1(7))
and leads to the following

COROLLARY 5.7. Let P be a point in G and v a path from 0 to P.
Then we have

eXpG(I('y)) =P.

The lemma shows that integration is inverse to exponentiation as it
should be. But this is precisely the definition of a logarithm and we may
write

log(P) :=1(7).
Note that logs is multivalued. The map v ~ I(v) from the path space
L:(0) of G, with the unit element of the group as base point, taken modulo
homotopy into the Lie algebra gc identifies gc with the universal covering
space of G*".
We now restrict to closed paths. The maps

Xoyx
(7) A T m(GM0)
I
are inverse to each other; in particular A 2 71(G,0) and the fundamental
group is abelian.
Let 0 = ¥ a;y; be a chain with a; € Z, ~; : [0,1] — G*" continuous. We
extend the definition of I and put

n
I(0) = Y, ail () € gc.
i=1
If ~ is closed, but v(0) # 0, then p(I(v)) is still homologous to . Hence
Xoyx '
(8) A T HPGE™Z)
i

are inverse to each other. The two identifications are compatible with the
Hurewitz map 1 (G*",0) —» H;""®(G*",Z), which is an isomorphism in this
case.



CHAPTER 6

The Analytic Subgroup Theorem

In this chapter, we give a new formulation of the Analytic Subgroup
Theorem. We then explore its consequences for the comparison of analytic
and algebraic homomorphisms.

6.1. The Statement

Let G be a commutative and connected algebraic group defined over Q
and g its Lie algebra. The associated complex manifold G* is a complex
Lie group and its Lie algebra is gc = g ®g C. The exponential map

expg : gc ~> G
from the Lie algebra into G*" defines an analytic homomorphism. If b C g
is a subalgebra and b¢ = b@® C we denote by B the analytic subgroup

exp(be). An obvious question one can ask is whether B(Q) := Bn G(Q)
can contain an algebraic point different from 0, the neutral element. The
answer is given by the Analytic Subgroup Theorem.

THEOREM 6.1 (Wiistholz [W1is87], [W1is89|). The group of algebraic
points B(Q) is non-trivial if and only if there is a connected algebraic sub-
group H € G with Lie algebra by such that {0} #h c b.

We conclude that the only source for algebraic points is the obvious one.
Note that B(Q) # {0} implies that b # {0}.

There is a refined version of the theorem. To state it let G be a connected
commutative algebraic group over Q with Lie subalgebra g and let (, ) be
the duality pairing between g¥ and g. For u in g¢ with expg(u) € G(Q) we
denote by Ann(u) the largest subspace of g¥ (sic) such that (Ann(u),u) = 0.

THEOREM 6.2. Assume that expg(u) € G(Q). Then there exists an exact
sequence

0-H->G5G/H—-0

of connected commutative algebraic groups defined over Q such that Ann(u) =
7 (g/h)Y and u € hc, where b is the Lie algebra of H. The sequence is
uniquely determined by these properties.

PRrROOF. We write P = expg(u). If u =0, the theorem holds with H = 0.
If w+ 0, but P = exps(u) = 0, we may replace u by %u for a big enough
n € N. We then have expG(%u) # 0 because the kernel of exp is discrete.

43
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Moreover, the image point is a torsion point of G, hence in G(Q). Without
loss of generality, we may assume that P # 0.

Let {, ): g¥xg — Q be the natural duality pairing and for any subalgebra
a c g denote the left kernel by

at={Aeg’;(\a)=0}.

The right kernel is defined similarly. We put b := Ann(u)* € g. Then b¢
contains v and Theorem gives an algebraic subgroup H c G with Lie
algebra . We may assume that u € b, otherwise we apply our arguments to
G/H. Tt has smaller dimension, so the process must stop after finitely many
steps. Taking the left kernels gives b* c h* ¢ Ann(u) and then b* = Ann(u) =
h* by the maximality property of Ann(u). We get an exact sequence of Lie
algebras

0—>h->g->g/h—>0
which corresponds to an exact sequence
0-H-G5G/H-0

of algebraic groups and by duality to the exact sequence
0 (g/h)” —g" ~>b" >0

We have b* =7*(g/h)¥ and (g/h)* = h", which we prove as follows: we have
A € bt if and only if the restriction of A\ to b is zero. This implies that A
descends to g/h and that there is an element p € (g/h)" with A = 7*p. This
leads to h* < 7*(g/h)". Conversely

(7*(a/b)",b) = ((g/b)",7.h) = 0

since m.h = 0 and we conclude that Ann(u) = h* =7*(g/h)" as stated.
Suppose that there is another short exact sequence

0> H -G G/H >0

with the same properties. In particular 7"*(g/h)¥ = 7*(g/h’)" as subobjects
of g¥. This implies that h = b as subspaces of g. As H and H' are connected,
this also implies H = H' as subgroups of G. O

6.2. Analytic vs. Algebraic Homomorphisms

The Subgroup Theorem also has a consequence for the category of groups
itself. A connected commutative algebraic group over Q gives rise to a
complex Lie group. We recall that morphisms in the category of complex
Lie groups are called analytic homomorphisms.

THEOREM 6.3. Let G, G’ be connected commutative algebraic groups de-
fined over Q with Lie algebras g and g' and let ¢ : G*™ — G'™" be an analytic
group homomorphism such that gc - g maps g to g'.



6.2. ANALYTIC VS. ALGEBRAIC HOMOMORPHISMS 45

Then there exists a vector group Viy, a connected commutative algebraic
group Galg and a decomposition

Gz V;:r X Galg

such that ¢|G:f1g is algebraic over Q and gb|vt?n is purely transcendental, i.e.

#(Vir (Q)) does not contain any non-zero algebraic values.

REMARK 6.4. (1) An earlier version claimed the same corollary but
without the V;,-factor. We thank the referee for pointing out the
mistake in the argument. Indeed, the statement would be false
as the example exp : C - C* shows. The theorem says that all
counterexamples are of a similar nature, see Corollary for a
complete classification.

(2) The assumption on the induced map on Lie algebras is necessary as
the following example shows: let G = G,,, and G2 = E an elliptic
curve over @ Let

- 2
z—exp(27iz) C* = G%l
be the standard uniformisation. For E** we use the explicit uni-

formisation
expp : C - E*"
with kernel A = Zw; + Zwo of Section In these coordinates
the Q-coLie algebras of G,, and E are generated by dz/z and dz
respectively.
We get a well-defined analytic homomorphism

¢:G¥ =C/2miZ - E* =C/A

by mapping z — (w;/27i)z. It is not algebraic. Note that this does
not contradict Theorem [6.3] because it does not map g; to go since
w1/2mi is not in Q as we shall see later.

The proof of this theorem will take the rest of this chapter.

LEMMA 6.5. Suppose that the set of torsion points Gior is dense in G.
Under the assumptions of Theorem[6.3, the morphism ¢ is algebraic.

PROOF. Let B c G*™ xG'™ be the graph of ¢. It is connected because it
is isomorphic to G*" via the first projection. By assumption its Lie algebra
is defined over Q. Let g € G(Q) be an N-torsion point. Then ¢(g) € G'(C)
is also an N-torsion point, hence in G’(Q). This implies that

T :={(9,0(9))lg € Gior} ¢ B(Q).
By the Analytic Subgroup Theorem there is an algebraic subgroup H c
G x G’ defined over Q such that H*" ¢ B and containing all of T. The
projection B = G x G'™ — G is an isomorphism, hence its restriction
to H is a closed immersion. The image contains the set Giop. It is Zariski
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dense, hence the inclusion is surjective. In other words, H*" = B. The group
H c G x G’ is the graph of the morphism we wanted to find. O

LEMMA 6.6. The theorem holds if G =V is a vector group.
PROOF. Let ¥ = ¢ 1(G'(Q))nV(Q). We denote by V& c V the smallest

algebraic subgroup containing . We choose a direct complement V;; of Vx in
V. By construction, qﬁ\VSn is purely transcendental. Indeed, any o € V;,(Q)
with ¢(c) € G'(Q) is already in ¥ and hence in Vs (Q).

It remains to show that ¢|V§n is algebraic. As in the last lemma we
consider its graph B in V3" x G'™. Tts Lie algebra is defined over Q and it
contains the set

T:={(g:0(9)lg € £} ¢ B(Q).
By the Analytic Subgroup Theorem there is an algebraic subgroup H c
Vs x G' defined over Q such that H*" ¢ B and containing all of T. The

projection B = V& x G'*" — V& is an isomorphism, hence its restriction
to H is a closed immersion. The image is an algebraic subgroup containing
the set X, hence equal to Vx. In other words, again H*" = B. The group

H c G x @' is the graph of the morphism we wanted to find. O
LEMMA 6.7. Let G1 - G be a vector extension. Then (G1)tor = (G2)tor-

Proor. It suffices to check the statement over the complex numbers
and in the analytification. We have

G = C™/HY™ (G, Z) » G3" = €™ | H}"(G3", 7).
By homotopy invariance, H;"8(G3", Z) = H{™#(G5",Z). The torsion is com-

puted as Gj tor 2 fing(G‘?‘n,Z) ® Q/Z, hence the torsions of of G7 and Gs

7
are isomorphic. ([l

Let V be the vector part of GG, i.e. we have a short exact sequence
0-V->G->G*->0

with V' a vector group and G*® semi-abelian. We say that G is completely
non-trivial (as vector extension) if it does not have a direct factor G,. In
other words: the classifying map

VY - Ext'(G*,G,)
is injective, see Corollary
LEMMA 6.8. Let Gy be the Zariski closure of Gior in G. Then G1 is a
completely non-trivial vector extension of G**. Moreover, there is a decom-
position
Gz Vl X Gl

with a vector group Vi, i.e. G is the mazimal completely non-trivial subez-
tension of G*¢ contained in G.
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PrROOF. We have Gior = G5, hence the image of G - G*® contains all
torsion points. They are dense in G*?, hence G1 — G*? is surjective. This
makes G a vector extension of G**. By construction, (G1)tor is dense in
G1. If it was not completely non-trivial, we would have a decomposition
G1 = G4 x G, and the torsion points would not be dense.

Finally, let V' be the vector part of G, W = G1 nV and choose a direct

complement Vi of W in V. The natural map
Gl X Vl -G
is an isomorphism. [l

PROOF OF THEOREM [6.3] By Lemma [6.8 we have
G= Gl X Vi

such Gyor is dense in G and Vi is a vector group. By Lemma the
theorem holds for G1.

By Lemma there is a decomposition V; = (V1)y x Vi such that ¢
is algebraic on (V1)y and purely transcendental on V;,. This completes the
proof. ([

The interplay between algebraic and transcendental morphisms is subtle.
In the situation of Theorem [6.3] let

G2V xGy, G’EVQXGQ

be decompositions of the algebraic groups G' and G’ into a vector group
and a completely non-trivial vector extension of its semi-abelian part, as in
Lemma The analytic homomorphism ¢ decomposes as a (2 x 2)-matrix

b= b1 P12
P21 P22
with é11 € Hom(VE™, Vi), é12 € Hom(VE, GA") and with ¢o; € Hom(G2™, V™)
and ¢os € Hom (G2, G,

COROLLARY 6.9. In this situation, we have:

(1) ¢11 and pao are algebraic and defined over Q;
(2) ¢21 = O;
(3) There is a decomposition Vi = V) i x Vi 415 such that the maps

an sa,an an sa,an
1,tr - GQ T ‘/1,tr g GZ 7

induced by ¢1o are purely transcendental and algebraic over Q, re-
spectively.

PRrROOF. By the proof of Theorem we have G1 € G and Vi, c V7. In
particular, ¢o1 and ¢go are algebraic and defined over Q. If ¢o1 : G§® — V2»
was non-zero, we would be able to split off a factor G, from G;. This is

impossible because G is completely non-trivial.
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All analytic homomorphisms ¢y : V" — V5™ are algebraic over C. It
agrees with the analytification of the C-linear map vy ¢ — vy c. By assump-
tion it is induced by a Q-linear map vy — vs, hence it is even algebraic over
Q.

We decompose Vi as in Theorem in this special case. Then ¢1o is
algebraic and defined over Q on V1,alg and purely transcendental on Vi g, It
remains to show that the composition Vi - Go — G35* is purely transcen-
dental. In order to simplify notation, we write W for Vj 4, and G’ for Go.
We apply Theorem to W — G'**. Accordingly there is a decomposition
W = Wi x Wye such that the map is algebraic on Wy, and purely transcen-
dental on Wi,. The algebraic map Wy - G’ @ vanishes because Waig is a
vector group and G'** is semi-abelian. This implies that we get an induced
algebraic map Wy, — V' where V' is the vector part of G'. This contradicts
that Wgé — G'™ is purely transcendental. We conclude that Waig is in fact
0 and W2 — G’*"*" is purely transcendental. O



CHAPTER 7

The Formalism of the Period Conjecture

The Period Conjecture predicts relations between the periods of alge-
braic varieties or, more generally, periods of motives. We explain the ab-
stract set-up behind the explicit formulation. Our machinery will be applied
mostly to periods of 1-motives, but also in a couple of other cases.

7.1. Periods

We first introduce periods and formal periods, following [HMS17, Def-
inition 5.1.1] and [Hub20, Definition 3.6].

Throughout we fix subfields K,L c C. Their compositum KL is the
subfield generated by K and L. To simplify notation, we work under the
hypothesis K n L = Q.

DEFINITION 7.1. (1) Let (K, L)-Vect be the category of tuples V' =

(3)

(Vk, VL, ¢) where Vi and Vj, are finite dimensional vector spaces
over K and L, respectively, and ¢: Vx @ x C - Vi, @, C a C-linear
isomorphism. Morphisms are pairs of linear maps such that the
diagram

C
Vi ®K(C}0Kﬂ(> Wg e C

| o

——=Wr e C
VL®L(CfL®LC L ®r

commutes.
Given V € (K, L)-Vect, we define the set of periods of V as

P(V)=im(Vg xV = C), (o,w) = wc(d(oc))
and the space of periods P(V') as the additive group generated by
it. Here we write o¢ and wc for the images of o and w in Vx @ C
and V}' ® C, respectively.
If C is a category, V : C — (K, L)-Vect a functor, we put

P(C) = U P(V(X)).
XeC

REMARK 7.2. (1) The category (K, L)—Vect is Q-linear and abelian.

We could even turn into a rigid tensor category and then V — Vi
becomes a so-called fibre functor if K ¢ L. We are not going to use
this fact.

49
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(2) The abelian group P(V') is even a K L-vector space because of the
bilinearity of the map Vi x VY - C. It has an alternative inter-
pretation as the K L-vector space generated by the entries of the
period matriz, the matrix of ¢ in a K-basis of Vx and an L-basis
of V.

(3) The set P(C) only depends on the objects in the image V' (C).

(4) With L = Q this is the definition given in in [HMS17] and [Hub20].
In the present monograph, the case K =Q , L = Q will be of most
interest because 1-motives are a homological theory, whereas the
other references take the cohomological point of view. In both cases
we want to compare de Rham cohomology (the @—component) with
singular homology (the Q-component).

(5) We may replace the category C and the functor V' by a diagram
D (i.e. an oriented graph) and a representation V. Its periods
are simply defined as the periods of the path category of D and
the induced functor with values in (K, L)—Vect. This is the point
of view taken originally by Nori and also in [HMS17]. It will
only play a very minor role in our monograph, in the proof of
Theorem [13.3| on the Period Conjecture for curves.

EXAMPLE 7.3. The main case of interest for us is the category of iso-1-
motives over Q, see Chapter |8|below. The functor V' is given by the singular
realisation, the de Rham realisation and by the period isomorphism.

ExAMPLE 7.4. Given a short exact sequence

in (K, L)-Vect, the period matrix for V' (in adapted bases) is upper block
triangular, i.e. of the form

A B

0 C

such that A is the period matrix of Vi and C the period matrix of V5. In
particular,

P(V1) +P(V2) c P(V).

This is not an equality in general.

LEMMA 7.5. Let C be an additive category and V : C — (K, L)-Vect an
additive functor. Then P(C) is a K L-vector space. For M € (K, L)-Vect
we have

P(M) =P((M))

where (M) c (K, L)-Vect is the full abelian subcategory generated by M and
closed under subquotients, i.e. the morphisms in (M) are the same as in
(K,L)-Vect, and for X € (M) and Y a subquotient of X in (K, L)-Vect,
the object Y is also in (M).
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PRrOOF. It suffices to show that P(C) is closed under addition. If oy is
a period of X7 and «s is a period of Xs, then a1 +as is a period of X7 & Xo.

As a consequence, the periods of the category (V') form an abelian group.
They contain the periods of V', hence

P(V)YycP{V)).
For the converse inclusion, note that if V; is a subquotient of V5, then
P(V1) c P(Vz2) by Example
Moreover, P(M™) c P(M). As all objects of (V) are subquotients of
M™ for some n, this shows that P(W) c P(V) for all objects of (V). O

There are obvious relations between the periods of a category C. They
are encoded in a space of formal periods.

DEFINITION 7.6. Let C be an additive category, V : C — (K, L)-Vect
be an additive functor. The space of formal periods ’ﬁ(C) is the K L-vector
space generated by symbols (o,w) for o € Vi (X), w e VL(X)" for all objects
X of C with relations given by

e (Bilinearity) for all objects X and 01,09 € Vi (X), wi,ws € VL(X)Y,
ai,ag € K, bl,bg EL,

(CL10'1 + a909, blwl + bgwg) = albl(al,wg) + e+ ang(O'Q,(UQ).
o (Functoriality) for all morphisms f : X - Y and w € Vg(Y)",
o € Vp(X),
(fw,0) = (w, fro).
Equivalently, the vector space ﬁ(C ) can be characterised as the quotient
space
P(C) = (@ Vi (X) ®qg VL(X)V)/ functoriality.
XeC
The bilinearity relation is incorporated into the tensor product.

REMARK 7.7. We could also apply the same definition to formal periods
of a diagram D and a representation V : D — (K, L)—Vect. This is the point
of view taken in [HMS17]. The resulting space of formal periods agrees with
the space of formal periods of the additive hull of the path category of D.

It is often useful to break C into smaller pieces.

DEFINITION 7.8. Let C be an abelian category, X an object of C. By
(X) we denote the smallest full subcategory of C that contains X and is
closed under subquotients.

We have P(X) = P((X)) and this shows that this is the right category
if we try to understand linear relations between periods of X.

LEMMA 7.9. For an additive functor C = (X) - (K, L)-Vect, the ele-
ments of Vi (X) ®g VL(X)" generate P(C) as K L-vector space. In partic-
ular,

dimg, P(C) < (dimg Vi (X))?.
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PROOF. We need to verify that all generators of P(C) can be expressed
in terms of elements of Vi (X) ®q Vi(X)".

If f:Y - Y’ is a surjective morphism in C, then all elementary tensors
in the tensor product Vi (Y") ®q VL(Y')" can be identified with elementary
tensors of Vi (Y) ®g V(Y)Y because Vg (Y) - Vi (Y') is surjective, i.e.
every element in Vi (Y') has the form f.o for some o € Vi (Y), and in
consequence

fio@w=08 f*weP(C).
In the same way, if f:Y — Y’ is injective, then the elementary tensors on
Y can be identified with some elementary tensors on Y’ because V. (Y') —
VL(Y') is surjective.

By assumption, every object of (X) is a subquotient of some X" for
n > 1. Hence it suffices to consider elementary tensors on X™. Note that
Vi (X") 2 Vg(X)™ and that we can write an elementary tensor o ® w €
Vi (X™) ®g Vi (X™) as

n

oW = Z(ik)*ak d w,
k=1

where o1, ...,0, are the components of ¢. By the functoriality relation this
yields the identification
n
oCQw = Z O ® ijw
k=1
with an element of Vi (X) ®q VL(X)". O

Following Hormann in [Hor21], there is an interesting alternative de-
scription of the space of relations in the abelian case. It is closer to the shape
in which they will appear in the context of 1-motives and was motivated by
it.

Given a short exact sequence

0> X 5 X" 5 X550
in a Q-linear abelian category C and elements (o1,...,0,) € i.(Vk(X1)),
(wiy...ywp) € p*(VL(X2)Y), the functoriality relation implies that Y7, 0; ®
w; vanishes in P(X). Actually, even the converse is true.

PrROPOSITION 7.10 (Hormann [Hor21)). For an additive functor C =
(X) - (K,L)-Vect, an element of the form Y., 0; ® w; is in the kernel of
the map Vi (X) ®q VL(X)Y - P(X) if and only if there is a is short exact
sequence

0- X1 > X" 5 Xy -0
with (o1,...,00) € .(Vk(X1)), (wi,...,wn) € p*(VL(X2)").

We omit the proof as we are not going to need this fact.
By construction, the space of formal periods comes with an evaluation
map to C.
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DEFINITION 7.11. Let C be an additive category, V : C - (K, L)—Vect
an additive functor. We define the evaluation map

ev:P(C) - C
by sending a symbol (o,w) € Vg (X) x VL(X)" to
(o,w) = we(g(oc)).
The map is obviously well-defined, K L-linear and has image P(C).

DEFINITION 7.12. We define the external duality functor
V1 (K,L)-Vect - (L, K)-Vect
by assigning the triple (Vg,Vz,¢) to (V/, Vi, ¢Y).

This functor should not be confused with the internal duality functor on
(K, L)-Vect which maps (Vi, Vr,¢) to (V2,VY, (¢¥)™1).

LEMMA 7.13. Let V : C - (K, L)-Vect be an additive functor. Then
the period spaces P(C) and P(C) do not change when applying the external
duality functor.

PROOF. Let X € C. The definition of P(C) via V uses Vi (X)®qV7(X)Y,
whereas the definition via -Y oV uses V}' ®q (Vy)". These spaces are identi-
fied by exchanging the factors. The compatibility with the evaluation map
is the very definition of the dual ¢" of ¢. O

REMARK 7.14. In the case of the internal duality, we get the same state-
ment for 5(C ), but not longer for actual periods. External duality maps a
period matrix to its transpose, so the period space remains the same. In
contrast, internal duality maps the period matrix to the inverse of the trans-
pose, hence the period space is divided by the determinant, and its periods
are divided by the determinant.

7.2. The Period Conjecture

The Period Conjecture asserts that in certain cases the obvious relations
are the only ones. We follow [Hub20]. As in the previous section we fix

subfields K, L ¢ C with K n L = Q. The cases of interest for the Period
Conjecture are K =Q, L c Q or conversely.

DEFINITION 7.15 (Huber [Hub20) Definition 3.7]). Let C be an additive
category, V : C - (K, L)-Vect an additive functor. We say that the Period
Congjecture holds for C if the evaluation map P(C) — P(C) is injective.

REMARK 7.16. If C is the category of all Nori motives over Q (see Ap-
pendix, then this is the Period Conjecture as formulated by Kontsevich in
[Kon99]. We refer to [HMS17|, Part III] for a detailed discussion. In The-
orem the conjecture is proved for the category of iso-1-motives. Note
that the above statement does not mention the tensor structure, which exists
on the category of all motives (but not on 1-Motg). We refer to [Hub20]
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for the discussion of tensor products and the comparison of the above con-
jecture with Grothendieck’s version predicting the transcendence degree of
the algebra generated by the periods of a motive. The latter does not a play
a role in our monograph.

Note that the space of formal periods P(C) and hence the Period Con-
jecture only depends on the image of C under V. Hence we may assume
without loss of generality that V' is faithful.

PRrROPOSITION 7.17 (Huber [Hub20, Proposition 5.2]). Let F : ' - C
andV :C - (K, L)-Vect be a faithful exact functor between Q-linear abelian
categories. Then

P(C") - P(C)
is injective if and only if F is full with image closed under taking subquo-
tients.

REMARK 7.18. The proof of this general fact relies on Nori’s description
of such categories as categories of comodules for an explicit coalgebra. In
the cases of interest for us, we will give a direct proof in later chapters.

COROLLARY 7.19 (Fullness: Huber [Hub20, Corollary 5.3]). Let C be a
Q-linear abelian category and V : C - (K, L)-Vect a faithful exact functor.
If the Period Conjecture holds for C, then V is full with image closed under
taking subquotients.

PRrOOF. Let C be the full subcategory of (K, L)—Vect closed under tak-
ing subquotients generated by C. Then the evaluation map factors as
P(C) -~ P(C)~C.
If the composition map is injective, so is the first map. By applying Propo-
sition to F' =V we deduce that V' is full, and as a consequence C is
equivalent to C. O

The Period Conjecture for an abelian category C can be broken into
parts. Recall from Definition the subcategory (X) generated by a single
object. We have P(X) = P((X)), so this is the right category if we want to
understand linear relations between periods of X.

LEMMA 7.20 (Huber [Hub20, Proposition 5.6]). Let C be an abelian
category, V : C - (K, L)-Vect a faithful exact functor. Then the following
statements are equivalent:

(1) The Period Conjecture holds for C.
(2) The Period Conjecture holds for (X) for all objects X of C.

PrOOF. By Proposition applied to (X) — C, the natural map
P((X) »P(C)
is injective. If P(C) — C is injective, so is the composition

P(X))>P(C)~C
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for every object X. This shows that implies . Conversely, we have
¢=U(X)
XeC
because a morphism f : X — Y in our abelian category C is already a
morphism in the subcategory (X @ Y). As a consequence we have

P(C) = lim B((X)).
XeC
If the evaluation map is injective for every X, it is injective on the inductive
limit. U

Using Hormann’s alternative description of the space of formal periods,
we can reformulate the conjecture.

COROLLARY 7.21. The Period Congjecture holds for the abelian category
C = (X) if and only if for element ¥i ; 0; ® w; € Vg (X) ®g VL.(X)Y in the
kernel of the evaluation map there is a short exact sequence

0> X1 5 X" 5 Xy >0
with (0’17 . ,Un) € ’L*(VK(Xl)), (wl, c. ,wn) Ep*(VL(XQ)V).
PROOF. Apply Proposition [7.10} O

The advantage of taking the subcategory (X) for an individual X € C is
that its period space is finite dimensional over K L; indeed its dimension is
bounded by dimg Vi (X)?. Hence it makes sense to ask what the dimension
actually is.

COROLLARY 7.22. Let C be a Q-linear additive category, X an object of
C. Then the Period Conjecture holds for (X) if and only if

dimgr, P((X)) = dimgp, P(X).

PROOF. The evaluation map P({(X)) — P(X) for (X) is surjective.
Hence it is injective if and only if it is an isomorphism and if and only
the dimensions of the two finite dimensional vector spaces agree. O

It remains to understand the dimension of P({(X)). This question is
answered via Nori’s version of Tannaka theory without a tensor product.
We recall the main player.

We keep concentrating on the case of an abelian category generated by
a single object X, in the sense of C = (X).

DEFINITION 7.23. Let T': C = (X)) - Q—Vect be a faithful exact functor.
We introduce the spaces

End(T) = {(fy) € 1QEHOI@(T(Y)) [Vg:Y =Y": fyroT(g) =T(g)° fy}

and
A(C,T) =End(T)".
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LEMMA 7.24. If C = (X), then elements (fy) of End(T) are uniquely
determined by fx. In other words, End(T") c Endg(T(X)) and in conse-
quence

dimg End(T) < (dimg T'(X))?
In particular, the dimension is finite.

PROOF. The argument is the same as in the proof of Lemma[7.9] phrased
in a slightly different language.

Let f = (fy) be in End(T). Assume that g:Y — Y is surjective in (X),
then so is T'(g) : T(Y) - T(Y"'). From the commutative diagram

T(v) 2L (v

fyl Lfy’
T(g)

T(Y)—=T")

we deduce that fy+ is uniquely determined by fy. In the same way, ifg:Y —
Y’ is injective, then fy is uniquely determined by fy:. By assumption, every
object of (X) is a subquotient of M™ for some n > 1. Hence f is determined
by the components fxn». We write fxn € End(7T'(X)") as a matrix ¢;; with
entries in End(7'(X)). The entry ¢;; is the composition

(Lz (p]

T(X) 22 poxy 2 oo 22 px)

with the injection ¢; : X — X" and the projections p; : X" — X. We have
commutative diagrams

7(x) 2L poxyn T8 pox
fXL fxn fx
7(x) L ooy 9L e,

The map from the top left to the bottom right is ¢;;. For ¢ # j, the com-
position p; o ¢; vanishes, hence so does ¢;;. For i = j the composition is the
identity, hence ¢;; = fx. In particular, the map fx» is uniquely determined
by fx. This finishes the proof of the first claim. The others follows directly
from this fact. (]

The set End(T) is stable under composition, making it into a unital
Q-algebra. Dually, A(C,T) is a counital coalgebra: it is equipped with a
comultiplication, i.e. a Q-linear map

A(C,T) - A(C,T) ®q A(C,T)
satisfying axioms dual to the axioms of a unital algebra.

For every Y € (X), the vector space T'(Y) has a natural action of End(7")
where an element f operates via its fy-component. This defines a functor

T:(X) - End(T)-Mod
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where End(7)-Mod denotes the category of finitely generated End(T)-
modules, or equivalently, End(7")-modules whose underlying Q-vector space
is finite dimensional. By adjunction, the structure map

End(T)®V -V
of an End(7")-module V' induces a Q-linear map
V> A(X),T)&qV,

turning V' into a comodule whose underlying Q-vector space is finite di-

mensional. For the axioms of a comodule, see for example [HMS17, Sec-

tion 7.5.2]. They are dual to the axioms of a module under an algebra.
The significance of End(T") and A(C,T') is the following strong property.

PROPOSITION 7.25. Let T : C = (X) - Q-Vect be a faithful and ex-
act functor. Then C is equivalent to the category of finite dimensional
End(T')-modules, or, equivalently to the category of finite dimensional Q-
vector spaces equipped with the structure of an A(C,T)-comodule.

REMARK 7.26. We are not going to use this structural result in our
applications to the Period Conjecture. We defer the deduction from the
existing literature toward the end of the chapter.

For later use, we give a more explicit description of A(C,T).

LEMMA 7.27. In the situation of the Definition[7.23, we have

A(C,T) = (ch EndQ(T(Y))V) | functoriality.

The functoriality relations are generated by elements of the form o ® f*(w) -
fe(o)ow forall f :Y - Y inC and 0 € T(Y), w € T(Y')Y under the
identification End(T(Y))" 2T(Y)eT(Y)".

PRroOF. Let A'(C,T) be the object on the right hand side. By definition,
A'(C,T)Y 2 End(T) (the direct sum turns into a product and the quotient
into a subobject). Taking duals again, we get

(A'(C, 7)) ~End(T)" = A(C,T).

As the vector spaces are finite dimensional, they are isomorphic to their
double duals. Hence we have shown

A'(C,T) = AC,T).
O
The coalgebra point of view has the advantage of generalising to all C.

DEFINITION 7.28. Let C be a Q-linear abelian category, T': C - Q—Vect a
faithful exact functor into the category of finite dimensional Q-vector spaces.
We put

A(C,T) = (EBC EndQ(T(Y))V)/ functoriality
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with functoriality interpreted as in Lemma

As in the case where C is generated by a single object, this vector space
has a natural Q-coalgebra structure and every T'(Y') inherits the structure
of a comodule.

THEOREM 7.29 (Nori: see [HMS17, Chapter 7]). Let C be a Q-linear
abelian category, T : C - Q—Vect a faithful exact functor into the category of
finite dimensional Q-vector spaces. Then C is equivalent to the category of
A(C,T)-comodules whose underlying Q-vector spaces are finite dimensional.

The proof of this theorem is non-trivial. Proposition is a key step
in its proof. In our monograph we use the opposite approach and deduce
Proposition from Theorem [7-29] instead.

PROOF OF PROPOSITION [T.25. We apply the theorem to C = (X). By
Lemma the coalgebra A(C,T") is dual to the algebra End(7"). It is
finite dimensional by Lemma hence the category of finitely generated
End(7T")-modules is equivalent to the category of A(C,T)-comodules which
are finite dimensional over Q. O

REMARK 7.30. We have decided to deduce Proposition from The-
orem but actually the converse is also true and implicitly this is the
way Theorem is shown in [HMS17]. The argument in [HMS17] is
made more complicated by allowing other base rings than Q. At heart, the
result is even older. It appears as a step in the proof of Tannaka duality in
[DM82]. Let us explain how Theorem relates to Tannaka duality, even
if these issues are not relevant for the rest of the monograph.

If C is not only abelian, but a so-called Tannaka category with fibre
functor T': C - Q-Vect (i.e. equipped with with a unitary commutative
associative tensor product and 7" being a faithful tensor functor), then the
coalgebra A(C,T) is endowed with a commutative multiplication, making it
into a Hopf algebra. It follows that G = Spec(A(C,T)) is a group scheme.
There is an equivalence of categories between A(C, T')-comodules and repre-
sentations of G, identifying C (as a Tannakian category) with finite dimen-
sional representations of G.

Having introduced End(7T") and A(C,T") and explained their significance,
we can now establish the dimension formula for the space of abstract periods
that we are after. As before, let L be a subfield of C.

PROPOSITION 7.31. Let C = (X) be a Q-linear additive category and
V:C - (Q,L)-Vect a faithful and exact additive functor. Then

dimy, P(C) = dimg.A(C, Vg) = dimg End(Vp).

PROOF. The second equality holds because the vector spaces are Q-dual
to each other.
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The definitions of P(C) and A(C, V) are very similar. They become
isomorphic after base change to C, in particular they have the same dimen-
sions. In detail:

A(C,Vg) ®g C = (@ EndC(V@(Y))V) / functoriality.
YeC

= (@ Ve(Y) ec VC(Y)V)/ functoriality.
YeC

where we write V¢ := Vg ®g C. On the other hand

PC)erC=|P VoY) ®g Vi(Y)Y ®g (C) / functoriality

YeC

=P Ve(Y)ec (VL(Y)" oL (C)) / functoriality
YeC

- }@:VC(X) ®C (VC(Y)V(C))/ functoriality

because Vi, @, C = V. [l
In the language of [Hub20]: P(C) is a semi-torsor under A(C, Vo).

COROLLARY 7.32. Let C be a Q-linear abelian category, X an object of
C, and V :C - (Q, L)-Vect a faithful and exact additive functor. Then the
Period Conjecture holds for (X) if and only if

dimy, P(X) = dimg End(Vg|(xy)-
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CHAPTER 8

Deligne’s 1-Motives

In this chapter we give a review on Deligne’s category of of 1-motives
over an algebraically closed field k& embedded into C. The cases of interest
for us are k = C and k = Q. In the latter case, Section and in particular
Section contain new results.

8.1. The Category and the Realisation Functors

DEFINITION 8.1 (Deligne [Del74, Ch. 10]). A 1-motive M = [L — G]
over k is the datum given by a semi-abelian group G over k, a free abelian
group L of finite rank and a group homomorphism L — G(k). Morphisms
of 1-motives are morphisms of complexes L — G. The category 1-Moty, of
iso-1-motives has the same objects, but morphism tensored by Q.

REMARK 8.2. The category of iso-1-motives is abelian. In this mono-
graph, we are working in the category of iso-1-motives. The arguments often
involve replacing a 1-motive [L - G] by an isogenous 1-motive [L" - G'].
This will sometimes happen tacitly.

We need to spell out the singular and de Rham realisation defined in
[Del74l Ch. 10] in detail.

8.1.1. The Singular Realisation. Let M = [L = G] be a 1-motive.
We write G*" for the commutative Lie group over C attached to G. The
associated exponential sequence is

exp

0- Hfing(Gan,Z) - Lie(G*™) — G*™ - 0,
where we have used the identification made in Section Equation .

DEFINITION 8.3. Let Tying(M) be fibre product of L and Lie(G*") over
G®" under the structure map u: L - G?" and the exponential map exp

Tiing (M) — Lie(G™)

l lexp

L “ G.

The vector space Viing (M) = Tying (M) ® Q is called the singular realisa-
tion of M.

63
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By construction, there is a short exact sequence
0 Hi(G*,Q) - Viing(M) > L®Q - 0.

In particular this gives Viing (M) 2 H1(G*™,Q) if L = 0 and Viing(M) = Lo
if G is trivial. The vector space Viing(M) carries a weight filtration with

0 n < -3,
Hl(T, Q) n= —2,
Hl(G7 Q) n= _17
Veing(M)  n>0.

Wn‘/sing(M) =

Here 0 - T - G - A — 0 is the decomposition of G into a torus and an
abelian variety.

LEMMA 8.4. The functor Ving : 1-Mot, — Q—Vect is faithful and exact.

ProoOF. Exactness holds because taking Lie algebras and pull-backs
are exact functors. In order to verify faithfulness it suffices to show that
Veing(M) = 0 implies M = 0 in 1-Moty. Hence we consider some M with
Veing(M) = 0. This implies H1(G,Q) = 0, and in consequence G is trivial
and Viing(M) = Lg. In this case L also has to be trivial. O

8.1.2. The Universal Vector Extension. As in Chapter |§| let G be
the category of connected commutative algebraic groups. We denote by Gg
its isogeny category. We enlarge the category 1-Motj to a bigger abelian
category which we call 1I-MOT}. Its objects are of the form [L — G] with G
in the category G and its morphisms are given by morphisms of complexes
tensored by Q. The category Gg can be identified with a full subcategory
of 1-MOTj, by G » [0 - G]. It is closed under extensions. This means
that the bifunctor Ext! in Go is the same as the bifunctor Ext! in 1-MOT},
restricted to Gg.

We briefly recall the universal vector extension of [Del74, Constr. 10.1.7].
In Section [£.4] we introduced the universal vector extension

0 - Ext'(G,G,)Y - G" - G - 0.

It depended on the computation of Exté(G,Ga) = Exté@(G,Ga) for the
additive group G,.

LEMMA 8.5. For M =[L — G] in 1-Moty, there is a natural short exact
sequence of k-vector spaces

0 - Homgp, (L, Gg) — Exti_yor(M, Gy) — Extg(G,G,) — 0.
In particular, they are finite dimensional vector spaces.

PROOF. An application of the functor Hom(—,[0 - G,]) to the short
exact sequence

0-[0-G]>M-[L-0]->0
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in 1-MOT}, and identifying the 1-motives [0 - G] and [0 — G,] with G and

Gg, respectively, by our convention above, induces a long exact sequence

(9) Hom(G,G,) — Ext'([L - 0],G,) - Ext'(M,G,) - Ext'(G,G,).

The first term vanishes because G is semi-abelian. Given an extension
0-G,-E->G—-0

in Ext'(G, G,) we can lift the structure map L - G to L - E because L is

free. We obtain a short exact sequence
0->[0->Gy]>[L—-F]-[L->G]->0

which is in Ext%_MOTk(M, G,) because [L - G| = M. This makes the last
map of @ surjective.
Elements of Ext!([L — 0],G,) are of the form

0-[0->Gy]—[L->G,]—[L-0]-0,

hence they can be identified with homomorphisms L — G,.
The group Ext!(G,G,) is finite dimensional by Corollary On the
other hand dim Hom(L,G,) = k(L) and the last statement follows. O

Our construction can be easily extended to the case when the group G,
is replaced by a finite dimensional vector space V.

DEFINITION 8.6. Let M = [L - G] be in 1-Motg. A vector extension of
M is an extension of the form

0-[0-V]=>[L->G]->[L->G]->0
for a vector group V.

By the same arguments as in the case of semi-abelian varieties in Sec-
tion the datum of a vector extension of M is equivalent to the datum
of a classifying map

Ext'(M,G,)" - V.
The identity is a distinguished choice for V = Ext*(M,G,)".

DEFINITION 8.7. For a l-motive M = [L - G] in 1-Moty we call the
extension

0 - BExt'(M,G,) » [L > M'] - [L->G] -0
in 1-MOT}, corresponding to the classifying map
id : Ext' (M, G,)" - Ext'(M,G,)"
the universal vector extension of M.
REMARK 8.8. Our notation deviates from Deligne’s. Our M as defined
in Definition [8.7 corresponds to Deligne’s G* and our [L — M"] to his M".

The reason is that we want to be able to distinguish between the universal
vector extension G of G (in Ggp) and M* when discussing M = [L - G].
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LEMMA 8.9. The universal vector extension [L — M"] of [L - G] is
universal in the following sense: given a vector extension [L — G'] there is
a unique morphism

[L->M"]—~[L->G'].
Moreover, L - M" is injective.

ProOOF. The proof of the universal property here is the same as in the
case of abelian varieties, see Proposition

Let [ € L be an element with image 0 in M. A fortiori, its image in
G vanishes. Hence it suffices to show injectivity in the case G = 0. Then
Ext'(M,G,) = Hom(L,G,), hence

M?" =Hom(L,G,)".

The natural map L — M?" is the evaluation map [ = (x = x(1)). It is
injective. (]

The universal property of G! induces a canonical map G - M!. Com-
paring their vector group components, we see that we have a short exact
sequence

0 - G" > M" - Hom(L,G,)" - 0.
By the structure theory of commutative algebraic groups, this gives even a
(non-canonical) decomposition

M" = G% x Hom(L,G,)".

LEMMA 8.10. The universal vector extension defines faithful exact func-
tors
1-Moty — G, M v M!
and
1-Moty, - 1-MOTy, M =[L - G]+~ [L - M"].

PRrOOF. The dimension of M" is given by the formula rk(L) +dim(A") +
dim(T) for M = [L - G] with 0 > T - G - A - 0 the decomposition
into the torus part and the abelian part. If M" = 0, then M = 0. This is
faithfulness.

Let 0 - My - My - M3 — 0 be an exact sequence in 1-Mot,. We have
the commutative diagram

0 — BExt'(M),G,)" — Ext'(My,G,)" — Ext'(M3,G,)" —=0

l | l

0 M} M} M} 0
0 Gy Go G 0

in which the sequence of semi-abelian varieties is the sequence of the semi-
abelian parts of the motives. In the Ext-sequence the composition of the two
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maps vanishes by functoriality. In order to deduce exactness, it suffices to
show that the dimensions add up in the right way. This is the case, because
the dimension of Ext!(M,G,) is linear in the dimension of the constituents.
Together this implies exactness in the middle row. O

8.1.3. The de Rham Realisation.

DEFINITION 8.11. Let M be a 1-motive over k. We define the de Rham
realisation of M as
VhR(AJ)::IAe(Alh)
with M?" as in Definition [8.7

The de Rham realisation carries a weight filtration in the same way as
the singular realistion, and in addition a Hodge filtration

0 p>0
FPVar(M) = { ker(Lie(M") - Lie(G)) p=0
V;lR(M) p<-1,

see [Del74, Constr. 10.1.8]. Note that FOViyr (M) = Ext] yor(M,G,)V.
LEMMA 8.12. The functor Vgg : 1-Moty — k—Vect is faithful and exact.

PRrROOF. Exactness follows from the exactness of the functors M ~ M?"
and G — Lie(G). Hence it suffices to check that Vgg (M) = 0 implies M =0
in 1-Motg. The assumption implies M = 0 and in consequence that G is
trivial. In this case M" = Hom(L,G,)". Its vanishing implies also L = 0. O

8.1.4. The Period Isomorphism. In addition to the two realisations,
there is a filtered comparison isomorphism Viing (M )¢ = Var (M )¢, the period
isomorphism, which is constructed as follows: the structural map L — G has
a canonical lift to the universal vector extension M, see Definition We
obtain the commutative diagram

Hy (M5, Z) —— H}" (G, Z)

| |

Lie(M")¢ Lie(G)c
lexp lexp
L Mh,an Gan

The map at the top is an isomorphism by homotopy invariance because M
is a vector bundle over G. Hence the pull-back Tiing(M) = L xgan Lie(G)c
of L - G* to Lie(G)c agrees with the pull-back L xppan Lie(M%)¢ of
L — M%" to Lie(M")c. Let

61 : Vaing(M)c = Lie(M*)c

be the map obtained by this identification of pull-backs.
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LEMMA 8.13 (Deligne [Del74l, Constr. 10.1.8]). The morphism ¢pr is a
filtered isomorphism.

PRrROOF. It is sufficient to consider the three cases [L — 0], [0 — T]
for a torus T' and [0 — A] for an abelian variety A separately. If they are
isomorphisms, then ¢, is a filtered isomorphism in general.

For M = [L - 0], we have Viing (M) = L®Q, Var (M) = Hom(L,G,)" and
the period map is the natural map, hence an isomorphism after extension
of scalars.

For M = [0 - T, we have Tsng(M) = H(T™,Z), M" = T and the
period map is induced from the inclusion Hq(7T?",7Z) - Lie(T)*". It is an
isomorphism after extension of scalars to C.

We now turn to the case M = [0 - A]. We have Vyr(M) ®; C =
Lie(A")2", The complex Lie group (A%)2" is the universal vector extension
of A*™ because H'(Ac,0) = H(A**,0). To simplify notation we now write
A instead of A* and also use the abbreviations T' = Tying (M) = H1(A,Z)
and T =T ®7 C. We want to show that

¢ : T — Lie(AY)

is an isomorphism. Both sides have the same dimension 2dim A. The group
eprh

T c T¢ is in the kernel of the composition 7" — Lie(A%) — A. We get an
induced vector extension

Tc/T - A.
It suffices to show that it is the universal one. Let

0-V->G->A-0

be a vector extension. By homotopy invariance, the map 7" — Lie(A) lifts
to T' — Lie(G). (This is the same argument that we used to construct
¢:T — Lie(A") in the first place.) It induces a C-linear map

Tc — Lie(G)
and a holomorphic group homomorphism
Tc/T - G.

In conclusion we have verified that T¢/T satisfies the universal property. [

8.2. The Functor to Mixed Hodge Structures

Deligne introduced the category of 1-motives because of its close relation
to Hodge theory. We use a modification that also takes the k-structure into
account.
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8.2.1. The Category of Mixed Hodge Structures. All filtrations
on vector spaces are separated and exhaustive, i.e. they start with 0 and
end with the full space. If W,V is an ascending filtration, we write Gr,VLVV =

WV [W,_1 V. If F*V is a descending filtration, we write Grh,V = FPV | FPHY,

DEFINITION 8.14 (Deligne [Del71]). Let k£ c C be a subfield. A mized
Q-Hodge structure defined over k consists of

e a finite dimensional Q-vector space Vg equipped with an ascending
filtration W,Vy, the weight filtration,

e a finite dimensional k-vector space Vgr equipped with an ascend-
ing filtration W, V4r and a descending filtration F'*Vggr, the Hodge
filtration,

e a filtered isomorphism ¢ : (Vg, W,) ®g C - (Var, We) ®;, C

such that for every n € Z the data (Gr};vVQ, GrZVV@, GrTVLng) with Vg = VgreC
and the induced Hodge filtration is a pure Hodge structure of weight n. This
means that
@ (FPnF)(Gr) Vi) = Grl¥ V.
ptq=n
Here F9 is the complex conjugate of F'¢ with respect to the R-structure
induced by ¢(Vp).

A morphism f:V — V' of mixed Q-Hodge structures over k consists
of a filtered Q-linear map fg : Vg — V(é and a bifiltered k-linear map fyr :
Var = Vi compatible with the period isomorphisms of V and V.

We denote the category of mixed Q-Hodge structures over k by MHS.

The category is obviously additive and Q-linear. Less obviously it is
even abelian, see [Del71, Théoréme 1.2.10).

ExaMpPLE 8.15. Let X be a smooth projective variety over C. By the
Hodge Decomposition Theorem, every cohomology class has a unique har-
monic representative. The decomposition of harmonic forms into pg-forms
gives

Hipg (X™,C) = € HM™

p+q=n

satisfying HP? = H%. With the Hodge filtration FPH

sing

this turns H? (X?" Q) into a pure Q-Hodge structure of weight n. Alter-

sing

natively, the Hodge filtration is induced by the stupid filtration
FPQx =[0—-->0->08 > ...]

on the complex of holomorphic or algebraic differential forms on X. If X is
defined over a subfield of k, this point of view allows us to also define the
Hodge filtration over the subfield.

The main result of [Del71] and [Del74] is the construction of a natural
mixed Hodge structure on the cohomology of any algebraic variety over k.

(Xan’ C) — @p’Zp Hp'q

!
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8.2.2. The Relation with 1-Motives. By Lemma the assign-
ment M = (Viing (M), Var(M), ) defines a functor

V :1-Mot; - MHS,

from the category of iso-1-motives to the category of mixed Hodge structures
over k.

THEOREM 8.16 (Deligne [Del74, Construction 10.1.3, pp. 53-56]). For
k =C, the functorV : 1-Motc — MHSc s fully faithful. Its image consists of
the full subcategory of the polarisable Hodge structures whose only non-zero

Hodge numbers are (-1,-1),(-1,0),(0,-1),(0,0).

Note that a mixed Hodge structure with Hodge numbers as above is
polarisable if and only if the graded piece in weight -1 is polarisable. Using
the Analytic Subgroup Theorem Deligne’s result can be sharpened:

PROPOSITION 8.17. In the case k = Q, the functor V : l—Mot@ - MHS@
is fully faithful.
PRrOOF. Let M =[L — G], M’ =[L" — G'] be in 1-Motg and
v: V(M) - V(M)

a morphism of Hodge structures over Q. By extension of scalars we get a
morphism of Hodge structures

(Var (M), Vaing (M), ) > (Var (M")c, Viing (M), )

over C. By Deligne’s theorem ~¢ is induced by a morphism 7ot in 1-Motc
and after replacing L by a rational multiple it is represented by

Yot : [L = Ge] - [L, - G{C]
It remains to show that the induced morphism of algebraic groups G¢ - G
is even defined over Q. Using that

Lie(G) = Var(M)/F Var (M)
the morphism of Hodge structures over Q also induces a compatible homo-
morphism

Lie(G) - Lie(G")
defined over Q. By the Analytic Subgroup Theorem (see Corollary this
is enough to imply that the group homomorphism is defined over Q. O
By composition with the forgetful functor MHS@ - (Q, k)—Vect (see
Definition we also get a functor
1-Motg —~ (Q, k)-Vect.

We shall show in Theorem that it is still fully faithful.

REMARK 8.18. In the meantime André has shown in [And21] that
1-Motj — MHSc is fully faithful even for all algebraically closed fields k c C.
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8.2.3. The Weight Filtration. The weight filtration on the Hodge
structure is motivic, i.e. induced by a filtration on the motive.

DEFINITION 8.19. Let M = [L - G] be a 1-motive, G an extension of
the abelian variety A by a torus 7', and define the weight filtration of M as

0 n < -3,
WM = (0-T] n=-2
[0->G] n=-1,
M n > 0.

The associated gradeds of this filtration are [0 - T'], [0 > A] and [L —
0]. The simple buidlings blocks are G, [0 — B] for simple abelian varieties
B and [Z — 0]. The functors W, : 1-Mot, — 1-Moty, are exact. This is
often used to deduce the existence of splittings. For example:

LEMMA 8.20. Let [L - G] be a 1-motive, [L" - 0] - M be an injective
morphism. Then
M=z[L -0]x[L" - Q]
where L" = L/L" (modulo torsion).
PROOF. We choose L = L' x L" (after replacing L by an isogenuous
lattice). The natural map [L” — G] — M together with the given [L’ - 0] —

M define [L' - 0] x [L"” - G] — M. This map is an isomorphism because it
is an isomorphism on all gradeds with respect to the weight filtration. [J

8.3. The Key Comparison

We come back to the functor ()% : M + M"Y from 1-motives to commu-
tative algebraic groups. By Lemma [8.10] it is faithful and exact.

PROPOSITION 8.21. Let H be an object of G of the form H = M" for a
1-motive M. Given a short exact sequence

0-H —-H->Hy—>0
in G, there is a short exact sequence
0->M - M- DMy—0

in 1-Moty and a commutative diagram

0 H, H H, 0
0 M} M? M} 0

such that
‘/;ing(M) n Lie(Hl)C = ‘/;ing(Ml)'

The sequence is uniquely determined by these properties.
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ProOOF. Now let M =[L — G] be a 1-motive and
O—>H1—>Mh—>H2—>O

a short exact sequence of connected commutative algebraic groups. By
the structure theory of commutative algebraic groups, there are canonical
decompositions
0-V,-H;,-G; =0
with G; semi-abelian and V; a vector group. Moreover, the sequence
0-G1=-G—->G9—0

is exact. The data organise as

0 yll T Yf 0
0 H, M H, 0
0 Gl G GQ 0

Let L - M" be the canonical lift from G to M", see Definition Note
that it is injective, by Lemma [8.9 We define L; as the intersection of L
with Hy and Ly as L/Ly (modulo torsion). By construction, L1 - L - G
factors via G; and L - G - G4 via Ly - G3. We put M; = [L; > G;]. By
construction the sequence

O->M - M- DMy—-0

is exact and there are maps L; — H;. By the universal property of .MZ-h this
induces morphisms MZ-h - H;, compatible with the morphisms to/from M?.
For i = 1, the composition M} — H; — M?" is injective, hence so is M} — Hj.
The dual argument gives surjectivity of M2u - Ho.

We abbreviate Tging(H1) = Tsing(M) n Lie(Hy)c. Since Ly — H{" is
the pull-back of L - M%"*® and Lie(H;)c — Lie(M")¢ is the pull-back of
H, - M" via the exponential map, we deduce that

Taing(H1) = Tung(M) nLie(Hy)c = expy, L.
It follows that the sequence
0— ker(epol) = Tying(H1) = L1 =0

is exact. We compare it with the same sequence for Mlh In both cases,

the kernel computes Hfing (G1,Z) because they are vector groups over G.
Hence they are the same, which implies the claim Tying (H1) = Tying (M1 ) and
hence Vsing(Ml) = Vsing(M) N Lie(Hl)(C,

Given a second short exact sequence of motives

0—> M{—> M- Mj—0
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with the same properties, the assumptions imply Viing(M1) = Viing(M7)
inside Lie(H;)c. Without loss of generality even Tyng(Mi) = Tuing(M7).
Let M{ = [L} — G}]. We have G| c G; because this is the semi-abelian
part of Hy. We also have L} ¢ Ly = Ln Hy. This means M| c M;. We get
equality of iso-1-motives from equality of the singular realisations. O

It is shown later (see Theorem [13.5) that the image of the functor
1—M0t@ - MHS@ is closed under subquotients.

REMARK 8.22. (1) The above result is the central input into our
proof of the main result of our monograph: a version of the Sub-
group Theorem for 1-motives in Theorem

(2) The proof gives even an integral construction of M in a suitable
abelian enlargement of the category of 1-motives such that

Tsing (M) N Lie(H1)c = Tsing(M1).

We do not need this for our applications to periods.






CHAPTER 9

Periods of 1-Motives

In this chapter we introduce the set of periods of a 1-motive as obtained
from the comparison isomorphism between the singular and the de Rham
realisation of the motive. Then in Section [9.1] an alternative description
of periods as explicit integrals will be derived. This turns out to be more
useful in transcendence theory. As a next step we determine in Section [9.2
the relations between periods. This is a classical open question which has
been answered in the past in very special cases only. As a first main result
of the Chapter we show that all relations are induced by trivial ones. This
gives an answer to Kontsevich’s Period Conjecture in the case of 1-motives.
For this we need an extension of the Subgroup Theorem to 1-motives. As a
first application, we given in Section [9.3| a necessary and sufficient condition
for periods of 1-motives to be algebraic.

9.1. Definition and First Properties

Let M =[L — G] be a 1-motive over Q.

DEFINITION 9.1. The set of periods of M is the union of the sets of
entries of the period matrices of the comparison isomorphism Vging(M)c —
Var(M )¢ with respect to all Q-bases of Viing(M) and Q-bases of Var(M).
We denote it P(M) and by P{M) the Q-subvector space of C generated by
P(M).

For any subcategory C < 1—Mot@ we write P(C) for the union of the
P(M) for all objects M € C and P(C) for the vector space over Q generated
by P(C). In particular we write P(1-Motg) for the union of all P(M).

Equivalently, we can define P(M) as the image of the period pairing
Viing (M) x Vag (M) — C.

This description makes clear that it is not a vector space. We write w(o) or
more suggestively [ w for the value of the period pairing for o € Vijng (M)
and w € Vi (M). The notation will be justified later.

Note that this definition is an instance of the abstract definition of pe-
riods in Chapter [7]

LEMMA 9.2. The vector space P(M) agrees with the set of periods of
the additive subcategory generated by M and with the set of periods of the
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full abelian subcategory closed under subquotients generated by M. The set
P(l—Mot@) is a Q-subvector space of C.

PRrROOF. Apply Lemmato C = 1-Motg and V' : 1-Motg — (Q, k)—Vect.
O

We want to make the definition of [ w explicit. Let M = [L - G] be a
I-motive over Q. Recall that Vg (M) was defined as Lie(M?") for a certain
vector extension M" of G. Hence V(M) = coLie(M"). Every cotangent
vector of M"Y defines a unique M"-equivariant differential form on M" and
any equivariant global differential arises in this way. Therefore we may make
the identification

Var(M) = Q' (MM,
with the space of invariant differentials and we may from now on view w as a
differential form on M". Recall also that Ting(M) is a lattice in Lie(M10).
The latter maps to M1 via the exponential map for the Lie group M»2,
see Section Hence a vector field u € Tying (M) defines a point

exp(u) € Mb"

and by composition of a straight path from 0 to v with the exponential map
a path
ut[0,1] » M

from 0 to exp(u). The period pairing is then computed as

IS

where the right hand side is an honest integral on a manifold; see Section [5.3
for more details. In particular, for u € ker(exp : Lie(M1?") — M)
the path 7, is closed and hence it defines an element of Hy(M"** Z) =
H1(G*,7Z). Conversely, every element o € Hy(M%*" 7) is represented by a
formal linear combination o = Y. a;7; of closed loops ~;. The cycle defines a
linear map

I(0) : coLie(M%™) - C
w Zaif w.
Yi

In other words, I(c) € Lie(M&*)VY = Lie(M%*"). As spelled out in Sec-
tion the two operations are inverse to each other: I(y,) = u for u €
ker(exp) and (I (o)) is homologous to o € Hy(M4*" 7).

LEMMA 9.3. We have exp(u) € M(Q).
PRrROOF. By definition, we have the commutative diagram
Tying (M) — Lie(M"2")

l jexp

L Mh7an
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which we evaluated at u € Thing(M). The value is in M*(Q) because L takes
values there. O

For the record, the above argument proves:

PROPOSITION 9.4. Fvery period of a 1-motive is of the form

Lw

where w is an algebraic 1-form on a commutative algebraic group G over Q
and 7y is a path from 0 to a point P € G(Q).

EXAMPLE 9.5. Let M be [Z — 0]. Then M = G, Veing(M) = Q,
Vs (M) = coLie(G,) = Qdt and the period map sends 1 to %. The image
of the period pairing Ving(M) x Viz(M) — C is simply Q. In terms of
integration: an element u € Tyng(M) c Lie(G,)c gives rise to a path ~,
from 0 to u in C. An element w € Vi (M) is identified with a differential

form adt on G, and the period is

/0 adt = au € Q.

More generally, all periods of motives of the form [L — 0] are algebraic.

We are going to see many more explicit examples in subsequents chap-
ters.

9.2. Relations between Periods

There are two types of obvious sources of relations between periods of
1-motives:
(1) (Bilinearity) Let M be a l-motive over Q, 01,02 € Vaing(M) and
take wy,wp € Vop (M), p1, p2 € Q, A1, Ao € Q. Then

/ ()\1(,01 + )\ng) = Z ,U/z‘/\j wj.
H101+H202 i,j=1,2 o
(2) (Functoriality) Let f : M — M’ be a morphism in 1-Motg. Let
(S ‘/sing(M) and w' € Vd\i%(M) Then

ff*wlzf W'
o f*CT

As a special case we get the relations coming from short exact sequences:
consider '
0->M 5SM5 M -0
in 1-Moty. Then the period matrix for M will be block triangular, hence will
contain plenty of zeroes. Explicitly: for o’ € Viing(M") and w" € Vi (M),

we have
* I k% ] 144
P w =/ P W =/ w' =0
ix0’ o’ Psixo’
% %

because i*p*w” =0 and p.i,o’ =0.
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This is actually the only source of relations between periods of 1-motives
as we show.

DEFINITION 9.6. For u € Viing (M) we define Ann(u) € Vyi (M) as the
left kernel of the period pairing.

THEOREM 9.7 (Subgroup Theorem for 1-motives). Given a 1-motive M
over Q and u € Viing (M), there exists an exact sequence in l—Mot@

0> M 5 M5 My >0
such that Ann(u) = p*Vyp (M2) and u € iy Viing(My). It is uniquely deter-
mined by these properties.

PROOF. We consider the connected commutative algebraic group M?®.
Without loss of generality, u € Tying (M ). By Lemma u € Lie(M")¢ with
exp(u) € M¥(Q). We apply the Analytic Subgroup Theorem in the version
Theorem Hence there is a short exact sequence in G

0—Hy »M'5 Hy >0
such that u € Lie(H;)c and Ann(u) = 7*coLie(Hz). By Proposition
we find an associated short sequence in 1—Mot@

O—>M1—>Mh—>M2—>O

such that Ting (M1) = Tying (M )nLie(H1)c. In particular, u € Tging (M7). Be-
cause of the short exact sequence of motives, we have coLie(MJ) = Vi (Ms) c
Ann(u). On the other hand, Proposition also gives a surjection MJ —
H>, hence
Ann(u) = coLie(Hs) c coLie(MJ) ¢ Ann(u).
This implies equality of co-Lie algebras and hence even ]\42h ~ Ho.
Suppose that there is a second short exact sequence

0 M 52 vy o
with the same properties. In particular p™Vyn (M) = p*Vip (My) inside

ViR (M). This means that M§ = M'g as quotients of M!. As the functor -
is faithful, this gives My = M, as quotients of M. ([

REMARK 9.8. The proof shows that the decompositions in terms of al-
gebraic groups (Theorem [6.2]) and in terms of 1-motives agree.

Most of the time we apply the theorem through the following conse-
quence:

COROLLARY 9.9. Given a 1-motive M over Q, u € Viing (M), w € Var (M)
such that [, w=0. Then there is a short ezact sequence

0 M 5> M5 M, -0

of 1-motives and uy € Viing(M1), wo € Vi (Ma) such that u = i,uy, w = p*ws.
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PROOF. We apply the theorem. This already gives the existence of u;.
By assumption, we have w € Ann(u), hence w is in the image of p*. O

Our main aim is to prove the following, which was formulated as a
conjecture in [Wiis12]. We remind that (M) is the full subcategory of
1—M0t@ generated by M and closed under subquotients.

THEOREM 9.10 (Kontsevich’s Period Conjecture for 1-motives). All Q-
linear relations between elements of P(l—Mot@) are induced by bilinearity
and functoriality.

More precisely, for every 1-motive M the relations between elements of
P(M) are generated by bilinearity and functoriality for morphisms in (M),
or equivalently, morphisms of the induced mized Hodge structures over Q.
In other words, the Period Conjecture in the sense of Definition [7.15 holds

for (M).

PROOF. We consider a linear relation between periods. Fori=1,...,n
let a; = -[G'i w; be periods for 1-motives M; and let \; € Q be such that
(10) )\1a1 +/\2012+---+/\n01n =0.

We have already argued in Lemma that a linear combination of periods
can be represented as single period. We now have to go through the con-
struction carefully in order to check that no relations other than bilinearity
and functoriality are used.

We put M = M; @ ---® M,. By pull-back via the projection, we can
view each w; as an element of Vi (M). By push-forward via the inclusion
we may view each o; in Viing(M). We then put o = Y 0; and w = Y \jw;.
From the additivity relation we deduce

LWZZAj.L~wj.
%, 3

The functoriality relation leads to [ o wWj =0 for ¢ # 5 and gives «; for ¢ = j.
Hence the left hand side of (10)) equals [ w.
We are now in the situation
[ w=0
g

on the 1-motive M. In other words, w € Ann(o). By Theorem there is
a short exact sequence

0->M 5M5 M -0

in 1-Motg such that o = i,0" for ¢’ € Viing(M') and w = p*w” for w” «
Vir(M") = Ann(o). Hence the vanishing of

/w:[ p"w"z[()
o ixo’ o’

is now implied by functoriality of 1-motives. O
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9.3. Transcendence of Periods of 1-Motives

All this implies a result on transcendence of periods.

THEOREM 9.11 (Transcendence). Let M = [L - G| be a 1-motive, o €
Veing(M), and w € Vy (M). Then the integral

[

is in Q if and only if there are ¢,v € Vog (M) with
W=+
such that [ ¢ =0 and the image of ¢ in V5 (G) vanishes.

PRrROOF. We write a = [ »w and begin with the easy direction. The short
exact sequence
0-[0-G]>M-[L-0]->0
induces a short exact sequence
0= Var([L = 0]) = Var (M) - Var([0 - G]) - 0.

Suppose that the image of ¢ in V3 ([0 - G]) vanishes or, equivalently, that

¢ € Var([L —0]).
Let ¢ be the image of o in Viing([L — 0]). Then

a=[o= [0

is a period for [L — 0]. It is a general fact; see Example and that
Vir([Z" - 0]) = coLie(A") and all its periods are algebraic.

Conversely, assume that « is algebraic. If @ =0, the theorem holds with
w = 1. Assume that it is non-zero from now on. The algebraicity of «
means that we can write o as [, w’ with w’ = adt and o’ € Vging ([Z — 0])
the standard basis vector. Let 3 = (0,-0") € Viing(M & [Z - 0]) and Q =
(w,w'") e Vr (M @ [Z - 0]). By assumption

fQ:fw—/ w' =0.
b o o’

By the Subgroup Theorem for 1-motives, Theorem [0.7} there is a short exact
sequence of iso-1-motives

(11) 0 M Y2 ez~ 0] 2% My~ 0

and o1 € ‘/sing(Ml)a wo € VdVR(MQ) such that
(L> [’Z)*Ul = (07_0,)7 p*w2 =w, q*w2 =w'.

The map ¢ : [Z — 0] -» My does not vanish because the pullback of ws
is w’. The latter is non-zero because « is assumed to be non-zero. The
non-vanishing of the map already implies that [Z — 0] is a direct summand
of Ms. We explain the argument as follows. We write My in the form
[L2 - G2]. Then the composition

[Z - 0] > [Ly > G3] - [Le — 0]
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is non-trivial. The composition Z — Lo does not vanish, hence we can
decompose Lo up to isogeny into the image of Z and a direct complement.
This defines a section of our map.

We decompose Ms as [Z — 0] @ MJ. Hence wy = ¢ + 1) with ¢2 coming
from [Z — 0] and 1) from the complement Mj. Let ¢ = p*¢o and 9 = p*i)o
be their images in V3 (M). Then w = p*ws = ¢ + 1 and hence

o- fo foe Lo

By splitting off the direct summand [Z — 0] from the sequence , we
obtain the short exact sequence

0— My - M — M; — 0.

The element o = 1,071 € Viing (M) is induced from M; and ) = p*1po from M.
Hence [ 9 =0.

The element ¢ = p*¢9 is induced from [Z — 0], and we conclude that it
is in the image of

Var([Z - 0]) = Var([L - 0]) = Var(M).
It follows that its image in V,j; (G) vanishes. O

The general period formalism explained Chapter [7] also implies a dimen-
sion formula. We put (see Definition with T = Viingl(ary)

E(M) = {(<Z5N) ¢ J] Endo(Vemg(N))lonrof=fodnVf:N— N’}
Ne(M)
This is a subalgebra of Endg(Vsing(M)), hence finite dimensional over Q.
In fact it agrees with End(Vgl(ss)) in the notation of Section
By Theorem the category (M) is equivalent to the category of
finitely generated F (M )-modules.

COROLLARY 9.12. We have

dimg P(M) = dimg E(M).

PROOF. By Theorem the Period Conjecture holds for (M). We
now apply the abstract dimension formula of Proposition Note that
E(M) = End(Vglary)- O

REMARK 9.13. This is a clear qualitative characterisation. However, it
is by no means obvious to compute the explicit value for a given M. We
carry out this computation in Part

9.4. Fullness

As pointed out in Corollary the validity of the Period Conjecture
for a category C implies fullness of the functor F': C — (K, L)-Vect under
consideration. In our case, we give a direct proof from the Analytic Subgroup
Theorem for 1-motives.
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THEOREM 9.14 (Fullness). The functor V : 1-Motg — (Q,Q)-Vect is
fully faithful with image closed under subquotients.

Proor. Note that the functor V is faithful and exact because the func-
tors Viing and Vgr are.
We choose M ¢ 1—Mot@ and consider a short exact sequence in (Q, Q)—Vect

L

0-V' SV(M) SV >0

It gives a 2-step filtration of V' (M), which furnishes a period matrix for
V(M) in block-triangular form, i.e. the period matrix contains a square of
zeroes. We show that V' = V(M') and V" = V(M") for objects M', M" of
1-Moty. To see this, consider Ann = Ann(¢.Vg) c Vyr (M). We record for
later use that

(12) " (V"é) c Ann.

By Theorem applied to the elements of V(é, there is a short exact sequence

0-M SME M S0
in 1-Motg such that p*Var(M") = Ann and Vg © Viing(M'). We have
1V € ker(Vaing (M) = Viing (M")) = i Viing (M).

Note that both V(M) and V' are subobjects of V (M). We apply Lemma
to the faithful exact functor V ~ V. This gives even V' ¢ V/(M'). This
implies also V(M") - V" and hence

Ann = p*Vx (M) c w*(V"é).

Together with Equation l) this gives p* Vo (M") = 7* (V"é) inside V i (M).
Applying again Lemma this time to the faithful exact functor V ~ Vé,
this leads to even V(M) = V" and in turn V/(M") = V'. We have now shown
that the image of f3 is closed under subobjects and quotients, implying the
same for subquotients.

Closedness of the image under subquotients implies fullness by Lemma[2.14]
O

REMARK 9.15. Theorem [9.14] is not equivalent to Theorem Con-
sider for example the full abelian subcategory A closed under subquotients of

(Q,Q)-Vect generated by the single object V = (@2, Q?,¢) with ¢ : C? - C?
given by multiplication by the matrix

1 x
® = (log2 1)'

It is easy to check that V is simple and that its only endomorphisms are mul-
tiplication by rational numbers. Indeed, a subobject V' ¢ V' is determined
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—2
by a vector v = (j) € Q" such that

1 m\[s s+tm
o(v) = (log2 1) (t) - (slog2+t) Q"

As 7 and log 2 are transcendental, this implies ¢ = s = 0. An endomorphism

f 'V = V is represented by a pair of matrices A@ = (?; ?) on V@ and

Ag = (Z Z) on Vg such that @A@ = Ag®.

Spelling out the matrix equation we get

o+ Ty B+md )\ [a+blog2 am+b
log2a+~ log28+d) \c+dlog2 cr+d

By the Q-linear independence of 1,7 and log 2 it implies that
v=b=0, a=a, 0=a, B=b, a=d, y=c¢, f=¢=0,d=§
and shows that that A@ = Ag is a diagonal matrix for a € Q. In other words,

the full abelian category (V) c (Q,Q)-Vect generated by V is semi-simple
with a single simple object V' for which End(V) = Q.

The space of periods P(V') of V has Q-dimension 3 with basis 1,7, log 2.
We compare it with the space P((V)), which was introduced in Defini-
tion The relations listed above imply that P((V)) is generated by 4
elements corresponding to the 4 entries of the period matrix of V. There
are no additional relations coming from subobjects or endomorphisms. This
proves that dimg P((V)) = 4, which is not the same as 3 = dimg P(V'), hence
the Period Conjecture does not hold for (V). As it does hold for 1-Motg,
this implies that ® does not occur as the period matrix of a 1-motive, even
though all entries are indeed in P!.

REMARK 9.16. The fact that the Period Conjecture implies Theorem[9.14]
is a special case of a general pattern, see Corollary For a careful anal-
ysis of this property we refer to the the discussion in [HMS17, Proposi-
tion 13.2.8] and [Hub20|. The relation between the Period Conjecture and
the Hodge conjecture is also explained there. The fullness question is also
taken up by Andreatta, Barbieri-Viale and Bertapelle in their recent work,
[ABVB20|. They give an independent proof of Theoremm Their second
proof copies ours, but without the detour to periods.






CHAPTER 10

First Examples

Before turning to the case of period numbers of curves more generally,
we give some examples, all of them very classical. They do not rely on
the full strength of Theorem but could be deduced directly from the
Analytic Subgroup Theorem as in Theorem We still prefer to go via
Theorem [0.7] in order to demonstrate the method.

10.1. Squaring the Circle
To prove the transcendence of 7, or rather more naturally in our setting
of 2mi, we take the l1-motive M; = [0 - G,,]. Then M} = G,, because
Exté((@m, Gq) =0 and this means that by definition we have
Vi (M) = coLie(G,,) = Q4(G,,) &
for the de Rham realisation of the motive. On the singular side we get
Viing(M1) = ker(Lie(G,, )™ - G5y') = ker(exp : C - C*).

We take w; = % € Vo (My) and the positively oriented loop ~; : [0,1] - C*
given by v1(s) = > around 0. In the notation of Section we define
o1 =1(71) € Lie(G,, )" and obtain

d
fwlzf —z=2m'.
o1 <

COROLLARY 10.1 (Lindemann 1882). The period 27i is transcendental.

FIRST PROOF. Assume that 27¢ is algebraic. Then, by Theorem [9.11
we can express wj as

w1 = ¢+ 1/} € VdVR(Ml)
such that the image of ¢ vanishes in V5 (Gy,) and such that [ o ¥ =0. As

G = M}, the map Vig(M1) —» Vi%(Gyy,) is an isomorphism. Hence ¢ = 0.
This means that w; =¥ and hence 27 = 0, which is false. (]

We offer a second proof where the result is deduced from the Analytic
Subgroup Theorem for 1-motives. Let M = [Z — 0]. Then M} = G, because
Exti_yop(Ma, G,) = Hom(Z,G,) = G,. This gives

Vi (M) = coLie(G,) = Q1(Gy)Ce.

85
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In this case exp : Lie(M§)2" - MI™ is the identity on G2* = C. The lattice
Z embeds naturally into M2t"aLn = C. In conclusion

‘/éing(MQ) = eXp_l(Z) =Z.

Let v be the straight path from 0 to 1 in G3* = C with image o9 = I(72) €
ga". For wy we take dt € Vi (Mz) to get

f W = dt = 1.
02 2

SECOND PROOF OF COROLLARY [I0.Jl Assume that 27 is algebraic. This
means that

2mi+a =0

for some « € Q. In the notation from above we consider
M =M x My =[Z Gpy]
and deduce
Var(M) = Var (M1) x Var (M2),  Veing(M) = Vaing(M1) x Viing(Mo).

We choose

o =(01,02) € Viing (M)
and

w = (w1, aws) € Vo (M).
Here it is used that « is algebraic. We find that

/w:/ w1+f owg =2mr+a-1=0.
o o1 o9

Now Theorem [9.7is applied to the motive M and the classes w and o. Their
period vanishes, hence there is a short exact sequence

0->M SME5 M >0

such that o is in the image of 7, and w is in the image of p*.
Note that M is the product of two simple non-isomorphic 1-motives,
hence this leaves only four possible choices for M':

0, M; x 0,0 x Mo, M.

We go through the cases. If M’ =0, then the image of i, is zero and hence
o =0, in contradiction to our hypothesis.

If M’ = M x 0, then the second component oy of o is zero. This is false.
The same argument also eliminates M’ =0 x M.

We conclude that we have M’ = M and M" = 0, and this shows that the
image of p* is zero and hence w = 0. This is false.

We have deduced a contradiction and 27% cannot be algebraic. ([l
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10.2. Transcendence of Logarithms

We now turn to logarithms of algebraic numbers. For a e @*, we have

adz
[ — =loga
1z

(with the branch depending on the choice of the path from 1 to «). This is
obviously an (incomplete) period of an algebraic variety. In order to apply
our theorems directly, we identify it with the period of a 1-motive.

We put

1~

M(a) = [Z 225 Gyl

This is often called Kummer motive in the literature. If « is a root of unity,
this is the motive M = M7 x My from above. Otherwise the extension

0-[0->Gy]—>M(a)>[Z-0]-0
is non-trivial. By definition, M («)! is an extension of G,, by G, = Hom(Z, G,).
By Theorem M ()Y is canonically isomorphic to G, x G,,. Alternatively,

we can also get the splitting by applying the functor (-)! to the natural se-
quence of motives above. We put

w=(0,dz/z) € Vir(M()) = coLie(Gg x Gyp,).
The singular realisation of M («) is
expan(az) c Lie(G,,)™"
which gives
Vaing (M () = {I(71),1(v()))q © Lie(Gp )™

with 71 as before the positively oriented loop around 0 and ~(«) a path
from 1 to o in G¥' = C*. Note that the basis depends on the choice of path
v(a), but the lattice does not. We introduce o(a) = I(y(a)) € Viing(M ().

Then
dz dz
[ — = f — =loga
o(a) 2 v(a) 2

with again the choice of logarithm determined by the choice of path. The
calculation of the periods for M («) uses the canonical embedding

Viing (M (o)) © Lie(M(a)u) = Lie(G, )™ x Lie(G,,)*™ =Cx C
given by
o1 (0,01), o(@) > o)t = (1,0(a)) = I(+(a)")

with v(a)¥(s) = (s,7()(s)) € M(a)#® = C x C*. The period w(o(«)) is
defined by applying the cotangent vector w to the tangent vector o(a)l.
Hence the period pairing gives

dz dz
w(o(a)) = ﬂ(a)h ~ = [v(a) ~ - log av.
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COROLLARY 10.2 (Transcendence of logarithms, Lindemann 1882). For
a # 1 algebraic, loga is transcendental, independent of the choice of the
branch of the logarithm.

PROOF. If « is a root of unity, then log « is a rational multiple of 273,
whose transcendence we have already established. From now on let a not
be a root of unity and as a consequence M («) is non-split. Let w and o(«)
be as above and assume that [ (o)W is algebraic. By Theorem there is
a decomposition

w=1Y+¢
with jg( @) ¢ = 0 and such that the image of ¢ vanishes in Vy (G,,). We first
concentrate on 1. An application of Theorem to 1) gives a short exact
sequence
0>M 5 M) M -0
such that o(«) is in the image of i, and v is in the image of p*. There are
only three possibilities for M':

0, [0-G,], M(a).

We exclude M’ = 0 because o(«) # 0 and M’ = [0 - G,,,] because o(«) ¢
Viing ([0 = Gy,]). This shows that M’ = M(a) and implies that M" =
0 and we conclude that @ = 0. As a consequence w = ¢ vanishes when
mapped to Vi ([0 = G,,]). But actually this image is dz/z, so we have a
contradiction. O

10.3. Hilbert’s 7th Problem
In his 7th problem Hilbert asked whether

a, B, a’
can all be algebraic unless a = 0,1 or § rational. In other words:
(GS) a,B,0°cQ=a=0,10r BeQ.

There is a logarithmic version of let o,y € @*, log o and logy choices of
branches of logarithm.

(B) loga and log~y are Q-linearly dependent
= log a and log~ are QQ-linearly dependent

We think of (GS) as the Gelfond-Schneider version of the implication and
of (B) as the Baker version.

Note that the converse implication of (B) is obvious. However, the con-
verse implication of (GS) fails in the case a = 1 if we do not use the principal
branch of logarithm in the definition of a”. The problem disappears when
restricting to real numbers.

LEMMA 10.3. The implications (GS) for all a, B and v and (B) for all
a and v are equivalent.
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PROOF. We assume (GS). Let a, v be non-zero algebraic numbers such
that loga and log~y are Q-linearly dependent. By assumption there are
u,v € @* such that

uloga +vlog~y =0.

Without loss of generality we may assume that a # 1. Indeed, if & =1 and
loga = 2mn for n € Z, we consider instead a = v and different branches of
log .

We introduce = u/v. As a consequence of the linear relation from
above we find that o = exp(Bloga) =~ ¢ @*. By (GS) this implies g € Q.

Conversely, we assume that (B). We take o, 3,7 € Q, « # 0,1 such that
and v = o and then

log~y = Bloga + 2win

for some choice of logarithms and an appropriate n € Z. We replace the
choice of branch of of the logarithm for ~ such that n = 0. Then log~ and
log a are Q-linearly dependent. By (B) this implies 3 € Q. O

THEOREM 10.4 (Gelfond-Schneider 1934). Implication (B) holds true.

PROOF. We switch notation from (B) and write (3 instead of 7. Having
fixed a, B € @* and branches of logarithm log «, log 5 such that the numbers
are Q-linearly dependent, we find a,b € Q* such that

aloga +blogB=0.

In order to show that they are Q-linearly dependent, we consider the 1-
motive M = [Z — G2,] with structure morphism 1 + (a,3). The motive
is split, i.e. isogenous to [Z — 0] ® [0 - G2, ] if both a and 3 are roots
of unity. In this case loga and log 8 are rational multiples of 277, hence
linearly dependent. This case is excluded from now on.

Similar to the case of transcendence of logarithms we have M% = G} x
G2, and hence V(M) = coLie(M") has the basis (dt,0,0), (0,dz1/z1,0),
(0,0,dz2/z2). We put w = (0,adz1/z1,bdza]z2).

Our next step is to compute Tying(M). As M is non-split, Tying (M)
is a subset of Lie(G2,)*". Recall that loga% = I(y(a)) where v(«) is
a suitable path in G from 1 to a. The same relation holds for 5. Let
71 [0,1] > G x G be given by 7(£) = (v(a)(£),7(8)(t)) and put o =
I(7y) € Tsing (M) c Lie(G2,)*". By construction

d d
w(a)=/ aﬁ+/ b£=aloga+blog6=0
(e) 21 ¥(B) %2
and Theorem furnishes a short exact sequence

0->M - M- DMy—0

such that o is induced from M; and w from My = [Z® - G!,] with s <1 and
t<2.
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If t = 2, then the surjection M — My is the identity on the torus part.
The push-forward of o is given by (log ad;'zll,log I5; %). Hence both vanish.
This implies that o = 8 =1, a case we had excluded.

The case t = 0 does not occur because w is not a pull-back from a motive
of the form [Z° - 0].

We are left with the case t = 1. The torus part of the map M — M
is given by (x,y) — z™y™ for n,m € Z. The induced map on Lie algebras
maps (%,log a%,logﬁ%) to (nloga + mlog B)d%. This image vanishes
and gives the linear dependence we were looking for. O

What we have just seen is a motivic reformulation of Gelfond’s proof
based on G, x G,,. In contrast, Schneider’s argument uses G, x G,, but
does not have a translation to our language. One would need a modification
of the Analytic Subgroup Theorem, which would be desirable.

The same arguments also apply to more then two numbers, which leads
to:

THEOREM 10.5 (Baker 1967). Take aq,...,ap € Q. Iflogay,. .., logay
are Q-linearly dependent, then they are Q-linearly dependent.
We even have

rk{aq,...,an)z = dim@(log at,...,logay, 27Ti>@/271"i@
for any choice of branches of logarithms.

REMARK 10.6. In the literature we often find formulations with aq, ..., ay
multiplicatively independent. The above is the correct version that also al-
lows roots of unity or even repetitions with different choices of branch of
logarithm. We will discuss later (see Chapter in more detail that the
space of periods of the third kind with respect to non-closed paths is only
well-defined up to other types of periods.

10.4. Abelian Periods for Closed Paths

Another important case involves periods of abelian varieties in the clas-
sical sense.

COROLLARY 10.7 (Wiistholz [Wiis87]). Let A be an abelian variety,
weQ(A) and v a closed path on A*™. Then

[Ww

ProoF. Consider M =[0 - A]. Its de Rham realisation is coLie(ANA" 5
coLie(A)4. All global differential forms on A are A-invariant, hence w de-
fines an element of Vi, (M). It singular realisation is by definition the kernel

1s either 0 or transcendental.
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of exp, : Lie(A)* - A*". Let o € Viing(A) be the element such that the
image of a path from 0 to ¢ under exp 4 is equal to . Then

[o [

Assume that the period is algebraic. An application of Theorem [9.11
gives w = ¢+ with [ 1 = 0 and ¢ in the kernel of the restriction to the
group part of M. But M is equal to its group part, implying that ¢ =0. [






CHAPTER 11

On Non-closed Elliptic Periods

The computation of the dimension of the period space is a classical
problem and has been studied in various cases by many authors. In this
chapter, we concentrate on the case of a non-classical elliptic 1-motive. For
instance we deduce the first examples of periods which were not known to
be transcendental. At this point everything will be formulated in terms of
1-motives. For the translation to periods of the first, second and third kind
on curves, see Chapter [T4 and Chapter

The dimension formula is a special case of the generalised Baker Theory
in Part 4 We give a direct proof that should be understood as a warm-up
for the considerably more complicated general case. The special result will
not be needed later on.

11.1. The Setting

Let A = E be an elliptic curve, 0 > G, > G > E - 0 a non-trivial
extension (which is even non-split up to isogeny) and P € G(Q) a point
whose image in E(Q) is not torsion. We consider the 1-motive

M =[Z - G]

with 1 mapping to P. We denote §(M) the dimension of the Q-vector space
P(M) generated by the periods of M in C.

We start by choosing bases in the singular and de Rham cohomology
respecting the weight filtration. The inclusions

[0-Gp]=>[0-G]>M

with cokernels [0 - E] and [Z — 0], respectively, lead to a filtration
‘/sing(Gm) c ‘/sing(G) c Vvsing(M)-
Extend a basis o for Viing(G) by 71,72 to a basis of Viing(G) and further
by A to a basis of the whole space. Then their images 71,72 in E form a
basis of Viing(E) and X forms a basis of Viing([Z — 0]).
For the de Rham realisation consider the cofiltration

M - [Z - E] - [Z - 0]
with kernels [0 - G,,] and [0 — E], respectively. They lead by pull-back of
forms to a filtration

Var(M) > Vag([Z > E]) = Vgr([Z - 0]).

93
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Extend a basis u of Vi ([Z - 0]) by w,n to a basis of Vi ([Z - E]) and by
€ to a basis of Vi (M). The images @,n of w and 7 are a basis of Vy (£)
and the image £ of £ is a basis of Vj5(Gy,). The period space P(M) is
spanned by the numbers obtained by pairing our basis vectors.

The pairing of an element of Viing (M) coming from a subobject with
an element of Vy (M) coming from the corresponding quotient is zero, as
we know. Applying this observation to the two filtrations from above give
u(o) = w(o) = u(y1) = u(y2) = w(o) = 0. Further one sees that u(\) =1
and £(o) = 2mi (at least after scaling). Taking this together gives a period
matrix of the shape

2mi &) E(2) E(N)
0 wm) wle) w)
0 n(y) n(2) o) |
0 0 0 1

The calculation of the dimension of the associated space of periods needs to
distinguish between two cases, the CM-case and the non-CM-case. We deal
with each of the two cases separately.

11.2. Without CM

In the case when there is no complex multiplication, the non-CM-case,
the endomorphism algebra End(E) = Z is trivial.

ProrosSITION 11.1. Let M be as just described. Then
S(M) =11.

This will be also a corollary of the general theory in Part [d] The deduc-
tion of the corollary is explained in Example and its continuation in

Example [17.16]

DIRECT PROOF. We use the notation fixed above. It has to bw shown
that all entries of the period matrix are Q-linearly independent. If not, there
is a relation

2
a2mi + Z;(b,f('yz) +eiwy)+din(y)) +e&EN) + fw(N)+gn(A)+h=0

with a, b1, bo, c1,c2,d1,da, e, f,g,h € Q. We consider the motive
M=[0-Gp]x[0->GP*xM=[0°xZ - G,, x G?]
together with
5= (0,791,725 A) € Vaing (M),
@ = (a€,b1€ + crw + di7, bol + cow + dan, €€ + fw + gn + hu) € Vor (M).

Then @w(7) = 0. By the Analytic Subgroup Theorem for 1-motives, Theo-
rem there is a short exact sequence

0> M M5 My, -0
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of 1I-motives My = [L1 - G1] and My = [Ly —» G2] with 4 = i, for some
A1 € Viing (M) and @ = p*ws for some wy € Vi (Ma).

Let As be the abelian part of Ms. We want to show that A, = 0.
Assuming A # 0 we choose a non-zero map surjective map & : M — [L - E]
which factors as kg o p through p. As L is a quotient of Z, there are (up to
isogeny) only two possibilities, namely L = 0 or L = Z. The map & factors
via

k:[0°xZ > 0x E¥] - [L - E].
On the abelian part it is given by a vector (0,n,m, k) with n,m,k € End(F) =
7Z. Note that there is no complex multiplication. We deduce that L = k7Z
which is non-zero if and only if k # 0. Since £.7 = K24 0 Px 04,91 = 0, we
deduce that

0 = Ky =ny1 + my2 + kX € Viing ([ L =~ E]).

The elements 71,72 (and if k& # 0 also A) are linearly independent in the vector
space Viing([L — E]), which implies that n = m = k = 0. This contradicts
the non-triviality of & and proves that As = 0.

In conclusion we have My = [Ly - G ] for some 0 < r < 4. The group
part of the morphism of motives p: M — My has the form

0:G,,xG® G,

Its components G — G;,, have to vanish since G is non-split. The surjectivity
of # implies that r» <1 with 6 = (7,0,0,0) either 0 or the projection to the
factor G,,.

This gives us a lot of information on @. Recall that & = p*ws for some
wy € Vyr (M3). We have the commutative diagram

[0 G xG3] 2= [0-G" ]

| |

M b M.

Hence the pull-back of @ to V35 (G, x G) is concentrated in the first com-
ponent, which gives

blf +Cclw + d177 =0
bo +cow+dom = 0
e+ fw+gn = 0.

As the three classes £, w,n are linearly independent, we get vanishing
coefficients
b1:b2261202=d1=d2:€=f=g:0.
We are left with the case @ = (a&,0,0,hu). If a # 0, then from the period
relation also h # 0, and conversely. Assume we are in this case. As @ = p*wo
it follows that the group part of M — M, is the projection to the first factor
and My = Gy, x [Z — 0]. The kernel M; is equal to 0 x G? in this situation.
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However, 74 is induced from M; and therefore of the form (0,...). This
contradicts o # 0. Hence we must have ¢ =0 and h =0. O

11.3. The CM-Case

We turn to the CM-case when End(E)g = Q(7) is an imaginary qua-
dratic extension of Q.

The action of Q(7) induces new relations between the entries of the
period matrix. This is well-known in the language of periods of curves. We
take the point of view of 1-motives instead.

The singular realisation Viing(E) is of dimension 2 as a QQ-vector space
because E has genus 1. As a Q(7)-vector space it has dimension 1. For
any non-zero vy in Viing (E), the pair (v, 7.7) is a Q-basis of Viing(E). After
extension of scalars to C, the operation is still semi-simple, meaning that
Viing (E')c decomposes as a sum of two 74-eigenspaces with complex conju-
gate eigenvalues. The dual operation 7* induced on Viing(E)" has the same
set of eigenvalues.

This can also be described on the de Rham realisation. We calculate
Vi (E) = coLie(EY) = Ql(Et‘)Etl by looking at

0> HYE,0) - E'"- E 0.

By Theorem VY(E) carries a Hodge structure. (This is the 1-motivic
incarnation of the Hodge decomposition of H GllR(E)). It is explicitly given
by

FYWR(E) = QY E).

This Q-sub vector space is invariant under 7*, hence it is one of the eigenspaces.
After extension of scalars to C, we get even the decomposition by Hodge
theory

Vir(E)c = F'Vir(E)c @ FIWViR(E)e.

Everything is stable under the 7*-operation, so we have identified the eigenspace
description. By definition the complex number 7 corresponds to the unique
endomorphism of E which operates as multiplication by 7 on the Lie algebra
and on the dual Q'(E), so the latter is the 7-eigenspace. The eigenvalues
are simply 7 and 7. Since 7* acts on the Q-vector space Vg (E) its eigen-
vectors are in Vi (E). Let w’,w"” be a basis of 7*-eigenvectors of Vi (E),
which has the property that

* ! !/ * I — 14
TW=Tw, TW =T-Ww .

COROLLARY 11.2. In the basis (v, T«7) of Vsing(E) and w',w" of Vip (E),
the period relations for E can be expressed as

() = (T (7) = 7' (7),
W(1ey) = (') (7) = 7" (7)-
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PROPOSITION 11.3. Let M be the motive introduced in Section 111l with
Endg(E) =Q(7). Then
o(M) =9.

DIRECT PROOF.

M=[0-Gp]x[0-G]xM.
We go through the proof in the non-CM case and make the necessary
changes. Let o,71,72,A be as in Section We choose a little more
carefully v = 741 and then

w(Te71) = (Tw) () = aw(y1) + bn(y1) + cu(n),
n(mey) = (77n) (1) = dw(y1) +en(m) + fu(r)

with a,b,¢,d, e, f € Q. Indeed, the choice of basis used in the corollary leads
toa=7,b=d =0, e =T; but we do not need the special shape. Note that the
argument does not apply to £(72) because 7*¢ is not defined, or, in other
words, would relate not to M but a different 1-motive.

It remains to show that 27i,£(71),w(71),7(71),€(72), E(N),w(N), n(N), 1
are linearly independent. If not, there is a linear relation as in the first case,
but omitting the summands for w(v2) and 7(72), so ¢ = dy = 0. We consider
the motive

M=[0-G,]x[0-G]xM
and 4, @ analogously to before. Again this gives My, M>. Assume that
As # 0 and choose ko, Ly, Kk as in the first case. The composition
A=0xE*>E

is now given by a vector (0,n,k) of elements of End(E) c Q(7). The rest
of the argument is the same as in the non-CM case. ([

11.4. Transcendence

As a simple corollary of the explicit dimension computation, we also
deduce the transcendence of periods of our M. We concentrate on the case
where transcendence is not a simple consequence of the Analytic Subgroup
Theorem. In the language of Chapter 16| this refers to a period of the third
kind with respect to a non-closed path.

COROLLARY 11.4. Let M = [Z — G], and 0,71, A € Viing(M), w,n,& €
Var (M) be as in Section m Then the periods

w(/yl)vw()‘)’ 77(’71)77]()‘)36(0-) = 27”.75(’71)75()‘)

are transcendental.

PRrROOF. These elements agree with the elements with the ones from the
proofs of Proposition (non-CM case) and Proposition In both
cases, 1 appears as a period and we proved explicitly linear independence of
the two periods. O
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REMARK 11.5. The same transcendence result already appears in [Wiis21].
For w(71), n(y1) this means the transcendence of periods and quasi-periods
of elliptic curves. These are old results of Siegel [Sie32] and Schneider
[Sch34b), [Sch34a]. The transcendence of w(\), n(A) and &(v1) can be
deduced from the Analytic Subgroup Theorem without the detour through
1-motives.

We may also deduce the same result more directly from the Analytic
Subgroup Theorem for motives. We do the most interesting case {(\) as an
example. The other cases can be treated in the same way.

SECOND PROOF. Assume that {(\) is algebraic. We apply the transcen-
dence criterion given in Theorem and write accordingly £ = ¢ + % such
that ¢(\) = 0 and the image of ¢ in V,j; (G) vanishes. A fortiori the image of
¢ in Vi (G, ) vanishes. This implies that ¢ is simply an alternative choice
for €. It suffices to consider the case

£V =0.
By the Analytic Subgroup Theorem for 1-motives, Theorem there is
short exact sequence

0—>M'—>M£>M"—>O
such that A =i, \, £ =p*¢”.
The simple constituents of our M are G,,, E,[Z — 0]. As the image of
A in Viing([Z — 0]) and the image of £ in V3, (G, ) are bases, we know that
[Z — 0] must be a constituent of M’ and G,, a constituent of M". Hence
there are only two possible shapes for M':

[Z - 0],[Z — E].

In the first case M’ = [Z — 0] and the inclusion i is a section of the natural
surjection M — [Z — 0] and even of [Z — E]| - [Z - E]. This contradicts
the choice of P in the definition of M.

In the second case, M = G,,. The projection p is section of the natural
inclusion G,,, - M and even of G,,, > G. This contradicts the choice of G
in the definition of M.

The two contradictions lead to £(\) # 0. O
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Periods of algebraic varieties






CHAPTER 12

Periods of Algebraic Varieties

We give an alternative description of the set of periods of 1-motives
as periods of the first cohomology of algebraic varieties defined over the
algebraic closure Q of Q. This needs to fix an embedding Q — C.

12.1. Spaces of Cohomological 1-Periods

The basic objects are triples (X,Y,i) where X is a Q-variety, Y a closed
subvariety and i € Ng. Let Hjz(X,Y) be its relative de Rham cohomology
(see Section and H. (X,Y;Q) its relative singular cohomology (see

sing

Section . The first is a Q-vector space, the second a Q-vector space.
After base change to the complex numbers they become naturally isomorphic
via the period isomorphism ¢ (see Section . In good cases, the period
isomorphism can be explicitly described as integration of closed differential
forms over singular cycles.

In Chapter [7| we had introduced the category (Q, Q)-Vect with objects
of the form V = (V@, Vi, ¢) where V@ is a finite dimensional Q-vector space,
Vo a finite dimensional Q-vector space and ¢ : Vg ®p C — V@ ®@C an
isomorphism.

DEFINITION 12.1. For algebraic varieties X oY over Q and i € Ny, we de-
note by H'(X,Y) € (Q,Q)-Vect the triple (Hjr(X,Y), Hg,,(X,Y;Q), ¢).

The assignment (X,Y,i) - H(X,Y) is natural for morphisms of pairs
(X,Y) - (X',Y'). For every triple X oY > Z there are connecting mor-
phisms

0:HY(Y,Z) - H™(X,Y)
which are morphisms in (Q,Q)-Vect.

DEFINITION 12.2. For H(X,Y) as defined above the set of period num-
bers P(X,Y,i) is the image of the period pairing

Hip(X,Y) x H'™(X,Y;Q) - C.
The set of i-periods P is the union of the P(X,Y,4) for all X and Y.
In our book we are primarily interested in the case ¢ = 1.

EXAMPLE 12.3. We have P° = Q because H°(X,Y) only depends on the
connected components of X and Y.

101
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LEMMA 12.4. For all i, the set P* is a Q-subvector space of C. We have
Pt c pit,

PROOF. A sum of two periods of H*(X,Y) and H*(X',Y') can be re-
alised as a period of H*(X u X', Y uY”). The set is stable under multiplica-
tion by numbers in Q because H éR(X ,Y)isa Q-vector space. Integration
of the differential form dt over the path s — e*™ on [0,1] gives 1 as a
period of H'(A!,{0,1}) whence the periods of H/(X,Y") are contained (ac-
tually equal to) in the set of periods of H**'(X x ALY x AU X x {0,1}) =
HY(X,Y)® H'(A',{0,1}). O

12.2. Periods of Curve Type

Nori showed that every affine algebraic variety admits a filtration by sub-
varieties defined over Q such that their relative homology is concentrated in
a single degree. This “good filtration” should be seen as an analogue of the
skeletal filtration of a simplicial complex or a CW-complex. Indeed, affine
algebraic varieties have the homotopy type of a simplicial complex. The
surprising insight is the existence of such a filtration by algebraic subvari-
eties, even over the ground field. This filtration goes into the construction
of the category of Nori motives, but it also has immediate consequences for
periods. For the general result see [HMS17, Section 11]. We repeat the
argument in our case.

PROPOSITION 12.5. In the definition of P it suffices to consider H'(C, D)
where C' is a smooth affine curve and D a finite collection of points on C.

Proor. Consider the periods of H!(X,Y) for arbitrary X and Y. We
first show that it suffices to deal with affine varieties X. By Jouanolou’s
trick there is an A"-torsor X — X with X affine. Let Y be the preimage of
Y in X. Since the map X — X is a homotopy equivalence, we have

HY(X,Y)zH' (X,Y).

Therefore we may without loss of generality assume that X (and conse-
quently also Y) is affine.

Nori’s Basic Lemma, see [HMS17, Proposition 9.2.3, Corollary 9.2.5]
provides our affine varieties with very good filtrations by closed subvarieties

XocXjc-ocXp=X, YpcYic---cY,=Y

with Y; ¢ X;. By definition this means that

(1) X;~\ X;_1 is smooth,

(2) either dim X; =7 and dim X;_; =i—1 or X; = X;_; and the dimension

of dim X is less than 1,

(3) HI(X;, X;_1) vanishes for j # .
and the same for Y;. The boundary maps in the long exact sequence for the
triple (X1, X;, X;-1) introduced in Section define a complex

C(X.)=[H(Xy) » H' (X1, Xp) » H*(X2,X1) - ...].
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By [Hat02, Theorem 2.35] its cohomology in degree j agrees with H7(X).
We introduce

C(X.,Y,) =cone (C(X.) - C(Yy)) [-1],
explicitly given by
[H(Xo) - H (X1, Xo) @ H'(Yy) » H (X2, X)) @ H (Y1, Yy) - -]

Its cohomology in degree j agrees naturally with H7(X,Y). As a result,
H'(X,Y) can be identified with a subquotient of

HY(X1,Xo) @ H(Yp).

This implies that the periods of H'(X,Y) are contained in the space of
periods of H'(X1, Xo) ® H°(Yy). As discussed in the proof of Lemma m
the periods of H°(Yj) can also be seen as periods of H!(Yy x Al), so they
are periods of smooth affine curves.

In conclusion it remains to consider the case where X is an affine curve,
Y a finite set of points and, in addition, X \Y is smooth. By normalisation,
we resolve the singularities of X. We denote by X the normalisation and
by Y the preimage of Y in X. By excision we have

HY(X,Y)=zH' (X,Y).
The curve X is smooth and affine. O

DEFINITION 12.6. We say that a period is of of curve type if it is the
period of some H'(C, D) where C is a smooth affine curve and D a finite
collection of points on C.

Proposition asserts that all elements of P! are of curve type.

COROLLARY 12.7. All elements of P! are Z-linear combinations of in-
tegrals of the form
[w
v

where w is a reqular algebraic 1-form on a smooth affine curve C' over Q
and ~y a differentiable path on C(C) which is either closed or has end points
defined over Q.

This is a special case of the identification of normal crossings periods
and periods of algebraic varieties, see [HMS17, Theorem 11.4.2]. The case
1 =1 is easier and we give the proof explicitly.

PROOF. Given Proposition this is a statement about the explicit
description of relative singular and de Rham cohomology. Let C be a smooth
affine curve, Y c C a finite set of Q-points. We have made the period
computation explicit in Section All period numbers are of the form

((@.0),0) = [ w=a(@0).
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for an algebraic differential form w on C, a set-theoretic map o : Y(Q) - Q,
and a formal linear combination o = ¥ n;7; of smooth maps ~; : [0,1] - C*"®
such that (X niv;) = L nivi(1) = £ niv:(0) is a divisor on Y (Q).

The second term only appears for non-closed paths. It is an alge-
braic number and can be expressed as a period integral of A', namely
f[o,l] a(do)dt. We conclude that every element of P! is a Z-linear com-
bination of explicit integrals as stated. O

Conversely, the following proposition shows that all periods of curves
are in P*.

__ ProposiTiON 12.8. Let C' be a curve over Q, Y c C a finite set of
Q-valued points. Then

P(H*(C,Y))c P

Proor. Consider H(C,Y) for 0 <4 < 2. The assertion holds for i = 1
by definition and was shown in Lemma for i = 0. In the case i = 2
dimension reasons show that H2(C,Y) = H?(C). We replace C by its
normalisation. By the blow-up sequence formulated in Proposition [3.12
this does not change H?(C). Without loss of generality, C' is connected. If
C is affine, then H?(C) =0 and H?(C) = H*(P!) if C is projective. From
the long exact Mayer-Vietoris sequence

H'(AY @ H'(P' ~ {0}) - H'(G,,) = H*(P') > H*(A") ® H*(P' \ {0})

for the cover of P! by A! and P! \ {co} and the vanishing of cohomology
of affine spaces, we deduce an isomorphism H?(P!) 2 H'(G,,). This shows
that its periods are also in P!. O

12.3. Comparison with Periods of 1-Motives

From a conceptual point of view, it is also important to describe 1-
periods in terms of Jacobians of curves.

Let C be a smooth curve over Q, and D c C a finite set of Q-points. Let
J(C) be its generalised Jacobian (see Section and

Z[D]O:{f:D—»Z| 3 f(P):O}

PeD

the set of divisors of degree 0 supported in D. We consider the 1-motive
M =[z[D]’ - J(C)].
LEMMA 12.9. In this situation, we have

P(H'(C,D))=P(H'(J(C),D)) =P(M).
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PrROOF. We write D as D = {F,...,P.}. The easy case when D = @ is
left to the reader. The point Py is used for the definition of the inclusion
C - J(C) which induces by functoriality a morphism in (Q, Q)-Vect

H'(J(C),D) -~ H'(C, D).
We apply the long exact cohomology sequence for relative cohomology

H°(J(C)) — H*(D) — H'(J(C),D) —= H'(J(C)) —=0

g | | |

HY(O) H°(D) H'(C,D) HY(O)

to both terms. By Theorem the induced natural map H(J(C)) -
H'(C) is an isomorphism. According to the Five Lemma the same is true
for H'(J(C), D) - H'(C, D) and so their periods agree.

In our second step we apply Proposition to the 1-motive M =
[Z[D]° - J(C)]. Note that e; = P, — Py for i = 1,...,7 is a basis of Z[D]°
and the natural map D — J(C) maps Py to 0 and all other P; to the corre-
sponding e;. By Proposition [C.2] this induces an isomorphism
(13) V(M)' = H'(J(C), D)
and Lemma [7.13] implies

P(M) = P(H'(J(C), D).

0

O

Having now identified periods of curves with periods of semi-abelian
varieties, we can make the step to 1-motives.

PROPOSITION 12.10. A complex number is a period of some 1-motive if
and only if it is in P1. In other words

P! = P(1-Motg).

PROOF. Let a be in PL. Proposition tells us that it is of curve type
and by Lemma [12.9| it is the period of a 1-motive.
For the converse, let M = [L — G] be a 1-motive. Up to isogeny we can

split L as L = Ly ® Ly with L; > G and Ly — G. This gives
M=z[L;->0]&[Ly = G],

and it therefore suffices to consider the two special cases G = 0 or when the
structure map L — g is injective. For M = [Z — 0], Proposiﬁon gives
V(M)Y = H°(Spec(Q)).In fact, the space of periods is simply Q in this case.
For M = [Z" - G] we have by Proposition[C.2]that V/(M)¥ = H(G, Z) with
Z ={0,Py,...,P.} where P; is the image of the i-th standard basis vector
of Z". Their periods are in P*. O

SUMMARY 12.11. There are three different definitions of what a 1-period
might be:
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(1) the period of some H'(X,Y) (cohomological degree 1),
(2) the period of a curve relative to some points (dimension 1),
(3) the period of a Deligne 1-motive.

Our discussion shows that these three notions agree.

12.4. The Motivic Point of View

We have only discussed periods of Deligne’s category of 1-motives so
far. There are two other categories of mixed motives, due to Voevodsky and
Nori, respectively. In both cases, periods can be defined. The purpose of
this section is to compare the sets of numbers that we obtain.

The theories are technically very demanding. It would go too far to
present this here in detail. In Appendices [A] and [B] the interested reader can
find a more complete survey.

The motivic picture gives a lot more structure to the situation. It also
shows that most results comparing cohomological 1-periods to other notions
of 1-periods can easily be deduced from the literature. The results will only
be used Chapter

Let k be a field with a fixed embedding into C. We denote by DMngl(k:, Q)
Voevodsky’s triangulated category of effective geometric motives, see Appen-
dix [Bl The category comes with a functor which attaches to every smooth
k-variety X its motive M(X). Let dlDMgﬁl(k, Q) be the full thick subcate-
gory generated by the motives of the form M (X) for X a smooth variety of
dimension at most 1. There is a natural equivalence triangulated categories

Db(l—MOtk) e dlDMgm(kv @)

from the bounded derived category of the abelian category 1-Moty to the
traingulated category diDMgy (k,Q). We refer to Theorem for more
details.

Next we turn to Nori’s abelian category MMSE . (k, Q) of effective mo-
tives. It is universal for all cohomological functors compatible with rational
singular cohomology. In Appendix [A] a very brief introduction to Nori’s
theory is given.

Let di MM . (k, Q) be the smallest full subcategory containing Hy . (X,Y)
for Y ¢ X with ¢ < 1 and which is closed under subquotients. Again, by
the work of Ayoub and Barbieri-Viale, see Theorem [A.7] there is an anti-
equivalence

1-Mot;, — dlMMeNfgri(k,Q)'

Moreover, the abelian category di MMSE .(k, Q) has an explicit description
as the diagram category in the sense of Nori of the category of pairs (C,Y")
where C' is a smooth curve and Y c C'(k) a finite subset.

By Theorem both categories are linked by a triangulated realisation
functor

DM;1, (%, @) > D (MM, (k. Q)
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compatible with their singular realisations into the derived category of Q-
vector spaces. By Proposition it maps the subcategory diDMgm(k,Q)
to Db(dlMMNori(k‘, Q))

The universal property of Nori motives implies the existence of functors
MMNorl(ka Q) i MHSk = (Q, k)—Vect;

see Theorem [A.2] The first functor associates to a Nori motive a mixed
Hodge structure. By forgetting the filtrations we obtain an object of (Q, k)—Vect.
This allows us to define periods for the various categories of motives. All
this is summed up in one diagram:

D9(1-Moty,) 1-Mot;,

dlDM (k Q) _> dlMMeNorl(k Q)

) )

DM (k,Q) — > MMSE . (k,Q)

MHSy

(k,Q)—Vect
By Proposition the composition in the right column is the functor V :

1-Moty — (Q, k)—Vect of Section composed with the external duality
functor of Definition [7.12

COROLLARY 12.12. The sets of periods of the categories 1-Moty, dlDMg;(k, Q)

and dy MMSE (k,Q) agree and are equal to P'. In particular, both Propo-
sition [12.5] and Proposition hold true.

ProOF. Theorems[B.5and [B:6] combined with Theorem [A.7] provide the
equivalences of categories

DP(1-Moty,) - diDMET (k, Q) - D (dy MMSE (%, Q)).

Proposition asserts that Deligne’s construction of the realisation of a
1-motive agrees (up to duality) with the one obtained via the identification
with the category diMMSE (k, Q). As a consequence the three categories
have identical sets of periods. Finally, the periods of Db(l—Motk) coincide
with the periods of 1- Motk by definition.

Also by definition, P! ¢ P(dy MMSE .(k,Q)). The explicit description
of i MMSE .(k,Q) in Theorem yields the converse inclusion and even
the more restrictive description of Proposition
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As a byproduct, we get the equality P! = P(1-Moty,), reproving Propo-
sition [12.10 O



CHAPTER 13

Relations between Periods

In the last chapter, we established different descriptions for the space of
1-periods. We now turn to their relations.

13.1. Kontsevich’s Period Conjecture

There is a short list of obvious relations.

(A) Bilinearity: Let X be a variety over Q, Y c X a closed subvariety
and i € Np. For all 01,09 € H'"8(X,Y;Q), wi,ws € Hip(X,Y),
L, 2 € Q, A1, A2 € Q, we have

[ (A1w1+)\2w2): Z ,U,Z‘/\jf Wi
H101+14202 i,j=1,2 gi

(B) Functoriality: Let f:(X,Y) — (X',Y") be a morphism of pairs
of Q-varieties and i € Ng. For all o ¢ H;"8(X,Y;Q) and w’ €
H'x (X', Y"), we have

f * ol = [ W'
o fro '

(C) Boundary maps: Let X oY 5 Z be subvarieties and i € No. For all
oeH;"8(X,Y;Q) and w e Hy (Y, Z), we have

i+1
/ Lu:/@w
do o

where & denotes the boundary maps H'y(Y,Z) » H{E(X,Y) on
de Rham cohomology and H;,}*(X,Y;Q) - Hsimg(Y, Z;Q) on sin-
gular homology, respectively.

To state the Period Conjecture we recall from Definition the set of
i-periods P* ¢ C. Let P°ff = Ui2y P* be the set of effective cohomological
periods and P = PE[x71] the period algebra.

CONJECTURE 13.1 (Period conjecture, Kontsevich [Kon99]). All Q-
linear relations between elements of P are induced by the above relations.

REMARK 13.2. (1) In the abstract formalism of Chapter [7] this is
the Period Conjecture for the diagram Pairs®® for k = Q, see Defi-
nition [AT]

109
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(2) A close look shows that Conjecture is not identical to the
conjecture originally formulated by Kontsevich in [Kon99|]. He
was only considering smooth varieties X and divisors with normal
crossings Y. We refer to the discussion in [HMS17, Remark 13.1.8]
for the precise connection. The version above implies that Spec(P)
is a torsor under the motivic Galois group of Q, a result due to Nori.
It was first formulated in [Kon99, Theorem 6]. A complete proof
can be found in [HMS17, Theorem 13.1.4].

(3) By the Kiinneth formula, products of periods are in fact periods of
products of varieties. Hence the above conjecture also says some-
thing about algebraic relations between periods and, indeed, it is
equivalent to a Grothendieck style version of the Period Conjecture.
For a complete discussion, see [HMS17| Section 13.2]. We do not
deal with the latter because we are interested in the set P!, which
is not closed under multiplication.

THEOREM 13.3 (Period conjecture for P!). The Period Conjecture is

true for the subset P. More explicitly, the following equivalent statements
hold true:

(1) All relations between periods of 1-motives are induced by bilinearity
and functoriality of 1-motives.

(2) All relations between periods of curve type are induced by bilinear-
ity and functoriality of pairs (C,D) — (C',D") with C,C" smooth
affine curves and D,D’ finite sets of points of C' and C', respec-
tively.

(3) All relations between periods in cohomological degree at most 1 are
induced by the relations (A), (B), (C).

REMARK 13.4. This theorem does not mention Nori motives. In contrast
to Section [I2] we have not been able to eliminate them from the proofs, at
least not without disproportionate effort.

MoTivic PROOF OoF THEOREM [I3.3l Assertion (1)) is precisely the state-
ment of Theorem [9.10] Hence it remains to show the equivalence with the
others. Here we rely significantly on the results of Appendix [A]

By Theoremthe category 1-Motg is equivalent to MM (Q,Q).
This category has a description as the diagram category of the diagram of
pairs (C, D) with C' a smooth affine curve and D a finite set of points on
D. By the general results of [HMS17, Theorem 8.4.22] this implies that all
relations are induced by bilinearity and functoriality for the edges of the di-
agram, i.e. functoriality for pairs. This is the implication from Assertion
to Assertion .

The proof of Proposition shows that all elements in P! can be
related to periods of curve type using only the operations (A), (B), (C).
Hence Assertion implies Assertion (3]).
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In order to show the implication from Assertion to Assertion (|1), we
apply Theoremand replace 1-Motg by the equivalent dlM./\/lle\Ifiri (Q,Q).
Every object M in the latter category is a subquotient of an object of the
form H(X,Y) for i < 1. Theorem even shows that it suffices to take
i =1 and X a curve. The functoriality relation for periods of Nori mo-
tives identifies the periods of M with the periods of H'(X,Y) for i < 1.
The relations (B) and (C) are special cases of the functoriality relation for
Nori-1-motives. This finishes the proof. O

We come back to the category of Nori-1-motives and its realisations as
discussed in Section [12.4

THEOREM 13.5 (Fullness). The three natural functors f1, fa, f3 on 1-Motg

1-Motg — di MM (@, Q)L+ MMyor (@, @)

(Q,Q)-Vect
are fully faithful with image closed under subquotients.

PROOF. It suffices to consider the total functor f3. Composition of f3
with the anti-equivalence with 1—Mot@ is simply - o V. Therefore it suffices

to consider V : 1-Motg — (Q,Q)-Vect. This functor is fully faithful by
Theorem [9.14] O

REMARK 13.6. We gave a direct proof for MHS@ earlier, see Proposi-
tion [8.17} Both arguments rely on the Analytic Subgroup Theorem applied
to the graph of a morphism, but applied in a different way.

13.2. The Case of Curves

We turn now to the case of curves, which is of particular interest. We
begin with some motivating discussion with historical background. Then we
turn to the Period Conjecture for curves. One of the highlights is a precise
criterium for a sum of periods of a single differential to be algebraic.

13.2.1. Motivating Examples. In his book on transcendental num-
bers [Sie49] Siegel mentioned several problems which were not accessible at
the time. He wrote (see loc. cit. p. 97)

All our transcendence proofs made essential use of the fact that the prob-
lem can be reduced to the proof of a property of entire functions. This is the
reason why the known methods do not work for elliptic integrals of the third



112 13. RELATIONS BETWEEN PERIODS

kind and not even for integrals of the third kind in the still simpler fact of
curves of genus 0. For instance, it is not known whether the number

L dx 1 T
Jo T~ 30ee2+ )
s irrational.

Integrals of this form along not necessarily closed paths are what we
call incomplete periods of the third kind on P'. As it turned out such
integrals are not only irrational but even transcendental as follows from
Baker’s work on linear forms in logarithms. Indeed one deduces from the
inhomogeneous case of Baker’s theorem about linear forms in logarithms of
algebraic numbers that the numbers 1, log2 and 7 = —ilog(-1) are linearly
independent over Q. Strictly speaking this is not a transcendence result
but a result on linear independence of incomplete periods of the third kind
in the case of a curve of genus 0. However the transcendence of log2 and
7 =—ilog(-1) is an immediate consequence.

A. van der Poorten, see [VdPT1] considered a more general complete
and also incomplete period of the third kind on a curve of genus 0. In this
case a differential £ of the third kind takes the form

P
=20

where P(z) and Q(z) are polynomials. He considers a path :[0,1] - P*
along which the differential form is defined and which satisfies v(0),~v(1) €
PY(Q). We write g, ..., oy, for the zeroes of Q and for rq, ..., 7, the residues
at the poles of the differential form £. Then he deduces again from the
inhomogeneous version of Baker’s theorem on linear forms in logarithms
that [ € is algebraic if and only

ﬁ(i ") di =0,

k=12~ Ok

dx

This follows from taking the partial fraction decomposition
P(x)
Q(z)

and integrating along .

In Theorem below we will give a generalisation of van der Poorten’s
result to curves of any genus. In particular van der Poorten’s Theorem
is a special case of our result. Furthermore in the case of positive genus
this includes abelian integrals of the third kind and proves transcendence of
complete and incomplete periods.

An even older example was pointed out by Arnol’d in [Arn90]. He
gives a reference to a letter of Leibniz to Huygens, dated % April 1691.
In this letter Leibniz formulated the problem of transcendence of the areas
of segments cut off from an algebraic curve, defined by an equation with

doe =dF(z)+ ). Tk da.
k=1

1T -0k
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rational coefficients, by straight lines with algebraic coefficients (see [Arn90),
p. 93, footnote]). In [Arn90, p. 105 Arnol’d reformulated this problem
turning it into modern language: an abelian integral along an algebraic
curve with rational (algebraic) coefficients taken between limits which are
rational (algebraic) numbers is generally a transcendental number. Again
Theorem below gives the solution to Leibniz’ problem. We refer to
[Wiis12] for a more detailed discussion of the example.

As Arnol’d pointed out the problem is also very interesting from a his-
torical point of view, in so far as it was previously believed that transcen-
dence theory developed in the nineteenth century with Liouville, Hermite
and others. The document of Leibniz, however, shows that already in the
seventeenth century the concept of transcendence of numbers was present.

13.2.2. The Period Conjecture for Curves.

THEOREM 13.7. Let C be a smooth curve over Q with generalised Jaco-
bian J(C), D c C a finite set of Q-points with group of divisors of degree
0 supported in D denoted L = Z[D]". Then all relations between periods of
H(C, D) are induced by bilinearity and morphisms between subquotients of
sums of the 1-motive [L - J(C)].

PROOF. By Lemma the periods of H(C, D) agree with the periods
of the 1-motive as described in the theorem. We then apply Theorem [9.10
O

REMARK 13.8. Note that this version of the Period Conjecture does not
rely on the higher theory of geometric or Nori motives — only 1-motives are
used. This version is actually a lot more useful in computations.

We now turn from relations between periods to the question of tran-
scendence of periods of differential forms. It suffices to consider the case
of a smooth projective curve C. With a rational function f ¢ Q(C)* we
associate a meromorphic differential form w = df. We also choose a path ~
in C* which avoids the singularities of f and has endpoints with beginning
and end point in C(Q). Then

ﬁ w=f(v(1)) - £(1(0)) € Q.

This is essentially the only way to produce algebraic periods from meromor-
phic differential forms as the following theorem shows.

THEOREM 13.9 (Transcendence of periods). Let C' be a smooth projective
curve over Q and w a meromorphic differential form defined over Q. Let
o =Y aiy; where v; 2 [0,1] = C for i =1,...,n are differentiable paths
avoiding the poles of w and a; € Z. We assume that 0o has support in
C(Q). In this situation the period

a=/w.
o
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is algebraic if and only if w is the sum of an exact form with no extra poles
and a form with vanishing period.

REMARK 13.10. The theorem includes famous cases like the transcen-
dence of 7, loga (for « algebraic) and periods and quasi-periods of elliptic
curves. Forms of the first, second and third kind are allowed.

ProoOF. Let C° c C be an affine curve such that w is holomorphic on C°.
Let D c C° be the set of starting and end points of the paths 71, ...,7,. Then
a can be considered as a period of H'(C°, D). We introduce the generalised
Jacobian G = J(C°) and fix an embedding C° - G. This translates « into
a period of the 1-motive M = [Z[D]® - G] by viewing [w] € H]z(C°, D) as
an element of Vi, (M) and [o] € H;"#(C°, D; Q) as an element of Viing (M).
By Theorem [9.11] the algebraicity of the period implies that w can be written
as ¢ +1 such that [ 1 =0 and that the image of ¢ in Var(G)" = Hiz(G) =
H}n(C°) is zero. As C° is affine, this means that the differential form
¢ € QL(C°) is exact with poles only in C'\ C°.

This finishes the proof except when w € Q'(C). It remains to show that
¢ is not only exact but has no poles. This requires an extra argument that
we give in Proposition below. O

PROPOSITION 13.11. Let C' be a smooth projective curve over Q, we
QNC), o a linear combination of paths with endpoints in C(Q). If [ w is
algebraic, then it is zero.

PROOF. Let M =[Z[D]° » J(C)] be as in the proof of Theorem [13.9]
We consider o € Ving(M) as an element of Lie(M")c via the inclusion
Vaing(M) c Lie(M*%)¢. By construction M" is a vector extension of J(C')
and by assumption w is in the image of coLie(.J(C)) - coLie(M") . Hence
the period a only depends on the image & of ¢ in Lie(J(C))c. We now
consider the connected algebraic group G = J(C) x G, and apply the An-
alytic Subgroup Theorem to the point u = (7,1) € Lie(G)*" and to
(w, adt) € coLie(G). The theorem gives a short exact sequence

0-H->G5G/H—0

such that w is in the image of Lie(H)® and (w,adt) in the image of
coLie(G/H) under 7*. As G is the product of an abelian variety and G,
there are only two possibilities for H: it is either an abelian subvariety of
J(C) or a product of an abelian subvariety B with G,. In the first case,
the inclusion H — G factors via J(C'). This contradict the shape of u. In
the second case G/H = J(C)/B is an abelian variety. The subgroup G, is
contained in the kernel of 7 and so 7*coLie(G/H) c coLie(J(C)) x 0, i.e.
adt = 0. This gives o = 0 as we wanted to prove. O

REMARK 13.12. This proof goes back to the original formulation of the
Analytic Subgroup Theorem. It is not enough to apply the transcendence
criterion in Theorem The additional input here is the Hodge filtration
on VdR(M )
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COROLLARY 13.13. Let C, w and o be as in Theorem[13.9 If in addition
w e QYO) or if the divisor 0o = ¥ a;vi(1) = ¥, a;v:(0) vanishes, then
the period « is either transcendental or zero.

PROOF. Suppose that a = fgw is algebraic. By the theorem there is a
decomposition w = df +¢ such that [ » @ = 0. If the boundary divisor vanishes,

then

[ - [ =0
for all f. If w e Q1(O), then f is in O(C), which gives df = 0. In both cases
a=[ ¢=0. O

Masser pointed out to us that most of Theorem has an elementary
reduction to the case of closed cycles announced in [W1is87]. We explain a
variant of his argument.

PROOF. Let o be as in the theorem such that do # 0. We write do =
Y™ b P; with P; e C(Q) and non-vanishing b;. By assumption m > 1. Let
Q be in the polar locus of w. (If w € Q1(C) pick any Q € C(Q) not on any
of the 7:([0,1]).)

We consider the divisors Dy = NQ—P—---— Py, and D}y, = Dy—P. For
big enough N, Riemann-Roch gives [(Dy) = [(D}) — 1. Let f e L(D}) ~
L(Dy). This is a rational function with a pole only in @ and a zero in
P, ..., P,, but not in P;. As a consequence we obtain

fdf =S () = bif(PL) 0,
g =1

The function f can be normalised such that the value of the integral is 1. If
o = [, w is algebraic, then it is equal to [ d(af). Introduce ¢ = w —d(af).
By construction, fg ¢ =0, as we wanted to show.

As in the original proof of Theorem the argument does not allow
to control the poles of df in the special case where w is holomorphic. We
deduced this case directly from the Analytic Subgroup Theorem in Propo-

sition [[3.111 O

REMARK 13.14. Qualitatively, we are in a situation very similar to the
case of closed cycles: understanding algebraicity of periods requires under-
standing vanishing of periods.

We come back to the case where o = 7 is a single non-closed path later
in Corollary |14.22 under the simplifying assumption that J(C') is simple.






CHAPTER 14

Vanishing of Periods of Curves

In this chapter, we translate our results obtained so far to the classical
language and turn to the subtle question when periods integrals on curves
vanish. In this chapter let C be a smooth projective curve over Q and
w e Q}@ «©) @ rational algebraic differential form on C.

14.1. Classical Periods

We come back to the classical terminology.

DEFINITION 14.1. We say that w is
(1) ezact if it is of the form w = df for some f € Q(C)*,
(2) of the first kind if it does not have poles, i.e. feQY(C);
(3) of the second kind if the residues of w are zero;
(4) of the third kind if it has at most simple poles.

This terminology goes back to the early 19th century, when Legendre
studied elliptic integrals. We refer to [Well7, Chapter 7] for historical
comments.

Following this definition, exact forms are of the second kind and differ-
ential forms of the first kind are also of the second and third kind.

LEMMA 14.2. Every differential form can be written in the form
W =Wy +ws
with wy of the second kind and ws of the third kind.

PROOF. Let w be an arbitrary meromorphic differential form. The sum
of its residues is 0. For example by [GHT78| Lemma p. 233] there is a form
ws of the third kind with the same poles and residues as w. Then wy = w—ws
has the desired property. [l

DEFINITION 14.3. A complex number is called classical period if it is of

the form
f w

where o = Y| a;7; is a formal Z-linear combination of C'*°-paths avoiding
the singularities of w and with endpoints in C(Q). We say that it is

(1) simple if n =1 (integral over a single path),

(2) complete if all ~; are closed;

117
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(3) of the first, second or third kind in the case that w is of the first,
second or third kind, respectively.

Note that the classical periods are algebraic for exact forms. A cycle o =
> a;y; with closed 7; can be seen in the abelianisation of the fundamental
group. In consequence, we may replace ¢ by a homologous closed path
defining the same period number. Accordingly all complete periods are
simple. However, not all incomplete periods are simple.

We get back the same periods that we considered earlier.

LEMMA 14.4. The set of all classical periods agrees with the set of coho-
mological periods P*.

Proor. By Corollary all elements of P! are classical periods. Con-
versely, let C° be the complement of the set of poles of w, D c C°(Q) the
finite set of end points of the 7;. Then w defines a class [w] € Hiz(C°, D)
and o defines a class [o] € H{"(C** D;Z). The integral computes the
period pairing

[ @=L o)
and makes our classical period a cohomological period. ([

Our next step is to find necessary and sufficient conditions for a differ-
ential form w and a cycle o to satisfy

fsz.

EXAMPLE 14.5. (1) Let « be contractible in the complement of the
set of poles of w. Then the period vanishes by the Monodromy
Theorem.

(2) Let w be of the third kind with poles in Q1,...,Qm. For every
i=1,...,m let v; be the positively oriented boundary of a small
disc in C'*" centered at @;. Then

m
[ w = Zresin =0
X

i=1

Here are some examples:

by the Residue Theorem.

(3) To give an example for vanishing of periods we take the elliptic
curve E given by y? = 2% + 1 and define a curve C by y? = 25 + 1.
Sending (x,y) to (22,y) defines a morphism 7 : C - E of degree
2. The genus of F is 1 and the genus of C' is 2. The morphism 7
induces a homomorphism

et Hi(C,Z) - Hy(B,Z).
We take w e HY(E,Q(E)) and v € ker w, and obtain

fﬂ*w:f w:[w:O.
Y Ty 0
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This shows that there are non-trivial examples for vanishing.

We may ask how complete this list is. This question will be addressed
by first passing from paths and differential forms to homology and de Rham
cohomology and then to 1-motives.

14.2. The Setting
The following data is fixed for the rest of the chapter:

NOTATION 14.6. e C denotes a smooth projective curve over Q
with base point Py € C'(Q).

e we Q}@ ©) is a meromorphic differential form.

e S={Q1,...,Qn} stands for the set of poles of w with non-trivial
residue and S’ = { Ry, ..., Ry} the set of poles with vanishing residue;
without loss of generality Py ¢ SuS’.

e (C° c C signifies the complement of the set of poles S = {Q1,...,Qm}
of w.

e J(C) and J(C°) are the (generalised) Jacobians of C' and C° (in
the sense of Chapter with embeddings v° : C° - J(C°), v :
C - J(C) via P+ P P,

e 0 =Y, a;y is a formal Z-linear combination of C*°-paths ~; :
[0,1] - C°2" \ S’ with endpoints defined over Q.

e Let D c C°~ S be a set of points such that the divisor do has
support on D. We define r = |D|-1if D+ @ and r=0if D = @.

e a= [ w is the period of o and w.

In Section we introduced the map I which assigns to a path or more
generally a chain in a complex Lie group, an element of the complex Lie
algebra. Given a path v:[0,1] - C*?", we put

1°(y) = I(v° o) e Lie(J(C?))*".
The operator [° has the property that
exp(l°(7)) =v(1) =7(0) = P(y) € J(C*)™,

hence should be seen as a choice of logarithm. We extend [° linearly to
1°(0) =Y ail® (7).
i=1

Then

exp(I°(0)) = ﬁ;amm ~: P(0).

Let (o) be the image of [°(c) in Lie(J(C)*").
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14.2.1. Homological Interpretation. Obviously the chain o defines
an element [o] € H"®(C°,D;Z). Less obviously, the rational differential
form w defines an element [w] of Hjz(C° D), see Section . The
argument is well-known for D = &. We explain the construction in general.

If SuS' =@, then w is in Q'(C) ¢ Hjz(C,D) and there is nothing to
show. If SUS’ # @, the curve C°\ S is affine and w|co. g € Q1 (C°\S’) defines
an element of Hjp(C°\ S’, D). By definition of S, the cohomology class is
in the kernel of the residue map Hlz(C°~ S’, D) - H°(S')(-1), making it
even an element of Hz(C°, D). We carry out the cocycle computation for
[w] in the representation of Lemma [3.20]

Recall that S" = {Ry,...,R;} and choose f; € Q(C)* such that the
principal part of df; at R; coincides with the principal part of w in R;. Such
a function exists because the residue of w vanishes. We write w; = w — df;
and U; c C for the complement of the set of poles of w;. By construction
R; € U;. We introduce also Uy = C°~S’, wg = w, fo = 0. Then U =
{Uy, ...,Ux} is an open cover of C°. The differential form w defines a cocycle
in Hiz(C°\S', D;4l) given by the tuple w = (w|y;s7,0,0) cohomologous to
the cocycle

w=0f = ((w=dfi)i, (=f; + fi)ij, (filp)i)
where 4,j run through 0 to k. It defines a cocycle in HJg(C° D;4) as
required.

LEMMA 14.7. The class [w] € Hiz(C°, D) is zero if and only if w can

be represented as w = df for a function f € Q(C)* which is reqular in D and
vanishes there. Moreover, every element of Hiz(C®, D) is of the form [w]
such that the set of poles of w with non-trivial residue is contained in S.

PrOOF. If [w] =0, then by Lemma the cocycle is of the form
w—-0f = ((dgi)i; (9; = 9i)ij» (=gilD; )
for (g:)i € [1; O(U;), in particular,
~fi+fi=g9;-9i€OU;inUj)
for all 4,j. This implies that the collection of functions f; + g; € O(U;) glues
to a global function F' € O(C*). Moreover,
w = df; = dg; € Q' (Uy)
for all ¢ and hence dF' = w. We then have
w—-0f ~(dF|y,,0,0) ~ (0,0, F|p,)-

Note that the g; and hence also F' are unique up to an additive constant.
The triviality of [w] implies that F|p is constant. By adjusting the constant,
we get w = dF with F|p =0 as claimed.

It remains to prove that every class in H éR(C"’, D) can be represented
by a differential form. It is well-known that every element of Hls(C) is
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represented by a differential form of the second kind, see |[GHT7S| p. 459].
The sequence

Hig(C) » Hig(C*) = Hir(S)(-1) - Hdr(C)(-1)
for relative cohomology is exact. For every element of HgR(S ) Q" sum-
ming up to 0 in HSR(C) ~ Q, there is by [GHT7S8, Lemma p. 233] a form w3
of the third kind with these residues.

This shows that given a class ¢ € H};(C°), there exists ws of the third
kind with the same residues. The difference ¢ — [w3] is in the image of
H éR(C ) and represented by a differential form of the second kind.

The sequence

HgR(D) - H&R(COaD) - Hle(CO)

for the relative cohomology is also exact. Elements of HgR(D) are functions
f:D - Q. Let Uy c C° be an open affine subset containing D and Uy, ..., U,
an affine cover of C°. The image of f in H (}R(C", D, A1) is the cocycle

(07 07 f|D1)

As Uy is affine, the closed immersion D c Uy induces a surjection O(Up) -
O(D). We choose a lift fe O(Uy) of f. The class of df agrees with the
class of (0,0, f|p,) from above.

Given a class ¢ in Hjz (C°, D) we have shown that there is a form w with
correct residues such that the images of ¢ and [w] € Hiz (C°, D) in Hjz (C°)
agree. Their difference is in the image of HgR(D) and can be represented
by an exact differential form. ([l

Our integral computes the period pairing
() H"(C°, D) x Hip(C°, D) > C
(0.w) o= ([l [w]) = [ w

It vanishes if [0] = 0 or [w] = 0. We are interested in the cases where this
condition is not satisfied.

DEFINITION 14.8. We say that the period pairing has non-trivial van-
ishing for (w,o) if a = ([w],[c]) =0 but [w] #0,[c] 0.

We denote by N c Hfing(Co, D) x Hiz (C°, D) the set of pairs ([o], [w])
such that ([¢],[w]) = 0. We further denote by N* c N for i = 1,2, 3 the sub-
set where the differential form is of first, second and third kind, respectively.

Our aim is to determine under which conditions for ¢ and w the pairing
has non-trivial vanishing.

Note that D < D’ implies an inclusion H{™#(C°, D) - H;™%(C°, D")
as well as a surjection Hlz(C°,D") » H:(C°, D). Hence vanishing of [o]
does not depend on D’, but vanishing of [w] does.
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14.2.2. Translation to Motives. Properties of the periods of H'(C°, D)
depend on the 1-motive

M =[L - J(C)]

where L = Z[D]° is the group of divisors of degree 0 supported on D. It has
rank r. By Lemma more precisely equation of its proof, we have

Vsing(M) = Hiing(C()?D;Q)a Vd\i%(M) = HéR(CoaD)

o [
e

LEMMA 14.9. The class of o is given by

[0] = (90,1°(0)) € Tamg (M) < L x Lie(J(C°))™.

and

can be viewed as a period of M.

Both components have image P(o) in J(C®).

PrOOF. This is precisely the identification of classes in H{"#(C°, D;Z)
with Tying(M) in Lemma Classes in relative homology are represented
by pairs in S3°(D) & S7°(C?), in our case by (0o,0). The first summand
maps to L, the second maps a path v to I(vy) and hence o to [°(o). O

The key for determining the spaces N and N is Theorem It shows
that non-trivial vanishing of « is caused by a non-trivial exact sequence

(14) 0->M > M5 My, -0

with M; = [L; - G;], with [o] = 401 induced from M, o1 € Viing(M1), and
[w] = p*ws induced from My, wy € Vi (M).

To analyse this explicitly we go through the various types of differential
forms. If J(C') is not simple, there are many such sequences and there is
a lot of non-trivial vanishing, see Example . The general case seems
to be very complicated, so that we restrict our discussion to the case where
J(C) is simple for the rest of this chapter.

REMARK 14.10. By construction, [o] is induced from the submotive
M'=[Zs— J(C°)]c M
where Z, is the sublattice of L generated by the element Jo.

We go now through the different cases, that is forms of the first kind,
of the second and of the third kind, one after the other and analyse the
conditions for non-trivial vanishing. This analysis is carried out by going
through the different possible shapes of M;. We finally specialise to the
easier case where, in addition, o is simple.
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14.3. Forms of the First Kind

A form of the first kind is a non-zero global differential form w € H°(C, QL)
without pole. This implies that we use C° = C. As already mentioned before
we assume for simplicity that J(C') is simple. The class of w in Hz(C, D)
and even in H}(C) is non-zero because differential forms of the first kind
cannot be exact.

In this situation the relevant motive is M = [Z[D]° — J(C)] and for
applying Theorem we have to determine the possible submotives M;.
Since J(C') is assumed to be simple they have either the shape [L; - J(C)]
or [Ly — 0] for some Ly c Z[D]® with quotient Ms. We discuss the two
cases separately.

14.3.1. The Case M; =[L; - J(C)]. According to Theorem the
form [w] is a pull-back from M, hence its pull-back to [L; — J(C)] is zero,
as is its restriction to [0 - J(C)]. This is equivalent to [w] =0 in Hjy(C).
Since it is a differential form of the first kind this implies w = 0. This case
does not occur.

14.3.2. The Case M; = [L; — 0] ¢ M. Since we are in the category
of iso-1-motives the structure map Ly — J(C') is isogenous to the zero map
and o = t,(01). This means that

P(0) = exp(l(0)) = S aiP(7;) € J(C)

is a torsion point, a necessary, but not sufficient condition for non-trivial
vanishing. This property has to be translated from a statement about J(C)
into a vanishing condition in the Lie algebra. The point is that the expo-
nential map is not injective. This requires a more careful analysis of the
situation.

Let n > 1 be chosen such that the image of L in J(C) under the com-

position L — J(C) ok, J(C) is torsion free. The kernel of the composition

has a complement Lq with the property that the structure map of the mod-
ified motive My = [Lo — J(C)] (with structure map the restriction from the
structure map of M) is injective. The map [n]: M — M factors through
a morphism of 1-motives M — My with M7 contained in its kernel. It is
multiplication by n on the abelian part. The image of ¢ is zero in Tiing (Mo)
and hence [n].l(0) =0 in Lie(J(C)®). The map [n]. is multiplication by
n on Lie(J(C))*, hence [n].l(0) = 0 implies (o) = 0. We conclude that
non-trivial vanishing for (o,w) implies that {(¢) = 0, no condition on w. In
this situation this means that N'! c ker(1) x H°(C, Q).

From [(o) = 0 we conclude in particular that P(c) = 0, not only a torsion
point. This implies that the points P(+;) are linearly dependent in J(C).

Conversely, suppose that o satisfies (o) = 0. We introduce the submo-
tive M = [Z, — 0] with Z, the sublattice of L = Z[D]° generated by Jo.
We map L = Z to L = Z[D]° by mapping 1 to X, a;(7i(1) —:(0)) € Z[ D]°
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and introduce the motive M = [Ly — 0] = [L - J(C)*"]. Tt is well-defined
because P(0) =0 and by construction [o] is induced from a class on Mj.

Morphism of motives induce a morphism of Hodge structures, in par-
ticular it respects the Hodge filtration. By assumption w is in HO(C,Q') =
F'HI:(C,D) = F'V(M). As a consequence the pull-back of w to M; is
in F'V (M7) =0 and this gives

fw:f w:f L*w:f 0=0.
o Lx0O1 g1 o1

We conclude that every pair (o,w) with () = 0 is contained in N?. In
other words we have N o ker(1) x H%(C, Q') and we conclude that

Nt =ker(l) x HO(C, QY.
SUMMARY 14.11. Let J(C) be simple and w of the first kind. Then there
is non-trivial vanishing for (w,o) if and only if [(c) =0. We have
Nt =ker(l) x HO(C,QY).

This implies in particular that the I(y;) are Z-linearly dependent in Lie(J(C)*").
A fortiori the points P(v;) are linearly dependent in J(C').

REMARK 14.12. The condition looks like trivial vanishing because the
class of o vanishes in H™(C,Q)—but it is not. The class [o] ¢ H™5(C, D; Q)
is not in the image of H™(C, Q) under the natural restriction. Rather there
is a projection Hf‘mg(C’, D;Q) -~ Hfing(C; Q) defined only via the Jacobian.
The image of [o] under this projection vanishes.

14.4. Forms of the Second Kind

Assume that w has a non-empty set of poles but no residues. We have
[w] € Hjg(C,D) and again M = [Z[D]° - J(C)]. Assume that J(C) is
simple and that we have non-trivial vanishing induced from a sub-object
M c [L - J(C)]. As before we assume that the period pairing has non-
trivial vanishing for (w,o). This implies that o = ¢,01 and w = p*ws.

14.4.1. The Case M; = [L; — J(C)]. With the same argument as
in Section for w of the first kind, the assumption on M; leads to
w = df with f not identically zero on D. In the cocycle computation in
Section we can choose all f; as f and represent the class of [w] in
H éR(C, D) by

w = 8f = (anvle)

The period integral is in this case

a=([w],[o]) = (f,00)
= ;ai(f(%'(l)) - f(7:(0))).

This is a QQ-linear combination of algebraic numbers. It can vanish, and will
in examples.



14.5. FORMS OF THE THIRD KIND 125

ExXAMPLE 14.13. (1) Let E c P? be the elliptic curve given by
Y2Z = X(X -2)(X -)\Z)

for A € @\ {0,1} be an elliptic curve. Consider w = dX. This is
an exact form. For every z € Q there is a point P, in E(Q) with
X(P;) =x € Q. We choose z1,...,x, € Q. There are coefficients
a; € Q such that Y a;z; = 0. Let +; be a path from Py to P,, and
define o = ¥ a;7;. Then [ dX =0.

(2) Let C be a smooth projective curve and f € Q(C) not constant.
We view f as a non-constant morphism f: C' — P!. For z ¢ P1(Q),
we choose yo,y1 € f71(x), a path v from yo to y; in C**. Then

fqdf:f(yl)—f(y0)=$—x=0.

SUMMARY 14.14. If w =df and J(C) is simple, then there is non-trivial
vanishing if and only if

(15) (,00) = 0.
If o = is simple, this is equivalent to f(v(1)) = f(~(0)).

14.4.2. The Case M; = [L; — 0]. The same arguments as for periods
of the first kind imply I(c) = 0. We show that this is no longer sufficient,
but there is also a condition on w. Let Z, = Z do c Z[D]° be generated
by the divisor do. It is contained in L; because I(c) = 0. Without loss of
generality, we take L1 = Z,.

The condition on w to be of the form p*ws is equivalent to

(16) ([w]) = [w]liz,-0) = 0

REMARK 14.15. For any w of the second kind, the restriction [w]|[z, o]
is the restriction of an element of Vy, ([L — 0]). Translated back to cohomol-
ogy of curves this means that it is in the image of Hiy (D) in Hjg(C°, D).
In Lemma the classes in the image are represented by exact differential
forms df. In consequence, we find for every every w of the second kind an
exact form df such that w — df satisfies the vanishing condition. The same
is true for the converse: there is always an exact form df such that the
vanishing condition is not satisfied.

SUMMARY 14.16. Let J(C') be simple. Assume that w is of the second
kind, but neither of the first kind nor exact. Then there is non-trivial van-
ishing if and only if 1(0) = 0 as well as equation (16) holds.

14.5. Forms of the Third Kind

Assume that w is of the third kind but not of the first kind. This means
that it has a non-empty set of poles, all of them simple. In the language
of Hodge theory this makes it a differential form with log poles. Here we
take M = [L — J(C°)] as our motive. The form w defines a class [w]
in H (}R(C", D). It is always non-zero. Hence the period integral vanishes
trivially if [o] = 0. For simplicity, we assume that J(C') is simple.
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14.5.1. The Case M; = [L; - 0]. As in the other cases, non-trivial
vanishing implies {°(¢’) = 0 in Lie(J(C°)®"). We have w € H(C,Q!(log(9))) =
F'H},(C°, D), so the discussion is identical to the case of differentials of
the first kind. The condition is also sufficient. This means that [°(c) = 0
implies non-trivial vanishing.

14.5.2. The Case M; = [L; —» T1] c [L - J(C°)]. Here the quotient
is My = [Ly — J(C°)/T1]. As o is in the image of Viing(M1), it takes the
form o = 1. (o1) for some o1 € Viing(M1). We deduce that p.o = p.tio1 =0
and the same is true for its image in Viing([L2 = J(C)]), a quotient of Ms.
As in the case of differentials of the first kind this implies that the image
l(o0) = I(vo) of I°(c) = I(v°0) in Lie(J(C))*" vanishes. This means that
o is closed and [°(o) is in Lie(7)*" where T is the torus part of J(C°)
with character group Z[S]°. In other words, o defines a homology class of
T*". We choose small enough simple loops ¢; in Lie(J(C**")) around the
singularities Q; € S with {°(¢;) in Lie(T")*" and introduce € = Y ns(Q;)ei,
with n,(Q;) the winding number of o around ;. The homology classes of
e and o agree. As a consequence [°(0) —[°(e) vanishes in Lie(J(C**")).
It follows that there is non-trivial vanishing for ¢ — ¢ by the case treated
in Section This shows that non-trivial vanishing for o is equivalent
to non-trivial vanishing for €. The period integral is up to the factor 277 a
linear combination of the residues:

(17) [aw = 227?1’ ne(Qi)Resg, (w).

There are cases where this vanishes, but there are also cases where it does
not vanish.

EXAMPLE 14.17. Choose a small disc A; around each @Q; and let v; = 9A;.
Then /Z W= 0 by Cauchy’s Residue Theorem.

14.5.3. The Remaining Case. Finally we have to consider M; =
[L1 - G1] where the abelian part of G is J(C'). This implies that Go = T3
is a torus. Let Ly be a direct complement of Lj in L. Then My = [Lg — T3]

By the exact sequence the pull-back of [w] = p*ws to M; and further
to Vyr(G1) vanishes. If G; = J(C°), then w would be exact, but w is of
the third kind and cannot be exact. This case does not occur. Therefore
G1 ¢ J(C°) and the quotient J(C°)/G1 = T, is a non-trivial torus. The
torus of J(C°) decomposes up to isogeny as 17 x To where T} is the torus
part of G;. From the discussion above we get homomorphisms J(C°) - T3
and J(C°) — G; and as a consequence an isogeny J(C°) = Gy x Ty. The
classifying map X (G1xT3) — J(C°) is the product of the classifying maps of
X(T1) » J(C°) and X(T3) - 0. In particular, X(T')q = X (T1)g x X(T2)q
and the classifying map X (1) - J(C)" vanishes on X (1%)g.

By Lemma the classifying map for the semi-abelian variety J(C®)
is

X(T)=2[S]° - J(C) = J(C)".
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The vanishing of the classifying map on X (73) means that there is a linear
dependence between the Q; in J(C)q = J(C)g.

The exact sequence (14) gives that the image of [¢] € H fing (C°,D;Z) in
H{"8(Ty, Dy; Z) is zero, where Dy is the image of D under the composition

of the maps C° - J(C°) — T>. Moreover, [w] has to be a pull-back from
Vir([L2 = T2]). In the identification

Vi(T) = X(T)g = QST
the restriction of w to Vi (T") is mapped to the divisor res(w) given by

Z resg,(w) Q; € @[S]O.
This gives the necessary condition, namely that res(w) is in X (75 )@, or in
other words that Y resq,(w)Qi =0 in J(C)g.

REMARK 14.18. The residue condition is necessary, but not sufficient.
It is preserved by adding a form w; of the first kind, but the restriction
to Vyz(G1) changes. The restriction is in F'ViR(G1) = F'Vy (M) and
vanishes in Vp, (71). Hence it is induced by a form of the first kind. There
is always a choice of wy of the first kind such that w—w; satisfies the condition
for non-trivial vanishing. Conversely, there is also w; such that it does not.

SUMMARY 14.19. Let J(C) be simple, and w a differential form of the
third kind. Then there is non-trivial vanishing for (w,o) if and only if one
of the following conditions is satisfied:

(1) I°(0) =0 in Lie(J(C*))*;

(2) l(o) in Lie(J(C))* vanishes and the linear combination in
vanishes;

(3) res(w) sums up to 0 in J(C)g, and there is a quotient-motive [L' —
T'] of [L - J(C°)] with T" ¢ T and X(T") c ker(X(T) - J(C))
such that

o res(w) is in X(1")g,

e [o] vanishes in Hy "(T',D';Z) where D' denotes the image
of D under the maps C° - J(C°) - T',

o [w] is a pull-back of some w' e Vi ([L" = T']).

14.6. Arbitrary Differential Forms

So far we have worked out necessary and sufficient conditions for non-
trivial vanishing for differential forms of the first, second or third kind. We
now turn to the general case and write w = wy + w3 with ws of the second
and w3 of the third kind. Such a decomposition exists by Lemma [14.2

THEOREM 14.20. Assume that J(C) is simple and that we have non-
trivial vanishing of [ w. Then one of the following conditions is satisfied:

(1) 1°(0) =0 and the vanishing condition of (16) holds for wa;
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(2) I(0) =0 and for  as in Section[1].5.9 we have
/W3 = Z 2ming (Qi)resg, (w2) =0
3

i=1
as well as the vanishing condition of (@) for ws and o —¢;

(3) w=df is exact and the vanishing condition of holds;

(4) the divisor res(w) : Q; = resg,w on S sums up to 0 in J(C)g, and
there is a quotient-motive [L' — T'] of [L — J(C°)] with T' ¢ T
and X (T") cker(X(T) — J(C)) such that

o res(w) is in X(1")g,
e [o] vanishes in H; " "(T',D';Z) where D' denotes the image
of D under the maps C° - J(C°) - T",
o [w] is a pull-back of some w' e Vi ([L" > T']).
In this case, w3 and wy can be chosen such that both period integrals
vanish.

The proof is not fully self-contained, but partially relies on the structural
insights of Part

PRrROOF. As discussed in Section [14.2.2] non-trivial vanishing is caused
by a short exact sequence

0 M, 5 [Z[D]° - J(C°)] 2 My - 0.

We go through the possible cases for Mj.

Case M; = [L; — 0] In this case [°(c) = 0. By the case of differential
forms of the third kind the condition implies [ ws = 0 by Summary
and the period integral for w depends only on ws. We get the vanishing
condition formulated for periods of the second kind.

Case M; = [L; — T1] The discussion starts as for forms of the third
kind. We get I[(0) = 0. We find e consisting of closed loops around the
poles such that [°(o) = 1°(e). The vanishing of period gives an equality for
the periods of o — e (which only depends on wy by the previous case) and
the period [°(e) (which only depends on ws and is a linear combination of
residues as in the case of periods of the third kind). A sufficient condition
of vanishing is the vanishing of both summands.

For the converse, consider f5 wg = — f o_ew2. The left hand side is a
Q-multiple of 27i whereas the right hand side is an incomplete period of
the second kind. By the structural results of Chapter [16] this makes them
linearly independent. Both have to vanish. To see this, we view the left
hand side as a Tate period in the terminology of Chapter The right
hand side is an incomplete period of the second kind. By the second part
of the linear independence result of Theorem both are periods of the
first kind with respect to closed paths. By the first linear independence
statement of the same theorem, they are in turn linearly independent from
Tate periods. This settles the claim.
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Case M; = [L; —» G;] with abelian part of G; equal to J(C) We
have G ¢ J(C°) with quotient a torus T5. The pull-back of w to G is
trivial. If G; = J(C®), then this makes 7> = 0 and w exact, a case we have

treated in Summary [14.14] It gives item .

If T5 # 0, then the argument and the conclusion are the same as for forms
of the third kind in Section By Remark we can choose a form
wy such that there [ »(w3 —w1) vanishes. Hence there is also vanishing for
Wy + wi. U

14.7. Vanishing of Simple Periods

The discussion simplifies for simple periods. If ¢ = v, then P(y) =0
means that the path is closed. The conditions I(7y) = 0 and [°(y) = 0 mean
that ~ is closed and contractible in J(C?*") and even J(C°)*". In many
cases this amounts to trivial vanishing: the homology class of [7] vanishes.
We specialise Theorem to the case of simple periods.

COROLLARY 14.21. Let J(C') be simple, assume that o = 7 is simple
and choose an arbitrary rational differential form w. There is non-trivial
vanishing of the period fvw if and only if one of the following condition
holds:

(1) w =df is exact and v links different points in a fibre of f: C° — Al;

(2) ~v is a closed path, homologous to 0 in C*" and winding around the
poles of w in such a way that the linear combination of the residues
m vanishes.

(3) Condition of Theorem[14.2( is satisfied.

Using our algebraicity criterion, this immediately translates into a strong
transcendence result for simple periods. For closed ~, we have already seen
in Corollary that a period is algebraic if and only if it is vanishes.
Together with the above corollary, we now have a complete picture. We are
also ready to treat the case of a non-closed path.

COROLLARY 14.22. Let C be a smooth proper curve over Q with simple
Jacobian and w € Q}@(C) a non-zero rational differential form on C. Let ~
be a non-closed path on C*" avoiding the poles of w and with endpoints in

C(Q). Then
f7 w

is transcendental, unless one of the following conditions is satisfied:
(1) w=df is exact;
(2) w = df + ¢ with ¢ of the third kind such that Condition of
Theorem [14.20 is satisfied for ¢ or, equivalently, for w.

PROOF. Assume that the period is algebraic. By Theorem the form
w can be written as w = df + ¢ with

/ng:O.
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We apply what we have learned about the vanishing of simple periods to ¢.
As 7 is not closed, its homology class does not vanish. If [¢] = 0, then ¢ is
exact. This makes w exact.

It remains to go through the cases of non-trivial vanishing in Theo-
rem The cases and are excluded because v is not closed. The
case (3) gives back exact ¢.

If condition ( of Theorem [14.20] is satisfied for ¢, then ¢ = ¢2 + ¢3
with ¢2, ¢3 or the second and third kind, respectively, and

L¢2=];¢3=0-

By Summary and Summary this can only happen if either ¢o is
exact or [(y) = 0. The latter is excluded because 7 is not closed. The van-

ishing for ¢3 is characterised in Summary [I4.19] This is the same condition
as in Theorem [14.20) O
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Dimensions of period spaces






CHAPTER 15

Dimension Computations: an Estimate

The aim of this chapter is to establish a formula for the dimension of
of P(M) for any 1-motive M. We have already given a qualitative char-
acterisation in Corollary This characterisation is now turned into an
explicit quantitative version. Explicit formulas are deduced in terms of the
constituents of the motive M. This will first happen under certain simpli-
fying assumptions. The general case will be considered in the subsequent
chapters.

15.1. Set-up and Terminology

Throughout this chapter let M = [L — G] be in 1-Motg and let 0 —
T - G - A - 0 be its decomposition into torus and abelian part. In the
arguments below we reserve the letter B for simple abelian varieties and
define E(B) = End(B)qg. This is a division algebra of dimension e(B) =
dimg E(B). Let
Az=B" x.....-xB™

be the isotypical decomposition of A in the category of abelian varieties up
to isogeny. As usual, we write X (7") for the character lattice of 7. If X
is a lattice, we denote by T'(X) the corresponding torus. In Section we
have shown that the datum of a semi-abelian variety G is equivalent to the
datum of a homomorphism X (7) - AY(Q)g.

To establish a formulation of a dimension formula for the period space
becomes rather complicated because there is a non-trivial interplay between
the action of Hom(A, B) on L and the action of Hom(A", BY) on the char-
acter group of T. The problems disappear in special cases listed below.

DEFINITION 15.1. We say that the motive M is

) of Baker type if A = 0;

) of semi-abelian type if L = 0;

) of second kind if T' = 0;

4) reduced if L - A(Q)g and X (T) - AV(Q)g are injective;
5) saturated if it is reduced, and End(M)g = End(A)q.

(1

(2

(3

(
(

To state our dimension formulas we need some notation.

NOTATION 15.2. (1) Put 6(M) = dimgP(M).

133
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(2) We define the L-rank tkp(L,M) of M with respect to B as the
E(B)-dimension of the vector space

Hom(A,B)-L:=Y p(L) c B(Q)g
for p e Hom(A, B)qg, where p(L) denotes the image of L under the
composition of the maps L - A(Q) and p.

(3) The endomorphism algebra E(B) acts on BY from the right as
(bY,e) — e¥(b") where e¥ signifies the isogeny dual to e. The T-
rank tkp(T, M) of M with respect to B is the F(B)-dimension of
the right- E( B)-vector space

Hom(AY, BY)q- X(T) = 3 p(X(T)) ¢ B'(Q)g
for p e Hom(A", BY)q, where p(X(T")) denotes the image of X (T")
under the composition of X(T) - AY(Q)g with p.
(4) If [L - T] is a 1-motive of Baker type, we define the L-rank
rkg, (L, M) of M in G,, as the rank of
Hom(T,Gy)-L:= >, x(L)
xeX(T)

where x (L) denotes the image of L under the composition of L — T
and y € X(T).

The main theorem of the present chapter is an estimate from above of
the dimension §(M). In many important cases the inequality is even an
equality.

THEOREM 15.3 (Dimension estimate). Let M be a 1-motive with con-
stituents as above.

(1) If M is the product of a motive of Baker type My and a saturated
motive My, then

2
3 =0(1) + 45((;)

+ 2. (29(B)rkp(T, M) +29(B)rkp(L, M))
B

+0(L)

+1keg,, (Lo, Mo) + ) e(B)g(B)rkp(L, M)rkp(L, M),
B

where all sums are taken over all simple factors of A, without mul-
tiplicities and g(B) = dim B, e(B) = dimg End(B)g.

(2) For every 1-motive M, there is a product M of a motive of Baker
type and a saturated motive such that P(M) c P(M) In particular,

5(M) < 5(M).

The construction is effective (see Lemma|15.22 and Lemma|15.24
in a way that the abelian parts of M and M agree and that vk (L, M) =

rkg(L, M), rkp(T, M) = rkg(T,M).
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(3) We have 6(L) =1 if L+0 and §(L) =0 if L =0, and 6(T) =1 if
T+0and 6(T)=04fT=0.

The proof will be given at the end of the chapter. The following ex-
ample illustrates the discrepancy between the upper bound and the actual
dimension.

EXAMPLE 15.4. We take for A an elliptic curve E, a non-trivial extension
0 - G,, > G - E — 0 which is non-split up to isogeny and P € G(Q) a point
whose image in F(Q) is not torsion. We consider the 1-motive

M =[Z - G]

with 1 mapping to P. This is the same motive already considered in Chap-

ter [Tl

Case 1.: Assume that E does not have complex multiplication, i.e.
End(F) =Z. In thiscase B=FE, g=1,e=¢(F) =1, 6(T) =1,
d(L) = 1. Moreover, rkg(T, M) =1 and rkg (L, M) = 1. The motive
is saturated and the theorem predicts

(M) =11.

This has already been verified directly in Proposition [I1.1
Case 2.: In the case that £ has CM by an imaginary quadratic ex-

tension Q(7) of Q, i.e. End(E)g = Q(7), there is again a single
B = E. In this situation, we have m =1, g = 1, e = e(E) = 2,
5T) =1, 6(L) =1, rkg(L,M) =1 and rkg(T,M) = 1. Going
through the construction of M before Lemma we see that
we choose the Baker part My as 0 and M = M as saturated. The
theorem gives

d(M) < 10.
By Proposition [I1.3] we actually have

o(M) =9.

REMARK 15.5. The example shows that we do not have equality in gen-
eral. We will refine the formula in Theorem and completely explicitly
in Theorem [I7.15

15.1.1. Outline of the Proof. In a first and key step in Section [15.2
we shall prove the dimension formula in the saturated case. In order to
simplify notation, we shall first handle in Section the case where the
abelian part of M is simple, then upgrade to general A.

Section [15.3| is an interlude: we go through the easier cases of Baker
motives, motives of semi-abelian type, motives of the second kind and es-
tablish the dimension formulas. None of these need to be saturated, but the
formulas can be reduced to the saturated case by constructing a saturation
with the same periods and ranks.

Finally, in Section we wrap up and establish the dimension es-
timate announced in Theorem The case when M is a product of a
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Baker motive and a saturated motive follows easily with the same type of
arguments as in Section [15.2] in the saturated and in Section [15.3] in the
Baker case. Starting with a general motive M, we construct a product of a
Baker motive My and a saturated motive M7 such that the space of periods
of M are contained in the space of periods of My x M;. Here we use the
ingredients that we identified already in the special case.

15.2. The Saturated Case

We start under restrictive assumptions. The saturated case is easier,
but enough to deduce all structural properties of the period space.

15.2.1. Saturated and Simple. Assume that M is reduced and sat-
urated (see Definition with A = B simple of dimension g. We denote
by e the Q-dimension of E = End(B)g. Then Ving (M) is an E-module and
we choose an FE-basis. To be precise, the inclusions

[0-T]c[0~>G]~[L~G]
induce injections
‘/sing(T) > ‘/éing(G) > ‘/sing(M),
read as inclusions from now on. Let o = (o1,...,0,) be an E-basis of
Viing (T"). We write 7 = |o| and use the same conventions for all other pieces.
Extend o by 7 to an E-basis of Viing(G) and by A to an E-basis of Viing (M).

In the dual setting, we choose Q-bases (sic!) of Vi (M) along the inclu-

sions

Var(L) = Var([L > B]) = Vqr(M).
To be precise let u be a basis of Vi ([L - 0]). We extend u by w to a basis
of ViR ([L — A]) and the resulting basis by & to a basis of Vi (M). Note
that Vi (M) is also a right E-module, but we are not using this structure
at this point.

Our discussion shows that the full period matrix of M with respect to
these bases has the shape

o) € € (&) € €M)
(18) w(0) W) W) |=[ 0 wk) WM.
(o) u(y) uN) Lo 07wy

LEMMA 15.6. The entries of the matriz above generate P(M) over Q.
The elements of {(o) are Q-multiples of 2mi. The elements of u(\) are
Q-multiples of 1. These are the only Q-linear relations between the entries.

ProOF. Let aq,...,a, be a Q-basis of E. Then the tuples
(ajo,o5v,05Aj=1,...,€)
are a Q-basis of Viing(M), hence the period space is generated by the com-
plex numbers &;(j.0%), . .. over Q. The transformation formula for integrals

gives

Ci(ajeoy) = (a5&) (o).
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The class a;& is a Q-linear combination of the basis vectors:

a;é-z = Z bs€s + Z ciwy + dptty
which implies in accordance with the shape of the period matrix that

éi(aj*o'k) = stgs(ak)-
Similar computations also apply to rest of the basis and we see that the
period space has Q-generators as claimed.
Now assume that there is a Q-linear relation between the periods. It has
the shape

(19) Y a&(o)+ 2 0E(Y) + 2 c&(N) + Y dw(y) + 3 fw(A) + Y gu(X) =0.
Here a is a matrix and the first term stands for the sum Y3, ; a;;&;(0;). The
same convention is used in all other places.

We define T, = GIf, M, = [0 > T,,], G, = G|, M., = [0 > G, My = MW
and consider the product

M = M, x M, x My.
It can be written in the form M = [L - G with group part
0-T>G>A-0
A.

for a torus T and an abelian variety A. We fix elements

7= (0,7, A) € Vaing (M),
@ = (¢,0,0) € Vi (M)
where
o= aigli=1,...,)0),
b= (P bi&+ Y dijwsli=1,..., ),
0= (D g€+ 2 fijwi + 3 gijugli =1, i)

using the coefficients of the relation . Then the Q-linear relation
between the periods implies

&(3) = 0.
By the Subgroup Theorem for 1-motives, there is a short exact sequence

0> M 5 M5 My,—0

with M; = [L1 - Gl], My = [LQ - GQ] and ¥ = vyy1, @ = pFws.

We analyse M. In a first step we show that As = 0. Otherwise assume
Ao #0. Then there is a non-zero homomorphism Ay — B. The composition
A=BMxBMN 5 Ay 5 Bis given by a tuple (n,m) of elements of E. We
determine the image Lo of Ly in B. We have Ly = Z'Z.)jl m;(L) because
the lattice part of M, is 0. The image is contained in L because L is E-
stable by saturatedness and L — G — B injective. Here we use that M,
being saturated, is reduced. We have Ly # 0 if there is some m; # 0. In
this case m; is a unit in a division algebra, making the map m; : L — L
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bijective. This implies m;(L) = L and then also Ly = L. The image of 7
under p: M — My — [L - B] is equal to

anvj + Zmz)\z € ‘/;ing([L — B])
It vanishes because p.J = 0. The image of (v, A) is an E-basis of Viing ([L —
B]). Therefore m; = 0 for all ¢ and n; = 0 for all j. This contradicts the
non-triviality of A - Ay > B. Hence Ay = 0.
Consider the composition of the inclusion of one of the factors [0 - G]
of M, into M with p. Tt has the shape

If this map was non-zero, its group component would induce a splitting of
G. This is not possible because we have assumed that M is reduced. The
map has to vanish. As a consequence the pull-back of & = p*ws to G is equal
to
Olg = (p*w2)|g =0"wy = 0.

This means @|pz, = 0. In other words, 1 = 0. By linear independence of the
&; and w; this implies b =0, d = 0.

We repeat the argument with the inclusion of one of the factors M of
M), into M. It has the shape

(L~ G]—>[Ly~> T3]

As M is reduced, there is no non-trivial map from G to a torus, so the
group component of this map vanishes. The image of L in 75 has to be 0
and therefore its image in Lo is in Ky = ker(Lg — T3). This is true for all
factors M of M), hence the surjection L - Lo factors via Ko € Lg. This
implies that Lo = K5 and the structure map Ly — T5 of My vanishes. The
composition

M)\—)ME)MQE[L2—>0:|X[O_)T2:|
has image in [Ly — 0], hence the restriction ¢ of @ = p*wy to Vi (M)) takes

values in VdVR([Ll’\‘ — 0]). By linear independence this implies ¢ =0, f = 0.
This shows that our linear relation has been reduced to

Y a&(o) + > gu(X) =0.
The terms in the first sum are periods of Tate type, hence multiples of 2.

The terms in the second sum are periods of algebraic type, hence multiples
of 1. This reduces the proof to the transcendence of 7. This was shown in

Corollary O
COROLLARY 15.7. Let M be saturated with A = B simple. Then

4¢?
S(M)=6(T)+—+d(L)
e
+2g9rkp(G, M) +2grkp(L, M) + erkp(G, M )rkg (L, M).
In particular, the formula in Theorem holds.
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PrOOF. We read off the numbers from the basis constructed in the proof
of the previous lemma. Accordingly we have

|U| = I'kB(G,M), |7| = 29/67 |)\| = rkB(LaM)7
|£| = SI‘kB(G,M), |w| = 297 |’LL| = 6rkB(Lv]\4)‘
O

15.2.2. General Saturated Motives. Assume M is saturated, but
A not necessarily simple. We have (up to isogeny)

Az B x---xBym™
with simple, non-isogenous B;. Hence
End(A)g 2 My, (Ey) x -+ x M, (Em)
with non-isomorphic division algebras F;.
LEMMA 15.8. There is a natural decomposition
M =M™ x---x Mp™
with each M; saturated with abelian part given by B;.

PROOF. Let p; € End(A) be the projector onto B;". This gives a de-
composition of the identity 1 =} p; into idempotents.

Since M is saturated, we have End(A)g = End(M ), which implies that
p; can also be viewed as a projector on M. We obtain a decomposition

m

(20) M= G?pi(M).
i

into isotypical components.

We now replace M by one of the factors p;(M ) and drop the index i. The
abelian part is now B". We write £ = End(B)q. Let ¢1,...,q, € M, (F)
be the projections to the components. This gives a decomposition of the
identity 1 = ¢1 + - + ¢, into idempotents ¢;. As End(M) = M, (F) this
induces a decomposition

n
Mz @ ql(M)
i=1
The permutation matrices in M, (F) induce isomorphisms between the fac-
tors ¢;(M), hence we even have

M= (M
with abelian part of M’ given by B. O

PropoSITION 15.9. Consider a saturated 1-motive M. Then the formula
in Theorem [15.3 holds.
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PrROOF. By Lemma [15.8| we are dealing with the motive
M s x Mpm
with M; as there. We have
P(M;) = P(M;)
hence we may without loss of generality assume n; = 1 for ¢ > 1. We now

repeat the proof of Lemma and Corollary with an extra index
i. O

15.3. Special Cases

The formulas which we have derived so far simplify if one of the con-
stituents of M vanishes. Indeed, what we have shown so far is enough to
give not only estimates but complete formulas. It is worth spelling this out
explicitly in the different cases.

15.3.1. Motives of Baker Type. The simplest case is the Baker Mo-
tive M = [L - T']. Here we get back Baker’s famous theorem on linear forms
in logarithms in its qualitative version.

PRrROPOSITION 15.10 (Baker’s Theorem). Let M = [L - T'] be of Baker
type. Then
O(M)=0(T)+6(L) +rkg,, (L, M).

PROOF. Let K be the kernel of L - T and L the image (up to torsion).
Consider the motivic decomposition [L — T] = [K — 0] & [L —» T] with
L — T injective. The periods of [L — T'] agree with the periods of

M’ =[> x(L)/Torsion - Gy, ]

with x running through Hom(7,G,,) as in the definition of rkg,, (L, M).
The structure map of M’ is injective. The torus part has rank rkg, (L, T).
We now choose bases and proceed as in the proof of Lemma [15.6| and Corol-

lary only simpler. O

REMARK 15.11. This is precisely Baker’s theorem, see [Bak66], see also
[BWOT, Theorem 2.3]. It can also be deduced directly from the Analytic
Subgroup Theorem in its original form applied to a group of the form V xT'
for a vector group of dimension equal to the rank of L. We can even take
Gg x T. This the line of proof used in [BWO7].

15.3.2. The Semi-abelian Case. In this section, let M = [0 - G]
be of semi-abelian type. The dimension computation will be achieved by
reduction to the saturated case. For later use, we record the construction of
this saturation. As always, G is an extension of an abelian variety A by a
torus T'. It is determined by

X(T) - AY(Q)g = Ext' (4,Gn)0,
see Corollary
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DEFINITION 15.12. Let G be a semi-abelian variety, X = X(7T') the
character group and E = End(A)g. We denote by X,eq the image of X in
AV(@)Q and by G,eq the semi-abelian variety defined by X,.q — AV(@)Q.
Define B

Xsat = Xreal © AV(Q)Q
and Gy, as the semi-abelian variety given by Xgar ¢ AY (@)@
The projection X - X,¢q induces a natural injection
Gred -G
and the inclusion X,q ¢ X;eqF corresponds to a projection
Gsat = Gred-

By construction End(Ggat) = E. Our first Lemma relates the spaces P(G)
and P(Gsat)-

LEMMA 15.13. Let G be semi-abelian. Then
P(G) = P(Ggar) + P(T).

PROOF. Let X' =ker(X - AY(Q)g) and 7" the torus corresponding to
X'. Up to isogeny this gives a decomposition

Gz2T x Gred

and deduce that

P<G> = P<T,> + P<Gred)'
The first space P(T") is included in P{Greq) unless X;oq = 0. In this excep-
tional case, Greq = Gsat = A and the statement is true. In consequence it
suffices to work in the case G = G,q and we claim that

P(G) = P(Gsat)-

The surjection Ggat - G induces an inclusion P(G) c P(Ggat) of the period
spaces. We now establish the converse inclusion.

Let e be a Q-basis of F = End(A). (As in Section we write e for
the array eq,...,eq etc.)

Let o be a Q-basis of Viing(T") and extend the basis by v to a Q-basis of
Viing(G). We write e,o for the set e;.0; for e; € e, [ € l. The tuple (e«o,7)
is a system of generators of Viing(Gsat)-

Let w be Q-basis of Vjz(A) and extend the basis by ¢ to a Q-basis of
Vir(G). We denote by e*¢ the array e;¢; for e; € e, uj € u. Then the array
(w,e*€) is a system of generators of Vi (Gsat)-

All periods of the form e*¢(e«o) are multiples of 27i, hence contained
in £(o). The same holds trivially for the periods of the form w(y). Consider
a period

e; & () = &5 (einvr)
The element €;.7y € Viing (Msat) is a Q-linear combination of the generators
(e«0,7), hence the period &;(e;+7x) is a linear combination of periods of the
form £(eso) and £(7y), both contained in P(G). O
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We are now ready for our dimension computation.

PROPOSITION 15.14. Let G be semi-abelian, an extension of the abelian
variety A by a torus T. Then

§(M) =06(T) + Z (B)

where the sum is taken over over the simple factors of A, without multiplic-
1ties.

4¢9(B)? + Z 29(B) rkg(T, M),

ProOF. First we consider the exceptional case G =T x A, up to isogeny.
We have

6(A) = 49(B)”

S 15
as a very special case of Proposmon [15.9] In the product case the claim is
the linear independence of the spaces P(T') and P(A). This follows from

the dimension formula in the case of a non-trivial extension (or its proof),
so we may ignore the exception.

In the non-split case, P(T) ¢ P(Gsat) and Lemma [15.13] gives
d(G) = 6(Gsat)-

In the saturated case, the formula is as special instance of Proposition [15.9
O

REMARK 15.15. The statement does not mention 1-motives, and indeed,
the formula can be deduced directly from the Analytic Subgroup Theorem
in its original form.

15.3.3. Motives of the Second Kind. Assume that M =[L — A] is
of second kind. We argue as in the semi-abelian case.

DEFINITION 15.16. Let M = [L — A] be of second kind, and E =
End(A)g. We denote by Lyeq be the image of L in A(@)Q and put Meq =
[Lyeq — A]. Define

Lsat = ELrea © A(Q)qg

and write Mgy for the motive [ Lgyy — A].

The projection L — L,oq induces a natural projection

M — Miea
and the inclusion X,.q ¢ X,cqF corresponds to an inclusion
Msat = Mieq.

By construction End(Mgat) is E.

LEMMA 15.17. Let M =[L — A] be of the second kind. Then

P(M) = P(Mgat) + P(L).

PROOF. Mutis mutandis, the argument is the same as in in the proof of
the semi-abelian case, for Lemma O
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PROPOSITION 15.18. Let [L — A] be a 1-motive of the second kind. Then
O(M)=6(L)+ Z (B) 4q B) + Z 2g(B)rkp(L, M)

where the sum is taken over the simple factors of A, without multiplicities.

PROOF. Mutis mutandis, the argument is the same as in the semi-
abelian case, Proposition O

REMARK 15.19. In contrast to the semi-abelian case, the argument here
uses the language of 1-motives. This can be avoided by considering the
vector group M"Y directly. This is not surprising: after all the Analytic
Subgroup Theorem for 1-motives is a consequence of the Analytic Subgroup
Theorem in its original form.

There is an alternative argument for the proof: the Cartier dual of M =
[L — A] has the shape [0 - GY] where GV is the semi-abelian variety
with abelian part AY and defined by the classifying homomorphism L —
(AY)Y(Q)g. The period spaces of M and G have the same dimension.
Moreover, tkg(L, M) = rkpv(TV,G") so that the formulas for M and G"
match.

15.4. Proof of the Dimension Estimate

Theorem [15.3] states a formula for §(M) in the case of a product of a
motive of Baker type and a saturated motive. We have already handled each
factor separately. Looking a little more carefully at the proof will also give
the full result.

PropoOSITION 15.20. Let M be a product of a Baker motive and a satu-
rated 1-motive. Then the dimension formula of Theorem[15.5 holds.

Proor. We have already established the case of saturated motives in
Proposition and of motives of Baker type, see Proposition With
the same argument as in the proof of Proposition we may assume that
the saturated motive is of the form

M x -+ x M,,

where the M; have simple abelian part B; and the B; are pairwise non-
isogenous. The periods remain unchanged. As in the proof of Baker’s
theorem, we further may assume that the motive of Baker type is of the
form

MO = [L—’Gm]

The periods and the ranks in the formula remain unchanged by this process.
Going through the argument in the proof of Proposition [I5.9] but with
1=0,1,...,m instead of © =1,...,m proves the Proposition. O

Since the reduction of the proof of Theorem to the case of Propo-
sition is lengthy, we offer a short outline of the proof.
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Given a 1-motive M we want to find a 1-motive M with the same abelian
part A such that £ = End(A) operates on all of M. The idea is to enlarge
both T" and L by adding their E-translates. In the simplest case the motive
is u : Z - A, which is made E-equivariant by replacing Z by End(A)u.
We already used this device in Definition However, this needs first
to make M reduced before the procedure can be applied. If this has been
achieved, so that we are in the reduced case, we enlarge G to Ggat such
that F operates on Ggut. To this end, we have to choose a lift L - G to
L — Glgat, then enlarge L such that E operates. In some of the steps the
periods remain the same, in other steps, the space of periods is enlarged. In
each step the periods can be controlled.

To begin with, the first step is to construct in a canonical way a 1-motive
Mgy of Baker type and non-canonically a reduced M,¢q such that

(21) P(M) = P(Mrea) + P{Mpgk).

This is done as follows: The composition L - G(Q)g - A(Q)g has
a kernel L' and an image L”. We have [L"” - A] = [L - Alyeq with the
notation of Definition As L' - G factors via T, this defines a motive
of Baker type [L' - T].

Similarly X (T) - AY(Q) has a kernel X(T") ¢ X(T') (for some quotient
T — T") and an image X (T") (for some subtorus 7" c T). As in Remark [4.15]
it induces a canonical short exact sequence

0-G -G->T"-0

of semi-abelian groups. The group G’ coincides with G.eq in accordance
with the notation of Definition [5.12
With these data we define a Baker type motive by
Mgy = [L/ - T] D [L — T"].
We now choose splittings L = L' x L" and X(T) =2 X(T") x X(T"), inducing
G =G xT", all up to isogeny; see Remark The composition of L"” —
G with the projection G — G’ defines (uncanonically, depending on the
complement) a reduced motive
Mred — [LI/ N G/]
with the the L-rank and the T-rank of M only depending on M,qq.

REMARK 15.21. For later use, we point out the following: If a semi-
simple algebra E operates on M, then it will automatically act on Mpgk.
Moreover, M,eq can be constructed such that E still operates. We only have
to choose the splittings of L and X (7T") equivariantly.

LEMMA 15.22. There exists a decomposition of P(M) as
P(M) = P(Mpx) + P(Mrea)-

PROOF. Both Mgy and M,eq are subquotients of M, hence their periods
are contained in P(M). It remains to check the opposite inclusion.
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From Remark [£.15] we know that G 2 G’ x T" with G’ reduced as a
1-motive. By composition with the projections, the map L — G induces
L - G and L - T". The induced morphism

[L->G]—>[L->Gx[L->T"]
is injective, hence
P(M)cP([L-G)+P({[L->T"]).
In the second step, by definition of Mpy, we have L = L' x L"” with L - A
injective and L' — G factoring via T'. The map
[L' -G x[L"->G']-[L-G
is surjective, hence
P([L—-G)cP(L - G)+P(L" - G]).

This is close to the shape we need, but not quite the same. We need to work
on the first summand. By assumption the map L' - G factors via T and
hence L' - G’ factors via T’. This gives a well-defined morphism

[L'>T'1x[0>G]~[L -G
which is surjective. Hence
P([L - G'))cP([L' > T']) + P(G').
Putting these inclusions of period spaces together we get
P(M)cP(L'>T])+P{L"-G")+P({L->T"]).

By definition the first and the last summand add up to P(Mpy) whereas the
middle term summand equals P({Meq)- O

Having finished the reduction step, we now consider the case where M
is reduced. We keep E = End(A)g. Next we shall construct a motive
Mot = Mo x My such that P(M) c P(Msa), My is of Baker type and M;
is saturated with End(M;) = E. To this end, we use Tyat, Ggat, Lsat and
Lgat — A such that the E-operation extends to Ggat and [Lga, — A], see
Definitions [5.12] and [5.16]

It remains to lift Lgyy > A to a map Lgit = Geat. We choose a lift of
L - G to a morphism L — Ggu;. The image of L' := EL c G4t (Q) in A(Q)
agrees with Lg,¢. By construction E operates on

M’ = [L, g Gsat]-
However, M’ is not necessarily reduced (and then saturated) because L’ —
Lg,y is not necessarily injective. We put
My = (M")pk, My =(M")red, Msar = Mo x M.

As pointed out in Remark |15.21} we can choose M/ ; such that E still
operates. This makes M7 saturated.
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REMARK 15.23. The construction of Mg, depends on the choice of a lift
of L > G to L - Ggat. We do not know how to do this in a canonical way.

LEMMA 15.24. Let M be reduced, Mg,y = My x M7 as constructed above.
Then My is of Baker type, My is saturated and
P<Msat> 2 P(M)

PROOF. By definition, Mj is of Baker type and M; reduced with E =
End(A) c End(M;) c End(A)q, hence M; is saturated.

By construction there is an injection [L - Ggat] — M’ (with M' as in
the construction of Mg,) and a surjection [L — Ggat] = M. Together this
gives the inclusion of period spaces

P(M) c P(M').
By Lemma [15.22] we also have
P(M') € P(Mpy x Moq) = P{Msat)-
O

ProOF OF THEOREM [I5.3 Part (1)) is Proposition [15.20f Part (3) is

clear because all periods of [L — 0] are algebraic and all periods of T are
multiples of 27i. It remains to prove (2). By the Lemmas [15.22] and [15.24]
we have

P(M) C P<MBk X MO X M1>
with Mgk and M, of Baker type and M; saturated with the same abelian
part as M. 0
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Structure of the Period Space

It is not too difficult to determine the structure of the space of periods
in the general case by going back to its constituents. The inclusions

[0-T]c[0>G]c[L->G]=M
induce a filtration
Vsing(T) g Vsing(G) g Vsing(M)-
and, from the dual point of view, a cofiltration
M=[L—-G]~[L—-A]~->[L-0]
inducing a filtration
Var (M) < Var([L ~ A]) < Vgr([L — 0]).
Together, they introduce a bifiltration
P(T)—— P(G)— P(M)

PlA)— P([L ~ A))

P([L - 0])
on P(M). We introduce the notation (and terminology):
Pra(M) =P(T) (Tate periods)
Pa(M) =P(A) 2nd kind wrt closed paths)
Patg (M) = P([L - 0]) algebraic periods)

P3(M) = P{(G)/(Pra(M) + Po(M)) 3rd kind wrt closed paths)
Pinc2(M) = P([L - A])/(P2(M) + Pag(M)) (2nd kind wrt non-cl. paths)
Pinca(M) = P(M)[(P3(M) + Pinc2(M)) (3rd kind wrt non-cl. paths)
If M is of Baker type (i.e. A =0) we also use Ppx(M) = Pincs(M).

From the bifiltration scheme we see that for example that periods of the

third kind with respect to closed paths are only well-defined up to periods
of Tate type and periods of the second kind with respect to closed paths.

~~ ~~ —~
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DEFINITION 16.1. In each of the cases 7 = Ta, 2, alg, 3,inc2,inc3 we put
5 (M) = dim@P?(M).

The dimensions of the various blocks will be determined one by one. By
adding up the 9, (M) we then get 6(M). This works because of the following
property:

THEOREM 16.2. The spaces Pra(M), Pag(M) and P2(M) have mutu-
ally trivial intersection. Moreover,

P(G)nP([L - A]) =P(A).

PRrROOF. These are statements about linear independence. We actually
determined bases in the case of a product of a motive of Baker type and
a saturated motive in order to determine the dimensions. Also by Theo-
rem we find the periods of M in the space of periods of a certain M of
this special shape. The linear independence claims are simply a byproduct.

Alternatively, we can read off the claim from the dimension formulas
themselves (rather than their proof). We explain this in detail.

Consider the semi-simple motive

M'=[L—-0]x[0->T]x[0- A].

It is the product of a motive of Baker type and a saturated motive. Theo-

rem [15.3] gives
MAW)=MT)+ML)+Z%X%5QﬂBP:5wgwﬂ+&mUW)+®UW)
B

This means that the period spaces Pry(M), Pag(M), and Py(M) have
mutually trivial intersections.
To prove the second claim, we consider the motive

M =[L - A]x [0~ G].

The first factor is of second kind, the second factor is of semi-abelian type
and we have computed the dimension of their period spaces in Proposi-

tion and Proposition [15.18] as:
8(G) = 8(T) +6(A) + ). 29(B) rkp(T, M),
B

S([L - Al =06(L) +6(A)+ > 29(B)rkp(L, M);
B

here we have used that rkg(L, M) =rkg(L, M") and rkg(T, M) = rkg(T, M").
On the other hand, combining Lemma and Lemma on the sat-
urations of motives of semi-abelian type or of the second kind, respectively,
we get
P(M”) — P(M{I)
where
M" =T x[L - 0] x [0 Ggat] % [Lsat = A]
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with Ggat and L, as in Definition [15.12] and [I5.16] This is a product of a
motive of Baker type and a saturated motive, hence we find the dimension
of its period space by Theorem [15.3| as

S(M")=5(M")
=6(T)+6(L)+6(A) + Y 29(B)rkp(T, M) + > 2g(B) rkp(L, M)
B B

Moreover, we know that the intersection of P(G) and P([L - A]) contains
at least P(A). For the numbers to match up, the intersection has to be
equal to P(A) O

REMARK 16.3. The language of 1-motives has proved useful in the proofs,
but it is compulsory for the structural results in the present chapter. The
structure of the period space is readily described in terms of the constituents
of the 1-motives, but not in terms of finitely generated subgroups of con-
nected commutative algebraic groups and their constituents.

COROLLARY 16.4. We always have
5(M) = 6Ta(M) + 62(M) + 5alg(M) + 63(M) + 6inc2(M) + (5inc3(M)-

This can be compared with our results for motives of semi-abelian type,
of second kind or of Baker type. This is what we know so far:

PROPOSITION 16.5. (1) All Tate periods are Q-multiples of 27i, all
algebraic periods are in Q. In particular éra(M) and 6ag(M) take
the values 0 or 1, depending on whether T or L are trivial.

(2) We have
1
5a(M) = Y — - dg(B)?
5 )
where the sum is taken over all simple factors of A, without multi-
plicities.
(3) We have

d3(M) = 29(B) rkp(T, M)
B

5in02(M) = 229(3) I‘kB(LvJ\4)
B

(4) If M is of the Baker type, then
Sine3(M) = k(M) =rkg,, (L, M).
(5) If M is saturated, then
dinc3(M) = ZB: e(B)rkp(G,M)rkp(L, M).

(6) If M is the product of a motive of Baker type and a saturated mo-
tive, then the contributions add up.
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REMARK 16.6. It remains to determine the precise value of dinc3(M) in
the general case. This will happen in the next chapter. In contrast to the
other entries, there does not seem to be an easy and clean answer. The
classical cases are misleading in this respect. The problem is the subtle
interplay between the lattice and the torus part as well as with non-trivial
endomorphisms of the abelian part.

Translated to algebraic varieties, these are the periods of the third kind
with respect to non-closed paths on algebraic curves of genus bigger than
0. Next to nothing was known about them before our monograph. Indeed,
as already mentioned before it is here were the point of view of 1-motives
really is needed.



CHAPTER 17

Incomplete Periods of the Third Kind

In this chapter we develop a precise formula for the dimension di,c3(M)
of the space of periods of the third kind with respect to non-closed paths
given by

Pine3(M) = P(M)/(P(G) + P([L ~ A]))
where M = [L - G] and G is an extension of the abelian variety A by the
torus T'. It is the most complex part of the picture.

17.1. Relation Spaces

The assignment M — Pi,e3(M) only has a weak functoriality. If M" — M
is injective or M — M" surjective, the inclusions P(M"), P(M") c P(M)
also induce maps
7)incfﬂ(]\4,) - 7)incS(-Z\4)u PincS(MH) - 7311’1(:3(]\4)~

In terms of the filtration on P(M) we are now interested in the periods
of the associated gradeds

Vaing (M) /Vaing ([0 ~ G]) = Vaing([L — 0]),
Var (M) /Var ([L ~ A]) = Vg (T)
of the filtrations in ChapteiI6|of highest degree. We make the identifications
Var(T) = X(T) ® Vgr(Gm) = X (T)g;
Vsing ([L > 0]) = L ® Vsing([Z > 0]) = L.
Given an elementary tensor [ ® z € L ® X (1) we choose £ € V(M) and
A € Viing (M) with image « in ViR (T) and ! in Ving([L — 0]). Then we
define a map
®:Log®X(T)g - Pines(M)
lex — &(N).

LEMMA 17.1. The map ® is well-defined and surjective after extension
of scalars to Q.

ProoF. Two choices of A differ by an element § of Viing(G). The period
£(9) only depends on the image of  in V,;(G). Hence it is an element of
P(G). The same reasoning works for {. Every element of P(M) is a linear
combination of elements of the form £(\). By definition we have

cN)=d(zel)

151
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where z is the image of £ in Viing([L — 0]) and [ the image of X in Vi, (7).
This makes ¢ surjective. O

The surjectivity of ® gives some first information for dinc3(M). Indeed
we have:

COROLLARY 17.2.
5inc3(M) < (I‘kL)(dimT).

Also we note that the map ® is compatible with the weak functoriality
of Pincs. This can be expressed by the commutative diagram

P

L' ® X(T’) e PiHCS(M,)

/

L'e X(T)

\ N

L& X(T) —— Pinca(M)

for M" - M and the same for M - M". In order to determine dinc3(M) we
need to describe the kernel of ®.

17.1.1. Structure of Relation Spaces. In a first step we describe
the obvious relations and in a second step we verify that they are sufficient.
A morphism of iso-1-motives « : M7 — M induces morphisms
ay: A1 - A, as:Lig—->Lg and o.:T7—T.

By duality we also get a morphism a* : X (T")g - X (T1)q-
Consider an exact sequence
My S M 5,
For Iy € Ly, x9 € X(T3) the period class ¢pr(a.(l1) ® 5*(x2)) agrees with
the image of
dmr(aly) ® Brwalnr) = parr((ly) ® 0) = 0 € Pinez(M')

by the functiorility relation for M’ = a(M;) ¢ M. This shows that the
elements of a.(L1)g ® B (X (T2))g have image 0 in in Pine3(M), which
gives us some first relations. They depend on the exact sequence which

determines a and 8. This suggests to go further and take the sum over all
short exact sequences as first approximation of the relation space.

DEFINITION 17.3. We define the space

Ry (M) := %a*(Ll@) ® (X (T2)g) c Lo ® X(T)q

where the sum is with respect to all exact sequences

M S v S
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Such relations are called primitive.

For n > 1 we extend the definition and introduce the summation maps
sn= . 0i®q: Ly® X(T")g > Lo® X(T)g

where p; + Viing(M™) = Viing(M) and ¢; @ Vyp(M™) - Vi (M) are the
projections to the ¢th components, respectively, induced by the projection
m; + M™ — M to the ith component and the inclusion ¢; : M — M™ into the
j-component. For 7 # j they satisfy m; 0¢; = 0.

DEFINITION 17.4. For n > 1, we put
Ry (M) = sp(Ri(M")).
This is justified by the following lemma.
LEMMA 17.5. The space R, (M) is contained in the kernel of ®.

PROOF. We explained that Ry (M) is contained in the kernel of ® before
we introduced Rj(M). Applying this to the motive M™ we see that

> (pi ® q;)(R1(M"))

is in the kernel of ®. For ¢ # j, the orthogonality relation implies that all
elements in the image of p; ® ¢; are in ker(®) themselves. Dropping them
from the sum we are still in the kernel. ([

REMARK 17.6. The space of primitive relations remains unchanged if we
restrict to injective v and surjective 8. However, we find the extra flexibility
useful. Observe that

B (X (Tz)q) = ker(au : X(T)g — X(T1)q),
ax(L1,g) =ker(Bs: Lo — La2g),

where My = [L1 — G1] with torus part Ty and My = [Ly - G3] with torus
part T5. This gives a less redundant, but also less symmetric description

Ri(M) = .MZ Mim(a*) ® ker(a™)

- Y ker(8) @im(8°)

B:M—Ms

There are trivial inclusions R, (M) c Ry41(M). This suggests that we
make the following definition.

DEFINITION 17.7. We put
Rines(M) = | R (M).
n=1

The hope is that this makes up all relations. This is the statement of
the following theorem.
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THEOREM 17.8. The map
(Lo ® X (T)g/ Rincs(M))g = Punca(M)
induced by ® is an isomorphism. In particular, we have
Oinca(M) = (rkL)(dim T") — dim(Rine3(M)).

As Lo® X (T)q is finite dimensional, the system R, (M) has to stabilise.
Actually, the proof below will show that taking rk(L) or rk(X (7)) for n
suffices. The argument has two steps: first we deal in Section [I7.1.2] with the
special case L = Z, then in Section [I7.1.3 we give the reduction argument.

17.1.2. The Case L =7Z. In this section we make the hypothesis that
L =7. In this case L ® X(T') is identified with X (7T") and with this identifi-
cation the map ® simplifies to

D X(T)g = Pines(M).
LEMMA 17.9. Under this assumption
Ri(M)=>a"X(T")
where the sum is with respect to all M" = [L" -~ G'] with torus part T" and
all a: M - M" such that a.(1) = 0 for 1 the image of 1 in G(Q)g.
Proor. We use the description
Ri(M) =) ker(a,) ® im(a”)
with respect to all a: M — M’. Clearly we have ker(a.) # 0 if and only if
[ € ker(a,) and in this case we have identified Z® a* X (T") with im(«*). O
PROPOSITION 17.10. Let M = [Z — G] be a 1-motive. Then the map
X(T)g/Ri(M)g ~ Pines(M)
18 an isomorphism. In particular,
Rinc3(M) = Ri(M).
Proor. We have already discussed surjectivity, so it remains to show
ker(®) c Ry(M).

We choose bases along the same pattern and with the same notation as
for the proof of Lemma but without taking the End(A)-action into
account. This means that (o,7v,)) is a Q-basis of Viing(M) and (u,w,§)
is a Q-basis of V35 (M), and moreover, we choose A such that its image in
Vaing([Z — 0]) is the basis 1. Also we choose ¢ such that its image £ in
Var(T) is a Q-basis of X (7T')q.
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Suppose we have an element 1) in the kernel of ®,;. It is of the form
Y = ¥ ¢;&; such that its period is contained in P([L - A])+P(G) by the def-
inition of Pine3(M). Unwinding this we see that there is a Q-linear relation
of the form

D a&(o) + 3b&(y) + 2 es(N) + Y dw(v) + 3 fw(A) + Y gu(X) = 0.

This gives a non-trivial period relation and the Subgroup Theorem for 1-
motives can be applied. We introduce the motives, which can be read off
the relation above. They are

M, =[0~T,], T,=Gg],
My=[0-G,], G,=G",
My =M.
We apply the Subgroup Theorem to the motive
M = M, x My, x My =[L - G].
In order to write the above relation as a period relation on M we introduce
3= (0,7, A) € Viing (M),
= (> ai&li=1,....l0]) x (O bi& + Y dijwjli = 1,....]])
x (D ei&i+ 20 fiws+ 3o 95u5)
Then the dependence relation above says that
w(¥)=0.
The Subgroup Theorem for 1-motives gives a short exact sequence
0> M 5> M2E M0

such that 4 = v, and @ = p*ws. In the next step we unwind what we have
obtained so far.

By assumption the push-forward p.y of 4 in Viing(M2) = Viing([L2 —
G2]) vanishes. Further its image in Viing([L2 — 0]) = Lo g coincides with
the image of the generator of L ¥ Z, which vanishes. This implies that
LQ = 0, and M2 = [0 - GQ]

We now construct the 1-motive M’ and o : M — M’ as needed in the
description of R;(M) in Lemma Let G’ be the image of Gy c G in G4
under p: G - G5. We write py for the restriction of p to My. The motive
M'=[0- G'] and a = py : M = My - M’ satisfy the conditions for Ry (M).
It remains to relate 1 to an element in o* X (7).

The restriction of @ to M) only depends on the map « : My - [0 > G']
and can be expressed as a*w’ for the restriction w’ of wy to Vi (G'). A
further restriction to G, gives

Wla, =Y. ¢i&+ Y. fiw; = piw’ € Vir(G).
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Restricting to T =T gives
@l = Y ci& = ™ (W) € Vir(Th) = X(T)g-
In conclusion, we get
=3 ¢ e X(T)g c Ri(M) @g Q.
J
and this proves our claim. O

17.1.3. The Reduction Argument. Given a 1-motive M = [L = G,
there is a 1-motive G with the same periods as M, but a lattice of rank 1:
let I1,...,l, be a basis of L and put

M=[Z-G"]
with structure map 1 ~ (u(ly),...,u(l;)). The same choice of basis also
induces an identification
L® X(T)z X(T)"
compatible with the period map ®.

LEMMA 17.11. In this situation,
Ry(M) c Ri(M™).

PROOF. Let a : M — M’ be as in the definition of Rj(M) with M
replaced by M, accordingly the image of the basis element 1 € Z in the
lattice part of M’ vanishes. In other words, the map on the group part

a:G" =G

extends to a morphism of motives

a:[Z-G-[0->G].
Let L’ be the image of L" in G' and M’ =[L" - G']. Then the induced

M= [ >G5 M
is as in the definition of Ry (M"). Moreover, the element (l1,...,[,) is in the
kernel of o' because a(u(l1),...,u(l;)) =0. Let (t1,...,) be an arbitrary
element of o*(X(7")) ¢ Ry(M). Then (l1,...,l;) ® (t1,...,t,)) fulfills the
requirements for being in Ry (M"). O

PROOF OF THEOREM [I7.8. The periods of M, M and M" agree. From
Proposition [17.10[ and the last lemma we know that

ker(® ) = Ri(M) c Ri(M") c ker(®pr).

In consequence, equality holds everywhere. The map ®,s- factors through
the summation map s, and, by definition, R,(M) = s(R1(M")). This im-
plies

ker(®ys) = R, (M).
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As the R, (M) are nested, this means
Rincg(M) = RT(M) = ker(‘IDM).

COROLLARY 17.12. We have
Rinc3(M) = Rn(M)
where n is the minimum of rkL and dimT'.

PRrOOF. The proof of the theorem gave equality for n = . The dual
arguments allows to reduce to the case where the torus is of dimension 1
and hence n =dim7T is also enough. ([

17.2. Alternative Description of diyc3(M)

In the last section, we used a trick to reduce the computation of dic3( M)
to the case of motives with lattice part of rank 1. The trick has a canonical
interpretation that will lead to an alternative description of Rinc3(M).

LEMMA 17.13. Let A be an additive category, Z-Proj the category of
finitely generated free abelian groups of finite rank. There is an additive
bifunctor, the external tensor product

®:Z-Projx A— A,
uniquely determined by (Z,X) ~ X.

PRrROOF. Let A be a free Z-module of rank r and choose a basis A1, ..., Ap.
For X € A we put
Ao X :=X".
Let f: A —» A’ be a Z-linear map. In our chosen bases it is given by a matrix
(aij)i; with entries in Z. We define

f* AR X — A X
as the map X" - X ™ defined by the matrix. O

The construction is applied to the categories of abelian or semi-abelian
varieties. Given a l-motive M = [L = G] we can consider A = LY and the
semi-abelian variety LY®G = G". The structure map u : L - G of M induces

a canonical homomorphism Z - LY ® G as follows: if l1,...,[, is a basis of
L, then

1 c:=> I ®u(ly)

is the image of 1. We refer to ¢ as the tautological element. This map is
independent of the choice of a basis and has the properties of an adjoint of
U.

~ REMARK 17.14. The l-motive [Z - LY ® G] agrees with the 1- motive
M considered in Section [17.1.3]
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The abelian part of [Z - LY ® G] is LY ® A, the torus part is LY @ T
with character group X(LY®T) =L & X(T).
As pointed out before, the periods of M agree with the periods of our
adjoint. Moreover, the map ® for [Z —» LY ® GG] given by
O:Z0X(LYeT)=L®X(T)— Pinez(M)
agrees with the map ®,,. We have shown in Proposition that
ker(®) = R ([Z - LY ® G)).

Our objective is to give an explicit description of this space.

The algebra £ = End(LY ® A)qg operates (up to isogeny) from the right
on (LY®A)Y 2 Lo AY. On the other hand, the semi-abelian variety LY ®G is
characterised by a homomorphism [LY @ G]: X (LY ®T) » (LY @ A)"(Q)g:
A choice of elements a € E, y € L® X(T), z ¢ L ® AY(Q)g determines
extensions Gz, Gv(y) 2 "Gy and Grveg)(y) in Ext' (LY ® A,G,,).

We require that the following compatibility conditions are satisfied:

(A) a¥(z) =[LY ® G](y); in other words, the diagram

X(LYeT) LY 7= X(Gn)
[LV@G]l j[G””]
L AY(Q) ~ Lo AY(Q)
is commutative, which means that o extends to a morphism
ay: LY ®G - Gy.
(B) ay(c) =01in G, and again as a consequence «, defines a morphism
[Z > L"e®G]—[0-G,.]
THEOREM 17.15. Let M = [L = G] be a 1-motive. Then

Rines(M) = (y e Lo ® X(T)g |
Ja e End(LY ® A)g, 3z ¢ (L® AY)(Q)g, (4),(B))

ProoOF. We have to check that the set on the right coincides with
Ri([Z - LY ® G]). Given a € E and x with (A), the morphism « ex-
tends to The element y € X (LY ® T') is in the image of &* by (A), hence a
primitive relation.

Conversely, take y € R1([Z - LY ® G]). By Lemma there are
a:[Z—-LYe®G] - M and x € X(T") such that y = a*(z) (this equality is
property (A)) and and the tautological element c is in ker(a.). A fortiori,
the image of ¢ vanishes in X (G,) (the vanishing is property (B)).

The abelian part A’ of M’ is a quotient of LY ® A. By semi-simplicity, we
can choose a direct complement A”. By abuse of notation, we also denote
the projector LY ® A > A" - LY ® A obtained this way by a. We may now
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replace M’ by M’ x [0 — A”]. The new data defines an element of the right
hand side. g

EXAMPLE 17.16. We go back to Example and take for A an elliptic
curve E, 0 - G, > G - F - 0 a non-trivial extension (non-split, even up
to isogeny) and P € G(Q) a point whose image in E(Q) is not torsion. We
consider

M=[Z5 G
with u(1) = P. The surjection
®:7Z0 X(Gyp) =Z — Pines(M)

gives an upper bound of dipc3(M) < 1. It remains to compute the relations.
Assume that 0 # y € Rine3(M). By Theorem this means there are
a € Endg(E)g and x € EV(@)@ such that o"(z) = [G](y) and ay(c) =0 in
G. The first condition implies that o and = are different from zero. This
makes « invertible and we get an isomorphism G — G,. The tautological

class ¢ € G(Q)q is equal to P in our case. It was assumed to be non-torsion

in G(Q), and the same remains true after applying the isomorphism a. We
get a contradiction to (B), and this shows that Rinc3(M) =0 and,

5IHC3(M) = 1
This fits with our explicit computation in Chapter both without CM
and with CM.

REMARK 17.17. We had the suspicion that there might be a better
description of Rj,.3(M) in the language of biextensions. We now tend to
think that this is not the case. The period pairing is not related to the
pairing between a 1-motive and its Cartier-dual.






CHAPTER 18

Elliptic Curves

In some sense, Baker’s theory of linear forms in logarithms can be seen as
an intermezzo, although one of the most influential, in establishing a modern
theory of periods. We shall now describe a second very important aspect of
the theory, namely elliptic periods, which has been developed in the last one
hundred years by many authors starting with Siegel and Schneider. We shall
describe it first in a classical way as has been understood by these authors
and then give the translation into our modern language of 1-motives. For
more details about the history see the introduction, in particular Section

L3l

18.1. Classical Theory of Periods

We review the classical theory of elliptic curves from an algebraic and
analytic point of view. This will be used for an application of our abstract
results about 1-motives to explicit transcendence results in the elliptic case.
For basics on elliptic curves and functions we refer to [Ahl53l Chapter 7]
or [Cha85| Chapters III, IV].

Let E be an elliptic curve given in the projective plane P2 by an equation
of the form as
(22) viw = 423 - go 2w® — gz w?
with complex parameters g, and g3 such that the discriminant A = 93—27932) #
0.

On FE addition can be defined and one obtains a projective commutative
algebraic curve with unit element es = [0 : 0 : 1], one of the four zeroes
€0, €1, 62,63 Of the right hand side of These are the four Weierstrafl
points, the 2-torsion points on the curve.

The associated complex manifold £*" becomes a complex Lie group with
Lie algebra Lie(E) and exponential map

expp : Lie(E) - E*"
with kernel a lattice A, which leads to an exact sequence
0—>A-C5 E™ 50

and which shows that E*" ~ C/A.
In terms of complex analysis this can be described as follows. For a pair
of complex numbers wy, wo with 7 = g—f in the upper half plane J7 > 0 we

161
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write A = Zwy + Zws and consider the Weierstmﬂ elliptic function

1

The Weierstraf} elliptic function is meromorphic with poles of order two
on the lattice A and periodic with period lattice A. For z € C the triple
(w,z,y) = (1,p(2;A), p'(Z'A)) satisfies the equation [22] with

= 92(A) = 60 Z and g3 =g3(A) =140 ) L

w0 W w=0

For z ¢ A in C, the exponential map expy can be written as

expp(z) = [1:p(2) :p'(2)]
in terms of the Weierstrafl p-function. It parametrises the plane algebraic
curve

y2 =423 -g2x —gs.
In terms of the uniformisation by the exponential map, the Weierstrafl points
are ec = expg(0)), e1 = expgy(w1/2), e2 = expg(we/2) and e3 = expy((wr +
w9)/2) for a basis wy,ws of A.

There are two more classical Weierstraf3 functions which are derived from
the Weierstraf$ p-function. The first is the Weierstraff (- function

C(“)“*Z[@ R ]

2
0+weA w OJ

and the second the Weierstraf§ o-function

2
o(z;N) =2 H (1—i)ei+%(i) .
0#weA w

The latter can be seen as a variant of the Jacobi Theta-function, which makes
up Jacobi’s theory of elliptic functions. The three functions are related by
the differential equations

Llog(o(::0)) = C(55A) and L¢(2,A) =—p(z A).
dz dz
For u € C fixed, we put

) = J(z u) C(u)z
(=) = otw)

and compute that

dlog F(z;u
TP _ ¢z —u)~¢(2) + ).
The classical differential forms of the first, second and third kind are
P
(23) w:d—x, n:_xd:z: and &p= —y+y( ) d
y y z-z(P) y

where P = expp(u) is fixed.
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The functions = and y have polar divisor 2(eo) and 3 (e« ) respectively,
so that the differential form w is regular, 1 has a pole of order 2 at es. The
function z — z(P) has a zero at P and —P because it is even, and y + y(P)
is zero at (—P) together with two other points P;, P». This shows that the
divisor of &p is

(€p) = (P1) + (P2)) — ((ee0) + (P)) .
We conclude that the polar divisor of {p is (e« ) + (P) with residue -2 at
() and 2 at (P).
Using [Cha85, Chapter IV, §3, equation (3.6)], one verifies that
dlog F(z;u) = (¢(z —u) - ((2) + ((u)) dz
Lp'(2) +p'(u) P
=T~ "~ ~dz=expr&p.
2 p(2) —p(u) o
This gives

exppw =dz, exppn=-d({(z) and expp&p=dlogF(z,u).

The Weierstrafl (-function is quasi-periodic with quasi-periods n; = 2¢(w;/2)
as is readily seen. Note that this agrees with the normalisation of [Ahl53)
Section 3.2] and [Frill] but differs from |[Cha85| Chapter IV.1 Theorem 1,
Theorem 3]. The Weierstrafl functions transform as

p(z+wi) =p(2),

C(z +wi) =¢(2) +mi,

o(z+w;) = —o(z) e+ 7)),

F(z +wj,u) = F(z,u) e MW@ o py q) M)

where A(u,w;) = ((u)w; —niu for v ¢ A. One reads off again that that the
function p is periodic, as already mentioned, and that the functions ¢, o and
F' are quasi-periodic with periods 7;, e+ 3) and A The function A
can be extended additively to a function on C x A. Note that we have
Mw1/2,w9) = wi by the Legendre relation.

18.2. Elliptic Periods
For Q = expp(v) € E*", and v a path from e, to @ the integral

v = [Po= [Tempo= ["d=00)

defines a multivalued map from E?*" to C. For different paths from e., to @
the integrals differ by a period w € A. We get back the generators of A as
the periods

wlzw(sl)sz and w2=w(62)=fw
€1 €2
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taken along the basis e1,e9 of H] ®(E*,Z) defined as the image of the
straight paths [0,w;] in C. The integral w(~y) is called incomplete period of
the first kind and becomes a period (i.e. an element of A) if y(1) = €wo.

In the case of periods of the second kind, the path v must not contain
the pole of 7, i.e. the Weierstrafl point 0 = ec. For the closed paths £; and
g9 we get back the quasiperiods n; = n(g;) from above.

For the differentials of the third kind {p as above, with polar divisor
(es)+(P), we have to consider in addition a closed path &y going once coun-
terclockwise around 0 with no other singularities inside and then A(u,w;)
and 2m¢ become complete periods of the third kind.

In the case of incomplete periods of the second kind, we take a path
with 7(0) = expg(v) and (1) = expg(v + w) which does not pass through
€s and obtain by [Frilll (2) on p. 202]

vtw v+w
n)= [n= [ ewi)= [ p()dz= C(w o)+ C)
1p'(w) —p'(v
) 1P ¢ )

2 p(w) —p(v)
- () +a(3).

When FE is defined over Q, then a(7) is algebraic.
Let v:[0,1] = E* be a path of the form expp o with ¢ : [0,1] — Lie E*"

from v to w continuously differentiable and not containing any of the two
poles of the differential of the third kind £p. Then its period along = is

B B B eo _ [F'(zu)
fP(V)—fVEP—feXpoaﬁp—[éeXP Ep = s Flou) dz

1 dt
B ]5 F(z,u) dF(z,u) = ,/1;05 t
- 10805 (F 0 6(1)) ~ log(F o 5(0))

where logp,s is the branch of the logarithm defined by analytically contin-
uing the function log from the starting point F o §(0) = F'(v,u) along F o ¢.
Any two branches of the logarithm differ by an integral multiple of 27i. Up
to such multiples log satisfies the usual functional equation, hence

F(w,u)
F(v,u)

Ep(y) =log + 2miv

for some v € Z.
In both cases, we see sees that if v is closed with period w, we get
complete periods n(v) and £p(7v) = AM(u,w) + 2miv.

SUMMARY 18.1. Let v :[0,1] - E*" be a path. We write it as expg o0
with 6 a path in C = Lie(E)* with 6(0) =v, 6(1) =v+w. For w,n,&p as in
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and P =expg(u) we get

o) =
1) = =) -5 =T
F(v+w,u)

Ep(v) =log NICOR +2miv(y).

Let e1,e5 be the generators of Hi(E*,Z). Then w(e;) = w; are the genera-
tors of the period lattice of E**, n(e;) = n; are the quasi-periods of E*™ and
Ep(ei) = Mu,w;) +2miv, for some v(7y) € Z, are the periods of the third kind.

The period computation for these special differential forms extends to
all differential forms.

LEMMA 18.2. Every meromorphic differential form ¢ on E can be written
as

ﬁzaw+bn+Zci§pi +df
i
with complex coefficients, P; € E and elliptic f.

PRrOOF. Let P,..., P, be the points different from e, where ¥ has a
non-vanishing residue ¢;. Then ¥ =9 -3 ; ¢;{p, has vanishing residues in all
points different from es,. As the sum of all residues vanishes, it is even of the
second kind. As spelled out in Section it defines a class in H(C).
On the other hand the classes of w,? are a basis of the same cohomology
group. This gives rise to the identity

[9'] = alw] + b[n]

for suitable a,b € C and makes 9 — aw — bn exact. (|

Clearly if F and ¢ are defined over Q, then everything can also be
chosen over Q. By the lemma, the above formulae can be put together to a
computation of ¥(o) for any ¥ and chain o.

18.3. A Calculation

In this section we are concerned with periods of the form 2logo(u) —
¢(u)u. Thisis an incomplete period of the third kind. Such a period appears
the first time in transcendence theory and it is natural to ask whether it is
transcendental. However there is no way to answer this directly, it has to
be isolated from a linear form in incomplete elliptic periods. To achieve this
we definitely need our results about linear independence of periods given in

Chapter [11] .

PROPOSITION 18.3. Let P = expg(u) and Q = expp(w) be distinct and
non-zero points on E and let § : [0,1] - C be a path from —w to w such that
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v =expgod does not pass through P. Then

[Sgp ::f7§p:ZIOg%+2C(u)w+log(—p(w)+p(u))+2m’y

for some v eZ. In the case w = —u/2 we write P/2 = expg(u/2) and then

fp/zp/Q Ep = f’yﬁp =2logo(u) - ((u)u +log (—@ (g) +p(u)) + 27w

PRrROOF. Incomplete periods of elliptic integrals are up to integer multi-

ples of 27i of the form log 1;((1;;5)) We specialise to v = —w. Going back to

the definition of F'(w,u) we calculate
F(wau) _ a(w —’LL) U(_w)e2C(u)w
F(~w,u) o(-w-u) o(w)

_ oW -u) acuyw

o(w+u)
o(w—-u)o(w+u) L2 (W
o(w +u)?
_ o(u)’o(w)?

o(w +u)?

() +p(u)) X"

using the identity

) = p(0) + o)

which we take from (14) in [Frilll p. 217]. This proves our first formula.
We continue with the choice w = —5* to get

F(_%L?u) 2
— - =o(w)?e M (p(4)) +p(w)).
F(ivu) ( 2 )
proving the second formula. O

In the case of interest for us, E is defined over Q and the points P and Q
are chosen in £(Q). Then p(u) and p(u/2) are algebraic and hence fjfé &p
is equal to 2logo(u) — ((u)u modulo Baker periods and multiples of 27i.

18.4. Transcendence of Incomplete Periods

We now come back to Schneider’s Problem 3 mentioned in the introduc-
tion, see [Sch57, p. 138].

THEOREM 18.4. Let E be an elliptic curve over Q, P a point in E(Q),
w,n,Ep the differential forms of the first, second and third kind from above.
Assume that P is non-torsion in E(Q). Let k = Y a;y; be a chain in
E*™ with boundary in E(@) avoiding the points es and P and such that
P(k) =¥ a;(7:(1) =7:(0)) € B(Q) is not a torsion point. Then

1,27, w(k),n(k),{p(K)
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are Q-linearly independent, in particular 2mi, w(k),n(k),Ep(k) are tran-
scendental.

PROOF. We define E° = E'\ {es, P}. Let D c E be the support of the
boundary dx. The chain £ defines a homology class [r] € Hy "8 (E**", D;Q),
and the forms w,n, £p define classes in H, éR(EO, D). This shows that we we
may view our periods as cohomological periods for H'(E°, D) in the sense
of Definition

We choose an embedding v° : E° - J(E°) into the generalised Jacobian
J(E°) introduced in Section via a base point Py # €s, P. This is an
extension of E by G,,. Our assumption on P ensures that it is non-split up
to isogeny. The induced map v: EF - J(FE) 2 Eis Q » Q + P.

By Lemma [12.9, the periods of H'(E°, D) agree with the periods of
the 1-motive [Z[D]” - J(E°)]. Actually, the submotive M = [Z — J(E°)]
with 1 —» P°(k) = ¥;aiv°(7i(1) — v(0))) suffices. Note that the image
of P°(k) in E(Q) is P(k), which is independent of the choice of Py. By
assumption it is non-torsion. Hence M is reduced as a 1-motive (see Defi-
nition and of the form as considered in Chapter The class [k] is
can be identified with an element \ € Viing(M) as in the proof of Proposi-
tion the non-CM case, or Proposition the CM case. Accordingly
the periods of A agree with the period integral of k. As a consequence the
elements 1, 27i,w(x),n(k),Ep (k) are a subset of the basis considered there,
in particular they are linearly independent. ([

REMARK 18.5. (1) The assumption is satisfied for if x is a single
non-closed path v with (1) —v(0) non-torsion. In this case the
period numbers were computed explicitly in Summary in terms
of the Weierstrafl functions. The cases of integrals of the first and
second kind are actually already due to Schneider; see [Sch57, Satz
15, p. 60]. The result is new for integrals of the third kind.

(2) Tt is possible to extend the considerations to the case when P(k)
is torsion. We do not go into details here.

By specialising further we obtain the following explicit transcendence
result.

THEOREM 18.6. Let u € C be such that p(u) € Q and expg(u) is non-
torsion in E(Q). Then

u(u) —2logo(u)

1s transcendental.

PROOF. For expp(u) we simply write P. We choose a path ¢ from
u/2 to —u/2 which avoids the singularities of {p and put v = exppod. By
Proposition the period has the form

¢p(v) =2logo(u) - ((u)u+log(a) + 2miv
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for some algebraic a. By Theorem it is transcendental, but this is not
enough. If
2logo(u) = C(u)u=Ep(u) —loga — 2miv

was algebraic, then we would have a linear dependence relation between the
numbers 1,£{p(7),loga,2mi. To obtain a contradiction, it suffices to show
that they are Q-linearly independent. (Except when « is a root of unity and
log o a rational multiple of 27i. Then the element log o can be dropped from
the list and the linear independence is already shown in Theorem @)

Note that the term log « is the period of a Kummer motive My = [Z —
Gpp] with 1 » « and &p(7y) is an incomplete period of the third kind of
M, =[Z - J(E°)] as in the proof of Theorem [18.4]

Linear independence could be addressed by applying the techniques of
Chapter (15| directly to My x M;. Instead we explain the deduction from the
general results proved earlier. In fact, as shown in Example we have
dinc3(M7) = 1. This means that £p(y) is a non-zero element of Pines(M7)
(see Chapter [16). By Lemma we have Pine3(M1) © Pines(M;2) for
M3 a saturation of M as constructed there. Proposition item
shows that loga and £p(v) are linearly independent in

Pines (Mo x M) = P(Mo x M) [ (P(Gy x J(E®)) + P([Z - E])) .

The terms 1,27i are in P(G,,, x J(E°))) + P([Z - E]) and linearly indepen-
dent by Lindemann’s result;see Corollary or Theorem We deduce
that all four are linearly independent and u{(u) —2logo(u) is transcenden-
tal. O

18.5. Elliptic Period Space

In [Wiis21] period spaces for elliptic curves and abelian varieties of di-
mension 2 were considered and their dimension was determined, see [Wiis21),
Theorem 2 and Theorem 3], respectively. The motivation was billiards on
the ellipsoids where irrationality of elliptic and abelian periods give an an-
swer to the question whether curvature lines or geodesics are closed or not.
The proofs rely on the Analytic Subgroup Theorem in its original version.

In this section we come back to this problem in a more general setting
using the language of 1-motives. We confine ourselves to the elliptic case
but we go further and determine the dimension of an extended period space:
a period space: a period space where instead of considering a single differ-
ential of the third kind we consider a finite number. In addition we do not
restrict to closed paths as in loc.cit. but allow that the paths need not to
be closed. This was mentioned as a problem in [Wiis21]. It turns out that
the presence of several differentials of the third kind and the additonal gen-
erality of allowing non-closed paths makes the problem much more difficult
and givers a rather unexpected answer for specialists.

Suppose now that E is an elliptic curve defined over Q and w, 1 are
the differentials of the first and the second kind, and & = &p,,1 <k <n
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differentials of the third kind on E with P, = expg(uy) € E(Q) for uy €

Lie(E)c; see Section equation . We denote by wi, wo, m1 and 1o
the periods and quasi-periods of F in the classical sense, i.e. the integrals
of w and n with respect to a pair of basis vectors of Hy(E*",Z). We choose
non-closed paths 7; : [0,1] - E*, 1 <i <m with 7;(0),7:(1) € E(Q).

DEFINITION 18.7. The period space W = W (E, Py, ;) is generated over

Q by
1727Tiawlyw277717772a)\(Ukawl)a)\(Ukawz)aW(’Yi)yn(%)aka(’Yi)
forl1<i<mand 1<k<n.

We shall show that W can be identified with the period space of a 1-
motive. Let S be the set S ={0,P,...,P,} ¢ E and D the union of the
supports of dvy; for ¢ = 1,...,m. Put E° = E~S. Consider the object
H(E°, D) in the category (Q,Q)-Vect. By Lemma its periods agree
with the periods of the 1-motive

M' =[Z[D]° - J(E°)].
Let L c Z[D]° be generated by dv; for i = 1,...,m and put
M=[L- J(E°)].

The lattice L has rank at most m. We write G = J(E°) for short. It has
abelian part E and a torus part 1" of rank at most n.

PROPOSITION 18.8. The period space W coincides with P{M).

PrOOF. We choose generators for
Viing (M) & Viing(M') 2 HI™(E**", D; Q)
in the following way. Take small loops og,01,...,0, around the points in

S. They generate Viing([0 - T']). Choose next loops €1,e2 in E** whose

images in F*" generate Hi’ing(Ean,Z). Finally, view 71,...,7m as paths in
E°31 . By definition,

00;5---,0n;€1,€2, 715 -+, Im

generate Viing (M).

We turn to Vi5 (M), a quotient of Hly(E°, D). We take exact differ-
ential form w1, ..., u, which generate the kernel of Hl (E°, D) — H} (E°).
The differential forms w,n,&p,, . .., £p, can be seen as elements of H g (E°, D).
As we shall prove the set ui,...,um,w,n,&p,,...Ep, generates the whole co-
homology. Obviously w1, ..., um,w,n generate the subspace H éR(E ,D), and
hence it remains to show that the {p, generate

Hap(E°, D)/Hig(E, D) ¢ Hop (E°)/Hig (E) = ker(Hgg (S) - Hir (E)).

The composition of the two isomorphisms maps a logarithmic form ¥ with
polar divisor included in S to its residue vector (respd,resp,¥,...,resp, ).
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The image of {p, is (-2,0,...,2,0...) with 2 in place i. Together they
generate the kernel as claimed.
As a consequence the period matrix of M has the shape

Ep(oj) Ep(ej) Ep(m) 2mic;  Mui,wj) +2mv5 Ep (Vi)
0

wle)  w(y) || © wi w(75)
0 n(ei)  n(v)) 0 ni n(7;)
0 0 ui(y) 0 0 Bij
with aj, B € Q, vj € Z. Its entries generate the vector space W. O

Corollary together with Proposition [16.5| give a formula for the
dimension of W. With the notation introduced earlier, we state the following
result.

THEOREM 18.9. Let E/Q elliptic with e = dimg End(E)g. The dimen-
sion of W over Q is given by

4
dim@W =24+ -+ 21"kE(T,M) + 2rkE(L,M) + 6inc3(M)
e
If M is saturated, then dines(M) =e-1kg(T, M) -rtkg(L,M).

Note that M is not reduced in general. If L - E(Q)g or X(T) - E(Q)g
have a kernel, this implies that suitable Baker periods (i.e. values of log in
algebraic numbers) are contained in W. This happens for example if the end
point of a path or one of the P, are torsion points in E(Q). The situation
simplifies if we exclude this case.

COROLLARY 18.10. Assume that E does not have CM, thatn =1k(Py,..., ),
and that m =1k(v;(1) = (0)|i = 1,...,m) as subgroups of E(Q). Then

dimW =6 +2(n+m) +nm.

PROOF. The assumptions imply that e(F) = 1, that M is saturated and
that n =rkg(T, M), m =rkg(L, M). O

18.5.1. With CM. The CM case is a lot more complicated, even if
M is reduced. We consider an example with small rank n = m = 2, hence
M = [L - G] reduced, with L = Z2, G an extension of an elliptic curve E
by the torus T = G2, characterised by its classifying map X (T) — EV.

Assume that K = Endg(F) is an imaginary quadratic field, which gives
e = 2. In this situation rkg (L, M) and rkg (7T, M) can take the values 1 and
2 and then and then we can state the following computation.

LEMMA 18.11.
2 M saturated,

4  otherwise.

5inc3(M) = {

PRrROOF. We show that if there is a non-zero element in Rj,c3(M) then
M is saturated. We go back to the characterisation of Theorem and
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choose a Z-basis I1,1ly of L ¢ E(Q) which is used to to make the identifica-
tion LV ® E = E? as before. This gives ¢ = (I1,l2). Let (a,y, ) be a triple
satisfying the conditions in Theorem with y # 0. First consider the
morphism « : E? - E?. We may view it as an element of My(K). Con-
dition (B) implies that a(c) = a(l1,l2) = 0. There are three possible cases,
depending on the rank of a.

If « is invertible, then the non-zero vector (l1,l2) cannot be mapped to
0. This case does not occur.

If o has rank 1, it suffices to consider o’ : E? - a(FE) = E. We replace «
by o’ in the arguments and x,y by their images in E and X (7T') . The new
« has shape (m,n) for m,n € K. By assumption the image of ¢ in F is

a'(¢) =ma’ (1) +na’(ly) = ml] +nl) = 0.

Without loss of generality, m # 0, hence it is invertible. We replace a by
m™ o a and then have m = 1, I{ + nl, = 0 with n replaced by m™'n. As
I} and [}, are Z-linearly independent, this implies n € K \ Q. The image of
L in E(Q) contains I} and —nlj. As 1,-n are a Q-basis of K, this implies
that Kl c L, and since L has Q-rank 2, this even implies L = K. In other
words: the lattice L is K-stable in £(Q)g and we have rkg(L, M) = 1.

We continue with the diagram (A). As M is reduced, the classifying map
X(T) - EY(Q) is injective and we use it to identify elements of X (T") with
elements of EY(Q). The adjoint of « is of the form (1,n"): EY - EY?. This
gives y = ¥ (z) = (x,n"(x)) € X(T)2. In particular, z is a non-zero element
of X(T) and its image under n" € K is again in X (7). Hence X (T') is also
K-stable in EV(Q) and rkg(T,M) = 1. This implies that the classifying
map of G is K-equivariant and that the operation of K on E extends to an
action on G. The map in (A) is G2 - G, given by (1,n). Condition (B) is
Iy +nly = 0, and if this is satisfied, then L c G(Q) is K-stable, which means
that M is saturated. In this case

5incS(M) = erkE(L, ]\4)I'kE(T‘7 M) =2.
It remains to consider the case a = 0, in which the condition [LY ®
G]*(y) = a*(x) = 0 implies y = 0 and then iye3(M) = 4. 0

COROLLARY 18.12. The possible values for 6(M) in the CM-case are 16
when neither neither L nor X(T) are K-stable, 14 if one of L and X (T)
is K-stable, 12 if both are K -stable, but M is not saturated, and 10 if M is
saturated.






CHAPTER 19

Values of Hypergeometric Functions

We review how our knowledge on periods of curves and 1-motives can
also be used to deduce transcendence results for certain values of hypergeo-
metric functions. The result in the elliptic case can be found as a special case
of Wolfart’s publication [Wol88] or in [CC88]| by Chudnovsky—Chudnovsky.

More generally it is well-known that values of hypergeometric functions
can be expressed as quotient of two abelian integrals, in general of the second
kind. This leads to a period relation between the two periods of the second
kind with the hypergeometric function as coefficient. Algebraic values of the
hypergeometric function provide linear relations between the two periods
periods with algebraic coefficients. This cannot be true in general and leads
to special points on certain Shimura varietiea as explained very carefully in
Chapter 5 of Tretkoff’s beautiful monograph [Trel7].

We explain the method because we think that it should generalise to
many other interesting cases.

19.1. Elliptic Integrals
We fix a parameter A € C~ {0,1}. The famous differential form

du
\) =
) Vu(l—u)(1-ul)

on the compactification C of the complex plane is multivalued with branch
points 0,1, 00, A1, the so-called Weierstral points. Locally, the branches
differ by a sign.

Integration of differential forms of the type &()\) over paths leads to
so-called Euler integrals which were introduced and studied by Euler in
connection with his work on hypergeometric functions.

In our special case of the differential form &(\), we take the integrals
over arcs vpq with loose end at two of the four branch points p and g,
respectively, but not passing through branch points. They are given by the
improper integrals

1
Tra(A) = /v NE ST

and there are 6 choices of pairs. Each choice of such a path determines the
value up to sign. The convergence of these integrals can be seen as follows:
We take the path 701 and have to show that the integral converges locally

173
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at 0 and 1. The change of variables t? = u gives convergence close to 0 and
the change of variables t? = 1-u gives convergence close to 1. The remaining
integrals can be transformed by applying the Moebius transformations

1 1 (u-1) wu

u—,u—-1, , , .
u u-—1 U 1-u

EXAMPLE 19.1. If X ¢ [1,00), we choose 79,1 as the straight path from
0 to 1 in C. By definition the function u® for complex a € C is given by
exp(a(log|u|+iargu)). We take the branch of the integrand determined by
the following assignment of the arguments:

argu=0, arg(l-wu)=0, |arg(l-Au)|<m/2
and then, as we have indicated above, the integral is convergent.

The FEuler integral can be viewed as a period in our sense. To see this,
let Cy be the curve of genus 1 in Legendre form with affine equation

y? = u(l-u)(1- ).

Since the point oo is rational the curve has a group structure and becomes
an elliptic curve.

The projection 7 : Cy - P! with (u,y) = u is a 2-fold cover ramified in
the 2-torsion points u = 0,1, A"}, co. The multivalued differential form &(\)
lifts from C to the single valued form and we have

W)= 2
Y

on C). The closure of our arcs 7, , in P! lift to paths Yp,g o0 C3" and then

Ipg(N) = /;p’q w(A).

There are two choices for the lift and the choice of the branch over v, 4
in the original definition is replaced by the choice of the lift 7,,. Let 7, ,
be the other lift. Then [¥,,] = —[7p,4]- For algebraic A, this description
makes I, ;(\) an incomplete elliptic period of the first kind corresponding
to a motive of the form [Z — C]. This insight is enough for the application
to values of the hypergeometric function, but we can be more precise. As the
end points are 2-torsion points, the image of 4, , is a closed path in Cy/C[2].
The elliptic integral I, ,(\) agrees with a complete elliptic period of the first
kind there. Expressed in terms of 1-motives: [Z — C)] is isomorphic to
[Z > 0]® [0 — C,] in the isogeny category 1-Motg and the integral I, 4(\)
is a period of the second factor.

Another way to see this is by complex analysis. The standard way in
complex analysis is to replace the loose ends by small circles with radius e.
We get a closed path ¢, 4 around p and ¢ by going forth and back along the
arc from p to g and around the circles.
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Since the differential form is multivalued one has to be careful: going once
around the circle counterclockwise changes the value of £(\) by -1 along
the arc. Going once around the second circle again counterclockwise does
the same and we get back the original determination of the value of the
differential form along the arc but we are passing in the opposite direction.
The value of the integral is independent of €. After letting € tend to zero we
obtain fcm £(X) =21, 4(N). Our paths ¢4 lift to closed paths é,, on C{*
such that

[ép,q] = [:Yp,q] - [:7;,(1] = 2[’~7p,q] € Hl(Cian),
and

21, () = [ w(N).

P,q
For algebraic A, this description makes I, ;(\) a complete elliptic period of
the first kind corresponding.
In toto:

LEMMA 19.2. Let p,q,r be distinct in {0,1,00,\"'}. Then é,, and &,
form a basis of Hy"®(C3",Q).

PROOF. As a topological space we may identify C{" with (R/2Z)%. Our
exceptional points are the classes of (0,0), (1,0), (0,1), (1,1). We lift the
paths 7, 4 to the universal cover R? where they start in a lift p of p and end
in lifts ¢ and 7 of ¢ and r, respectively. The alternative lift 7, , connects
—-p to —q. Up to homotopy the lift of the closed loop ¢,, connects p to
p+2(G-p). Its homology class is 2(¢ - p) € (2Z)* = H;"*((R/2Z)?,Z).
The vectors § — p,7 — p are non-zero and distinct in (Z/27Z)?, hence linear
independent. This makes 2(G—5),2(7 - p) linear independent in (27Z)%. O

19.1.1. A Hypergeometric Function. For |A\| <1 the hypergeomet-
ric function with parameters (1/2,1/2,1) is defined by the power series

o (1 1 n
P 1) 5 G
272 = n! n!

which is convergent for |A| < 1. Here (a), =a(a+1)+--+(a+n-1) forn>0
and 1 for n =0 are the Pochhammer symbols. The hypergeometric function
is a solution of the hypergeometric differential equation

(24) A(A—1)¢”+(2)\—1)¢’+%¢:0.

As such it extends to a meromorphic function on C~ {0,1}. The differential
equation is a second order equation of Fuchsian type with regular singular
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points at 0,1, c0. Its solution space W has dimension 2. A basis for W is
given by the pair

11
A) = Fl-,-, ;A
() (3:3:1)
(11
Zl()\) = —ZF(§,§,1;1—>\).

Each solution extends to a meromorphic function on C ~ {0,1}.
A classic computation due to Euler (see [Kle81, p.7]; see also [IKSY91),
Chapter 2.3.2]) shows that for [A| <1
11 11
25 I\ =B(=,2)F(=,=
(25) 01() (22) (22

where B(p, q) is Euler’s beta function. From

INENMNE
B(3.)) - [ - - 2T

,1;)\)

we conclude that for all A e C~{0,1}.

11
26 Io1( M) =7F|=,=,1; ).
(20) 01 () =7F (5. 5:1:)

We know that 7 and 21p;(\) are periods. For 7 this is clear and for
Ip1(X) we discussed it at length in Section Summary implies
that Ip () is non-zero if A is algebraic. Equation is a C-linear relation
between the elliptic period Iy 1 (\) and 7, which by Theoremare linearly

independent over Q. These considerations prove the following result.

PROPOSITION 19.3 (Wolfart, Chudnovsky-Chudnovsky). For z € Q ~
{0,1}, the value F(1/2,1/2,1;z) of the hypergeometric function is transcen-
dental.

REMARK 19.4. The above fact is pointed out by Wolfart [Wol88| § 3, Fall
3] as a consequence of [WW85| Satz 2|. Chudnovsky-Chudnovsky mention
it in [CC88| p. 426] as a corollary of Chudnovsky’s Theorem on the algebraic
independence of elliptic periods. Both references study more generally val-
ues of hypergeometric functions from different angles. André [And96] has
an alternative approach. But actually, the necessary transcendence result is
much older: Schneider [Sch37, Satz IIIa] proved in 1936 the transcendence
of 7/w where w is a period of an elliptic curve defined over Q. As the relation
to values of the hypergeometric function that we described is classical, we do
not know who was the first to make the connection to their transcendence.

An alternative 'modular’ proof is suggested by the explicit computation
of F(1/2/,1/2,1;z) given in |[Arc03al Remark 6], corrected by Bostan, see
[Bos21]. We have

(27) F(% % m(T)) = B EO2(r) = A(F) + 1)E
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where A\(7) is the Legendre modular function and FE4(7) = %92(7) the
Eisenstein modular form of weight 4. The difference to Archinard’s formula
is the inverse on the left hand side. Assume A(7) and F'(1/2,1/2,1; (7))
to be algebraic. This makes j(7) and E4(7) algebraic. The identity

By(r)?
Ey(1)? - Eg(7)?
implies that Eg(7) is algebraic as well. This is a contradiction to what
Bertrand [Ber76l § 1.1] showed. As a consequence, F'(1/2,1/2,1; (7))
is transcendental for algebraic A(7). We thank Bostan for pointing out
this argument. Looking more closely, this is actually the same as before:

Bertrand’s proof relies on the Q-linear dependence between 7 and elliptic
periods.

j(r) =1728

19.1.2. The Legendre Family. We return to the integrals I, ;(\) as
functions in the variable A € 2" := C\ {0,1,00}. The functions are holo-
morphic and multivalued. We concentrate on I (). Different branches
correspond to different choices of homotopy classes of paths g 1.

EXAMPLE 19.5. On C\[1,00), we use the principal branch of the func-
tion normalised as in Example It does not extend to A € [1, 00) because
the straight path [0,1] would pass through the branch point A™' and we
would get two possible values for the integral depending on the choice of the
branch. Instead, choose g € [1,00) and replace the straight path via one of
the two semi-circles sufficiently small radius around Ag 1

Y

some fixed \j 1 The choice of the semi-circle replaces the choice of branch
and we take the one on which J(z) > 0. This point of view gives a description
of the analytic continuation of Ip1(\). Let v be the new path. The integral
ij()\) is well-defined for A € C\ {y(t)7|t € [0,1]}, as can be verified, and
defines a holomorphic function. In particular, it is well-defined at Ag. By
the Monodromy Theorem, the modified function agrees with In1(\) for A~
in the lower half plane because w(\) remains regular between the two paths.
It furnishes an analytic continuation of I ;(\), depending on our choice of
~. If instead we take the second semi-circle, we obtain a second analytic
continuation. Going through all possible paths from 0 to 1 gives the full
analytic continuation of Ip () as a multi-valued function on C~ {0,1}. In
particular, all values of the analytic continuation are periods for different
choices of path from 0 to 1.

The Euler integrals are solutions of the hypergeometric equation
1
(28) A(A—1)¢"+(2A—1)¢'+Z¢:O

We refer to [Kle81) §16] or [IKSY91] for the explicit computation. This is
a second order differential equation of Fuchsian type with regular singular
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points at 0,1,00. The fundamental group of S = P!\ {0,1, 00} is a free
group I' with generators 79,71 and 7., which are loops with base point
b=1/2 € S* around the points 0,1, 0o with 751 = ~v170- The solution space
W of the differential equation is a local system of rank 2. The group I" has
a representation p, the monodromy representation, in the solution space W.
Accordingly the solutions are multi-valued functions on S" and holomorphic
on the universal cover.

A more conceptual interpretation of the situation is to consider the Le-
gendre family

p:C P!

with fibre C) at A\. The family has degenerate fibers at 0, 1, co. Over
S = P!~ {0,1,00} there is a global basis of Hiz(C)) given by the two
differential forms

W) = 2,y = 1
Yy Yy

The form w(\) is holomorphic and thus of the first kind whereas n(\) has
a pole of order 2 at u = oo and this means that it is of the second kind.

The homology groups H; #(C4",7Z) organise as a local system of rank
2 on S*. Abstractly, it is the dual of pg.Z where pg is the Legendre family
over S. For an explicit description let s € S*" be fixed and let 7, be a cycle in
Cs. By parallel transport we obtain a horizontal lifting y(\) of the cycle ~s.
It depends on the choice of an Ehresmann connection. But the homology
class of the cycle v(\) is independent of the choice. This gives a horizontal
family of homology classes of cycles. The periods

z(A) = [y()\)w(/\).

along horizontal cycles give multi-valued analytic functions on S. They are
solutions of the GauB-Manin connection on HJy(Cy/S), which leads to a
differential equation with regular singularities in {0,1,00}. The differential
equation so obtained coincides with the differential equation .

19.2. Abelian Integrals

In the previous section we introduced the special hypergeometric func-
tion F'(1/2,1/2,1; A) and showed that for A # 0 it takes transcendental val-
ues. Our proof bases on the comparison of the periods of the Legendre curve
and the period of the curve y? = (1 - x) obtained from the Legendre curve
when X\ = 0. This will now be studied for superelliptic generalisations of the
Legendre curve.

19.2.1. Euler Integral. The hypergeometric function F'(1/2,1/2,1;))
is only a very particular case of the hypergeometric function F'(a, b, ¢; \) with
expansion

F(a,b,c;\) = i —(azz)(:)n j;—q:

n=0
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and convergent for |\ < 1. As before, (a), =a(a+1)...(a+n-1) are the
Pochhammer symbols. In the most general case the arguments a, b and ¢
are complex numbers with ¢ neither zero nor a negative integer. It satisfies
the differential equation

AM1=-NF"+(c-(a+b+1)N\)F' —abF =0.

One sees that the differential equation specialises to the differential equa-
tion from above when taking a = b = 1/2. Also for this more general
hypergeometric function an integral representation can be derived. We con-
sider the differential forms

(29) w(a,b,e; ) = w1 (1 - u)P7 N1 - Au) du
and
w(b,c—b) = ub (1 —u)"du.

The Euler integral
1
Qa,b,c;\) = /0 w7 (1= w) (1 - ) "

can be expressed in terms of F(a,b,c; \) and the Euler Beta-function. The
latter is usually written as

1
B(b,c-b) = [0 w7 (1 - w) .

It is obtained from the degeneration of w(a,b,c;\) at A =0.

ProrosiTiON 19.6 ( [Kle81) S. 7], IKSY91, Chapter 2.3.2])). The
Euler integral and the hypergeometric function F(a,b,c;\) are related by
the equation

Q(a,b,c; \) =B(b,c—b)F(a,b,c; \).

If a, b and ¢ are rational numbers with smallest common denominator
N, then Q(a,b,c;\) can be interpreted as a period on the algebraic curve
Cn (M) of the form

yV = 2" (1-2)%(1 - Ax)!
for suitable r, s,t. The degeneration Cy(0) with affine equation
yN = xr(l - w)sv

has the same property with respect to B(b,c —b). As in the elliptic case,
knowledge about linear independence of periods leads to transcendence re-
sults for F'(a,b,c; A). This connection was already exploited by Wolfart in
[Wol88|. We explain an approach from a different angle. In order to sim-
plify the exposition, we restrict to the case where N = p is an odd prime,
0<r,s,t<p and require that p does not divide r + s+t or r + s.
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19.2.2. Geometry of Cp()). Let A # 0,1 and p,r,s,t as specified
above. The curve Cp(\) was studied first by Wolfart, then very detailed
by Archinard [Arc03b|, who corrected some errors by Wolfart. Quite re-
cently Archinard’s paper was extended and corrected by Asakura and Ot-
subo [AO18|. We briefly sketch the results which are relevant for us.

The curves Cp(A) and C), = Cp(0) are singular in general. Let X,(\)
and X, be their normalisations, J,(\) and J, the Jacobians of X, () and
Xp, respectively. The desingularisation is computed in detail by Archinard.
As r,s and t are prime to p, the branch points have exactly one preimage
in the desingularisation by |Arc03bl Remark 3|. This makes the maps
X(A)™ - Cp(A)™ and X" — C" homeomorphisms.

REMARK 19.7. By replacing y by +\~/Py we get the equation for Cp(N)
in the form
yP=al(z=1)%(z - A7)
considered in [Arc03b].

LEMMA 19.8. The genus of X,(\) and X, is p—1 and (p—1)/2, respec-
tively.

PRrOOF. Apply [Arc03b, Theorem 4.1] to our case. O

The group p, of roots of unity operates on Cp(\) and C), via o(z,y) =
(2,¢'y) for ¢ € pp. This operation induces an operation of p, on X,()\)
and defines an embedding Q(y,) - Endg(Jp(A)).

LEMMA 19.9. The abelian variety J,(\) has at most two isotypical com-
ponents. If it has two components, both have complexr multiplication by
Q(up). The abelian variety J, has complex multiplication.

PrOOF. For J,, we have 2dim(Jp) = [Q(up) : Q], making it CM.

For Jp(A), the CM-field Q(y,) operates on each isotypical component.
The dimension of such a component is at least (p—1)/2. This implies that
there is either a single isotypical component or there are two. If there are
two, both factors have dimension (p —1)/2, making them CM. O

REMARK 19.10. The curve C, has a cover by the Fermat curve with
affine equation
9511) + azg =1
via (21, z2) » (2f, 2723), see Gross [Gro20]. This makes J, (up to isogeny)
a direct factor of the Jacobian of the Fermat curve. The latter has been
studied intensely by Gross and Rohrlich in [Gro79].

19.2.3. Differentials on Cp()\). As the genus is p — 1, the space V =
Q(X,(N)) of global differential forms has dimension p -1 and H} (X, ()))
has dimension 2(p - 1). Recall that the latter has a description in terms of
differentials of the second kind, see Lemma, For X,,, the numbers have
to be divided by 2.
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LEMMA 19.11. (1) Suppose that (p,r+s+t)=1. For1<n<p-1
and 0 < u,v,w the differential forms on X,(\),

WO xu(l - x)v(l - )\l,)w dr

n =

yn
are of the second kind. They are holomorphic if and only if
[rn] [sn] [tn]
u>|—|, v>|=], >,
p p p
t)-1

p
(2) Assume that (p,r+s) =1. For 1 <n <p-1 and u,v > 0 the
differential forms on X,
w1 = )
wgﬂ}: £ (yn '/I/‘) dx
are of the second kind. They are holomorphic if and only if

[rn] [sn]
U2 |— 3 2| — ’
p p
< n(r+s)-1
p
PrOOF. This is Remark 12 in [Arc03b] see also Lemma 2.2 in [AO18].
In these references the lower bound is given in the form % —1etc. Asu

U+ v 1

is an integer, we can replace the bound by [
0 < e < p. This gives

—1. Let rn = kp + e with

rn+l
p -|

[rn+1'|_1:k+[e+1]_1

p p
As1<e+1<p, we have [e;fl] = 1. We may write the bound in the shape

that we used. O

The forms wy,”" and wy'’ are ("-eigenvalues for the operation of o.
COROLLARY 19.12 (JAO18, Proposition 2.3]). If s+t = p, then on X, (),

P u,v,w
Wp 1= Wy,

o[ o[ o [2)

is of the first kind and

with

N = wx,v+1,w

is of the second kind, but not of first kind. Moreover, the tuple (wy|n =
1,...,p—1) is a basis of UX,(N)) and (wp,nn | n=1,...,p—1) is a basis
for HéR(Xp()\)).
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PrROOF. We show that these choices are the only ones giving a holo-
morphic form. Division with remainder gives nr = kp+e, ns = Ip+ f and
nt =mp+ g. It is required that u >m, v >, w > m. In conclusion,

u+v+w>2k+1+m.

Furthermore it is also required that
n(r+s+t)-1
p

The condition that r + s = p forces that p divides f + ¢ and leads to f+g = p.
This implies that

u+v+w< 1.

-1
u+v+w§k+l+m+1+e——1

p

and since v + v + w is an integer we conclude that
u+v+w<k+l+m.

It follows that u+v+w=k+Il+m, u=k, v=I[, w=m and this is what was
stated. O

As the forms are eigenforms for the p,-operation, this is even an eigen-
basis. The forms wy,n, are a basis for the ("-eigenspace.

COROLLARY 19.13. For 1<n<p-1, the differentials
w1 = )
Wp = rTitr) ( n:v) dx
Yy

[m"] [ns+1]
u=|—|[,v= ,
p p

are a basis for Hig(Xp). The expression

() 2)-252)

where (x) denotes the fractional part of a rational number x, takes the value
1 if wy is holomorphic and the value 0 if it is not.
Precisely one of the forms w, and wp_p is holomorphic.

with

PRrROOF. They are linearly independent because they have different eigen-
values for the p-operation. They span a subspace of H, éR(Xp) of dimension
p—1, hence they even generate it.

The criterion for being holomorphic is the computation of the dimension
of ("-eigenspace of (X)) in [Arc03bl Theorem 6.7]. We check it by hand.

Euclidean division gives nr = kp + e, ns = Ip+ f, and then n(r +s) =

n(r+s)

(E+Dp+e+ f. We have 0 < e+ f < 2p and excluded p | e + f, hence (T>
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takes the value % if e + f <p and the value e+£_p

if e+ f > p. This gives

<m’>+<ns> <n(r+s)>_ 0 e+f<p
p p p L e+f>p
On the other hand, the condition in Lemma [19.11| contains the upper bound

[ 5]

We have e+ f—p-12>0 if and only if e+ f > p. This makes w,,"" holomorphic
if and only if takes the value 1.

The last statement is [Arc03bl Theorem 6.8]; see also [Arc03bl Re-
mark 13]. It is also obvious from the above computation: the remainder of
(p—n)ris p—e and the remainder of (p—n)sisp— f. O

A CM-pair (J,¢) consisting of an abelian variety J and an embedding
t: F > Endg(J) of a CM-field is uniquely determined up to isogeny by the
pair (J, @), where ® is the set of eigenvalues for the operation of F on Q(J),
the CM-type. As a byproduct, the corollary describes the CM-type @, of

Jp. In detail: We introduce
<E>+<E>_<n(r+s)> _ 1}
p p p

W ={aec(Z/pZ)" |aH =H}.

For a given n € H, the condition in the corollary is satisfied. This means
that wy, is holomorphic and that (" appears as an eigenvalue in the operation
of p, on Q(J,). We can identify H and ®,. The group W is its stabiliser
under the identification of the Galois group Gal(Q(u,)/Q) with (Z/pZ)*.

H= {n € (Z/pz)”

and

REMARK 19.14. Following Gross and Rohrlich in [GR78], we may in-
troduce a fake variable ¢ with r + s + ¢ = p (unrelated to the ¢ appearing

Cp(N)). Then
et (2)-[2)-(2)-
e | (T (7)1 (5) -2
because (—z) =1 - (x). This is the complement in (Z/pZ)* of the set of

G5

appearing in [GR78| because the expression takes the values 1 and 2. The
normalisation of the operation of 1, on C) in [GR78] is complex conjugate to
ours, hence they describe the CM type by H, ; rather than by our H. Note

Hyos = {n ¢ (Z/pZ)*
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that an a € (Z/pZ)* which stabilises H also stabilises H, s; = (Z/pZ)* ~ H
and conversely. So we actually have

W= Wr,s,t
as defined in [GR78| Lemma 1.6].
LEMMA 19.15 (Gross and Rohrlich [GR78, Lemma 1.6]). The group W

is trivial unless 13 = s3 = (—=r — s)3 mod p, in which case it is the group of
cube roots of unity (modulo p).

COROLLARY 19.16. The CM-abelian variety J, is simple if and only if
the group W is trivial. In particular, this is the case if p£1 mod 3.

PRrROOF. We identity H with the CM-type, where n € (Z/pZ)* stands for
the ("-eigenspace of the operation of ¢ € y1,, on Q(Jp,). The operation of the
Galois group Gal(Q(up)/Q) = (Z/pZ)* on the eigenvalues is identified with
the left multiplication of (Z/pZ)* on itself. The condition in the corollary
means that the stabiliser of H is trivial, i.e. the CM-type is primitive. Being
primitive is equivalent to the abelian variety being simple.

If J, is not simple, then Lemma implies that 3 divides p—-1. O

EXAMPLE 19.17. Let p =11, r = s = 2. Then H = {3,4,5,9,10} and J,
is simple. For p=7, r =2, s =4, we have H = {3,5,6} and J, is not simple
because W = {1,2,4}. For p=7, r = s =2, we have H = {2,3,6} and J), is
again simple. These examples are compatible the criterion of Lemma

REMARK 19.18. It can happen that w,;,"" is of the first kind, but wy,”
(for the same parameters r, s,t,u,v) is not. Indeed, it must happen because
the dimension of the space of differential forms of the first kind goes down.

19.2.4. Transcendence. We can now connect the periods of X, () to
our Euler integrals. Recall the differential forms w(a, b, c; \) in the complex

plane, see

PROPOSITION 19.19. Let p be an odd prime, 0 <r,s,t<p andp + r+s+t.
Choose 1 <n<p-1, u,v,w >0 and introduce

a=—w+n—t, b=u+1—ﬂ, c=b+1+v—E=u+v+2—M.
p p p p

(1) The form wy™™" is the pull-back of w(a,b,c; \) to X,(N) under the
projection (x,y) — x. The Euler integral Q(a,b,c; \) is a complete
period of the second kind for J,(\).

(2) The form wy is the pull-back of w(b,c—b) to X, under the projec-
tion (z,y) = x. The Beta integral B(b,c —b) is a complete period
of the second kind for J,.

PROOF. The first claim is straightforward by replacing ¥ in w,’"" by
y=a"P(1-2)*P(1 - \)!/P.
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We write w for our meromorphic differential form. A chosen generator
(¢ € pp operates via o on Cp(A) and (by functoriality) on X,(\). Let v be
the lift of [0, 1] to X, () corresponding to the choice of branch in the Euler
integral. Then (o.7) !y is a closed loop in X,(\)®". In computing the
integral over the closed path we get

/Vw—fg*vw:L(w—a*w):(l—gn)ﬂw

This makes the Euler integral a closed period of the second kind. The
argument for the Beta integral is analogous. The period is of the second

kind because the differential form w,’" is of the second kind in general. [J

By Proposition [19.19] the formula
Q(a,b,c;\) = F(a,b,c; \)B(b,c—b)

of Proposition [19.6| can be regarded as a linear relation between periods of
algebraic curves. The dimension computations in Chapter [15| tell us about
Q-linear independence of period numbers.

Recall that ®,, is the CM-type of J, with the operation of Q(u,) induced
from the operation of y, on Cp. For a € Gal(Q(py,)/Q) we write J¥ =

(Jp,a®p) and J_g‘ = (Jp,a®,) (the complementary CM-type).

THEOREM 19.20. Let p be an odd prime, 0 < r,s < p such that p does
not divide r +s and put t = p—s. We assume that Jp, is simple and take
0 <u,v and a,b,c as in Proposition A#0,1 algebraic. If F(a,b,c;\)
is algebraic and not zero then (up to isogeny)

Jp()\) = J; X J_Ig“
in the category of abelian varieties with p,-action.

PROOF. The assumption ¢ + s = p ensures that p + r + s + ¢ is satisfied.
The period B(b,c—d) does not vanish, by the criterion of Summary
because the lift v of [0,1] to X" is not closed. As F(a,b,c;\) is assumed
non-zero, this also makes Q(a, b, ¢; \) non-zero.

We consider A = J, x Jp(A). The dimension formula in Theorem m
implies that there are no Q-linear relations between non-trivial periods of
different isotypical components. This implies that J, and J,(\) share a
simple factor. As J, is simple, this means that

Jp()\) ~ Jy x Jy
with
Jp = 1
up to isogeny. Note that we do not know if the isomorphism is compatible
with the p,-operation.
By Lemma both factors have CM by Q(p,) (because either J,(\) =

J;Z or it has two isotypical components) and the eigenbasis computation in
Corollary shows that J; and Jo have complex conjugate CM-types ®
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and ®. As J; is simple, the simplicity criterion of Corollary applies
to ® and then also to ®. Primitive CM-types classify pairs (B,¢) for B a
simple abelian variety and ¢ : Q(up) - Endg(B). The CM-type of Jy is
realised by (J1,7), hence Jy and J; are isogenous after all. Here ¢ means
complex conjugation on Q(1,) followed by ¢.

We now have J,(\) 2 Jp2. Let ¢ be a generator of u, and o the cor-
responding automorphism of J,(\). It operates on Jg by a (2 x 2)-matrix
with entries in Q(u,) = Endg(Jp). As o =id, it is diagonalisable and its
eigenvalues are pth roots of unity. Without loss of generality, it has the

shape
¢ 0
0 Ca/ .

The induced operation on Q(J,(\)) is diagonalisable with p — 1 distinct
eigenvalues. This implies that o = —a’ mod p. In other words, the isomor-
phism J,(\) = Jg can be chosen such that o operates via (% on the first
factor and via (" on the second. This determines the CM-types of the two
factors. They are complex conjugate to each other. O

REMARK 19.21. As a consequence of the theorem, the argument A\ has
to be special in the sense of Shimura varieties. This could certainly be
investigated in more detail. However, the subtelties of Shimura varieties
and the André-Oort conjecture are beyond the scope of our book.

COROLLARY 19.22. Let p,r,s,t be as in the theorem. Let 1 <m>p-1
and u,v,w as in Corollary and a,b,c as in Proposition [19.19. If

<E> ) (@) _(M> .1
p p p
then F'(a,b,c;\) is zero or transcendental for all algebraic X # 0, 1.

PROOF. In this case, the form w,™" on X,()\) is of the first kind,
whereas wy,” on X,, is not.
Assume F' = F(a,b,c;\) is not zero and algebraic for algebraic A 0, 1.
As the CM-types of the two factors of J,(\) are distinct, the form wy™”"
restricts to 0 on one of them, say the second. We may view it as a differential
form of the first kind on J,. As an element of Hl(J,) it is Q-linearly
independent of the form w,’", which is not of the first kind by our choice of
n. By Lemma m this makes their periods Q-linearly independent.
0

Recall that we have an easy numerical criterion to check whether J), is

simple, see Lemma [19.15

ExaMPLE 19.23. We choose p =11, r=s =2, r+s=4,t=9. As
pointed out in Example this makes J,, simple with CM-type given by
H =1{3,4,5,9,10}. Conversely, w,, is not holomorphic for n =1,2,6,7,8. We

have a = (32), b=1-(32), c=2b
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a
9/11
7/11
10/11
8/11
6/11

b
9/11
7/11
10/11
8/11
6/11

C
18/11
14/11
20/11
16/11
12/11
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The corresponding values of the hypergeometric function are zero or tran-
scendental for all algebraic A # 0,1. For X\ € (0,1), the Euler integral is

non-zero and F(10/11,10/11,20/11; A) is a transcendental number.
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APPENDIX A

Nori Motives

In this section a bare minimum of Nori’s theory of motives is reviewed,
to the extent needed in the main text. For a more complete picture, see
[HMS17, Chapter 9.1].

Our base field will be ¥ ¢ C and we shall work with Q-coefficients
throughout. We denote by Q-Vect the category of finite dimensional Q-
vector spaces and more generally by E—Mod the category of finitely gener-
ated FE-left modules for a finite dimensional Q-algebra F.

A.1. Effective Motives and Realisations

A diagram D is an oriented graph. A representation of D is a map
of oriented graphs T': D - A into an abelian category A. It assigns an
object to every vertex and a morphism to every edge. There is an abstract
construction due to Nori that attaches to every representation T : D —
Q-Vect a Q-linear abelian category. It should be thought of as the abelian
category generated by D inside the category Q—Vect. For a particular choice
of the diagram and the representation we obtain the category of motives.

DEFINITION A.1 ([AMS17, Definition 9.1.1]). Let Pairs®® be the dia-
gram for which

(1) the vertices are triples (X, D,i) where X is an algebraic variety
over k, D c X is a closed subvariety and i € Np;
(2) two types of edges:
e (functoriality) for every morphism of varieties X — X' map-
ping a subvariety D ¢ X to D' ¢ X’ an edge

(X, D) = (X, D)
e (coboundary) for every triple X oY o Z an edge
0:(X,Y,i) - (Y, Z,i+1).
We define the singular realisation
Hging Pairs®® — Q-Vect
by mapping a vertex to the singular cohomology
(X, D,i) » H,o(X™, D™;Q)

191
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of the datum and edges of type f* to pull-back on cohomology and edges
of type coboundary to the coboundary map in the long exact sequence in
cohomology.

THEOREM /DEFINITION A.2 (Nori, [HMS17, Definition 9.1.3, Theo-
rem 9.1.10])). There is are an abelian Q-linear category MMSE .(k,Q), the
category of effective Nori motives over k, a faithful exact functor

Hsing NOI‘l(k Q) Q_VeCt

and a representation
Hyori : Pairs®® - MMSE (k,Q)
such that
Hsing o HNori = Hsinga
is an isomorphism of functors, in particular

HsingoHNori(XaDai) Hblng(X D Z) smg(X Y; Q)

This triple (MM (k,Q), Heng, Hxori) is uniquely determined by the
following universal property:

For any abelian Q-linear category A, together with a Q-linear faithful
exact functor f : A — Q-Vect and a representation T : Pairs®™ — A such
that

f o'z Hsing
there is there is a Q-linear exact functor

T MMNorl(kv Q) e A

and an isomorphism of functors foT — H* which extends the isomorphism
on Pairs®?.

The universal property can be summed up in a diagram:

NOI’I(k Q)
[
T Q-Vect
[
[
\ y /
A
In this very precise sense, MMNOH(k:,Q) is the abelian category generated
by Pairs®f.

We also use the notation
Hli\fori(Xﬁ D) = HNori(X, D; Z)

and call it the ith Nori motive of (X, D).
For our purposes, the most important choices for A are the category
MHS), of mixed Q-Hodge structures over k, see Definition [8.14] and the
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category (k,Q)-Vect, see Definition Deligne constructed in [Del74] a
functor Hﬁdg = (H(}‘R,H;ing,gb) from the category of k-varieties to MHS;,.

This has been extended to the diagram Pairs®® (e.g. in [Hub95] or as a
by-product of [Hub00, Hub04]). The situation can be summed up by the
commutative diagram

MMNon(k Q)
Hdgl Q Vect
k
MHSk

where f is the forgetful functor (Var, Viing, @) = Ving-
By the universal property of Nori motives, the representation Hyqg ex-
tends to a functor

HHdg MMNorl(k¢Q) — MHS

on Nori motives. We sum up:
DEFINITION A.3. (1) The Hodge realisation
HHdg : MM Norl(]€ Q) - MHSk

is the canonical extension of the representation of Pairs®® in MHS
compatible with the singular realisation.
(2) The period realisation

H: MMNOH(k:,Q) - (k,Q)—Vect

is defined by forgetting the filtrations (i.e. composing with the
faithful exact functor MHS; — (k,Q)—Vect).
(3) The de Rham realisation

Hag : MM (k,Q) — k—Vect

is defined by projecting to the k-component (i.e. composing with
the faithful exact functor (k,Q)—-Vect - k—Vect).

REMARK A 4. (1) Every effective Nori motive M over Q has a well-
defined set of periods given by the periods of H(M) € (k,Q)—Vect,
i.e. the image of the period pairing

HdR(M) x Hsing(M)v - C,

see [HMS17, Section 11.2].

(2) By the universal property of ./\/l/\/lNon(k‘,Q), every object in the
category is a subquotient of a motive of the form H_ (X, D).
This will allow us to reduce questions on periods of motives to
motives of the special shape.
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(3) In our monograph the theory of motives has been set up to be con-
travariant on the category of varieties. This follows the convention
of [HMS17], but differs from Nori’s original approach.

A.2. Filtration by Degree

Following Ayoub and Barbieri-Viale in [ABV15] we concentrate on the
subcategories generated by motives of bounded cohomological degree or di-
mension.

DEFINITION A.5. For n > 0 let d, MMnui(k,Q) c MMefo)ri(k,@) be
the thick abelian subcategory (i.e. full and closed under extensions and

subquotients) generated by the objects Hy (X, D), with X a k-variety,
D c X a closed subvariety and ¢ < n.

ori

REMARK A.6. Our definition is the contravariant analogue of [ABV15),
Definition 3.1]. By [ABV15| Proposition 3.2] it suffices to deal with the
case when X has dimension at most n. The period version of the argument
for n =1, which is the case of our interest is given in Proposition [12.5

For n = 0, the category dyMMnoi(k,Q) is the category of Artin mo-
tives; see [ABV15| Theorem 4.3]. The following theorem discusses the case
n = 1, which is of direct relevance for us.

THEOREM A.7 (Ayoub and Barbieri-Viale [ABV15] Sections 5, 6]). The
following hold.

(1) The inclusion
MM (k, Q) > MM (k, Q)

has a left-adjoint.
(2) There is an anti-equivalence of categories

1-Moty, — diMMSE (K, Q).

(3) The abelian category diMMSE (k, Q) can be described as the dia-
gram category in the sense of Nori (see [HMS17, Theorem 7.1.13]),
defined by the diagram with vertices (C, D), where C is a smooth
affine curve and D a collection of points on C, and edges given by
morphisms of pairs together with singular cohomology as a repre-
sentation.

A.3. Non-effective Motives

The full category of motives is constructed from the category of effective
motives by inverting the Lefschetz motive

Q(_l) = Hl%ori(]P)l) = Hli}ori(va {1})

We explain the construction.
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REMARK A.8. Nori constructs a tensor structure on the category /\/l/\/lNon(k, Q).
However, the resulting tensor category is not rigid. This defect can resolved
by passing to MMnoi(k, Q), which turns out to be rigid. We do not need
the tensor structure, so we do not go into details; instead see [HMS17,
Section 9.3].

The map of diagrams

Pairs® - Pairse®

given by
(X,D,i) » (X xGpp, X x {1} U D x Gypyi + 1)

is compatible with the singular realisation because
HSL (X x Gy X x {1} 1 D x G,y Q)

sing
2 Hig (X, D;Q) © H' (G, {1}1;,Q) 2 Hi,o (X, D; Q).

Note that this stupid version of the Kiinneth formula actually holds true
because the whole cohomology of (G,,,{1}) is concentrated in degree 1.
The datum (G, {1, },1) is what Nori calls a good pair.

By the universal property of the category of effective Nori motives, this
induces a faithful exact functor

( 1) MMNorl(ka) - MM Norl(k Q)
the Tate twist.
DEFINITION A.9. The category of Nori motives MMNom(k Q) over k
with coefficients in Q is defined as the localisation of MMSE . (k,Q) with

respect to the twist functor (-1): objects in MMyoi(k, Q) are of the form
M (i) for M e MMSE (k,Q) and i € Z and

HomMMNO“(kQ)(M(Z) N(j)) = hm HomMMeff (kQ)(M(z+n) N(j+n))

Nori

and (—1) induces an equivalence of categories
(_1) : MMNOI“i(ka Q) - MMNOI‘i(k7Q)'

See [HMS17, Section 8.2] for a construction of the same localisation in
terms of diagrams. The natural functor

Norl(k Q) MMNori(ka)

is faithful because both categories are equipped with forgetful functors into
the category of Q-vector spaces.. However, we do not know if it is full.

REMARK A.10. It is also an open question whether the inclusion
dlMMNorl(ka Q) > MMNori(ka Q)

into the category of all motives is full. We give a positive answer for k = Q
in Theorem [13.5



196 A. NORI MOTIVES

A.4. The Period Conjecture

In this section we restrict to k = Q.

The formalism of Chapter B can be apphed to the diagram Pairs
Definition or the additive category MMS (@, Q) and the representa-
tion/ functor H with values in (Q,Q)-Vect. We make this explicit.

The periods of Pairs®® are the period numbers

eff of

P(Pairseﬁ) = pi = peft
i=0
of Definition On the other hand, we have
P(Palrseﬁ) P(MMNorl(QaQ))

because any object of MMSE (Q,Q) is a subquotient of an object of the
form Hi,.(X,D) see Remark [A.4 n . In Definition we also intro-
duced the notion of a vector space of formal periods attached to an additive
category or a diagram. The notion aims at a description of actual period
spaces in terms of generators and relations. A priori, passing from the dia-
gram Pairs®® to the abelian category MMNOH(Q, Q) might introduce new
generators and more relations. However, this is not the case. We also have

P(Palrseﬂ) P(MMNOI‘I(Q’Q));

this holds true for any representation of a diagram and its diagram cate-
gory. The fact is implicit in [HMS17]; see [Hub20l, Theorem 3.7] for full
details. Conjecture is the Period Conjecture for Pairs®™ in the sense of
Definition i.e. the question about injectivity of the map
P (Pairs®T) » pef,

Up to a minor changes the conjecture was formulated by Kontsevich in
[Kon99]. We refer the reader to in [HMS17, Remark 13.1.8] for a detailed
discussion. Injectivity is equivalent to the Period Conjecture for effective
Nori motives over Q, i.e. the injectivity of

P(MMNorl(Q @)) - Peﬁ

By Corollary(7.19| the Period Conjecture implies fullness of MMNOH(Q, Q).
By Lemma - the Period Conjecture for MMNOH(Q Q) is equivalent to

the Period Conjecture for (M) for all M ¢ MMSE (Q,Q). Here, as in
Definition we denote by (M) ¢ MM (Q,Q) the smallest full sub-

category containing X which is closed under subquotients. Moreover, the
Period Conjecture for M can be reformulated as asking for

dimg P(M) = dimg E(M)

with
E(M) := End(Hsing|(M))a

as in Definition Unconditionally, we get the estimate
dim@P<M) <dimg E(M).
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In Section we have introduced the filtration of MMSE (Q,Q) by
degree.

COROLLARY A.11. The Period C’on]ecture for all motives is equivalent
to the Period Conjecture for dy MM (Q,Q) for all n > 0.

ProoOF. If M € d MMNOH(Q Q), then even (M) c MMNOH(Q Q).
Moreover, every object of MMSE (Q, Q) is contained in some d, MM (Q, Q).
If the Period Conjecture holds for MMSE (@, Q), then it holds for all (M)
and hence for all d, MMSE (Q,Q), and conversely. O

One of the main results of the present monograph is the validity of the
Period Conjecture for dlMMNOH((@,Q); see Theorem This implies
the dimension formula for all 1-motives; see Corollary

The Period Conjecture can also be formulated for non-effective Nori
motives, see Section We have

P(MMyori(Q,Q)) = P[1/2ri]
because 27i is the period of Q(-1). As we do not know if MMNOH(Q Q) -
./\/l./\/lNon(Q Q) is full, it is also an open question whether P(MME (Q,Q)) -
P(MMNOH(Q, Q)) is injective. By Proposition thls injectivity is a con-

sequence of the Period ¢ Conjecture for MMnyori (@, Q). We deduce it for the
category di MMnoi(Q,Q) in Theorem






APPENDIX B

Voevodsky Motives

An alternative approach to the theory of motives starts out with a trian-
gulated category of motives, thought of as the bounded derived category of
motives. We use Voevodksy’s approach. His category and the results known
about its relation to 1-motives are only used in the proof of Theorem [13.3]
(2). We refer to Voevodsky’s survey in [Voe00| for explicit constructions
and proofs.

B.1. Geometric Motives and the Singular Realisation

Let k be a field of characteristic 0. We work with Q-coefficients through-
out. This assumption makes most of subtleties of [Voe00], like finite corre-
spondences and the distinction between the Nisnevich and the étale topology
unnecessary. There are alternative constructions by different authors which
yield the same result. For example, Ayoub’s category DA‘;H(k:, Q) built with
the etale topology and without transfers (see [Ayol4b]) is equivalent to
Voevodksy’s DM;ﬁl(kz, Q) built with the Nisnevich topology and correspon-
dences.

DEFINITION B.1 ([Voe00, Definition 2.1.1]). We denote by DM;ﬁl(k,Q)
the triangulated category of effective geometric motives and by

M : Var;, -~ DMSL (k, Q)

the covariant functor which attaches to an algebraic k-variety its (Voevodsky)
motive.

Singular cohomology extends to a contravariant functor
Hsing : DMEI:IE(]{’ Q) - Q_VeCt
such that ‘
Hsing(M(X)[i]) = Hszing(Xv @)
This is a consequence and easy special case of [Hub00, Hub04].

REMARK B.2. From the point of view of Voevodsky motives as well as
from the point of view of 1-motives, it can be argued that it would be more
natural to work with singular homology instead. Indeed, this is the point
of view taken by Ayoub in his construction of the Betti realisation not only
of motives over a field, but over general base; see [Ayol0|. On the other
hand, de Rham cohomology is a lot more natural than de Rham homology.
We stick to the conventions set up in [HMS17].

199
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Let Pairs® be the diagram considered in Deﬁnition in order to define
Nori motives.

LEMMA B.3. The functor M extends to a representation
M : Pairs™ - DMy, (k, Q)
such that Hgng o M agrees with the singular realisation of Section .

PROOF. Let (X,Y,i) be a vertex of Pairs®®, i.e. X an algebraic variety,
Y a closed subvariety and ¢ > 0. We define

M(X,Y,i) = M(Y - X)[i]

where M (Y — X)) is the object of Dl\/lgg(k, Q) corresponding to the bounded
complex [Y — X] in the additive category SmCor of finite correspondences;
see [Voe00, Section 2.1]. Its singular realisation is Hsimg(X, Y;Q).
A morphism f: X — X’ mapping Y to Y’ induces a natural morphism
e M(X',Y'i) > M(X,Y,i). A triple Z cY c X induces
8: M(X,Y,i) > M(Y,Z,i+1).

Both are mapped to the correct map on singular cohomology. (]

B.2. Filtration by Dimension

DEFINITION B.4 ([Voe00, Section 3.4]). For n >0 let anMggl(k:,Q) be

the full thick subcategory generated by the motives of the form M (X) for
a smooth variety X of dimension at most n.

The case n = 0 is easy. Voevodsky showed that doDMggl(k, Q) is equiv-
alent to the bounded derived category of finite dimensional continuous rep-
resentations of Gal(k/k). If k is algebraically closed, this is simply the
bounded derived category of Q-Vect.

THEOREM B.5 (Orgogozo [Org04], Barbieri-Viale-Kahn [BVK16]).
There is a natural equivalence of triangulated categories

DP(1-Moty,) - diDMgp, (k, Q)

from the derived category Db(l—Motk) of the abelian category of iso-1-motives
to diDMgm(k,Q). The inclusion diDMgy(k,Q) — Dl\/Iggl(k:,Q) has a left
adjoint which is a section.

For n > 2, the subcategories anMgfn(k, Q) remain mysterious.

B.3. Relation to Nori Motives

We have now seen two approaches to a theory of motives. They are
related.



B.3. RELATION TO NORI MOTIVES 201

THEOREM B.6 (Nori, Harrer [Har16|). There is a triangulated functor
DM (k, Q) > D" (MM (5, Q)

between triangulated categories compatible with the singular realisation into
the derived category of Q-vector spaces.

PROOF. The existence of the functor is due to Harrer, based on a con-
struction of Nori. O

PROPOSITION B.7. The functor of Theorem maps anMgfn(k,Q) to
the full subcategory of D*(MMEE (k,Q)) consisting of objects with coho-
mology in dn MMS;(k,Q).

PROOF. As d, MM .(k,Q) is closed under subquotients and exten-
sions, it suffices to check the claim for a system of generators for anMgffn(k, Q)
as a triangulated category. We first do the case n = 1, which is of most sig-
nificance for us.

Let C be a connected smooth variety of dimension 0 or 1 and M (C') be
the corresponding object in DMgp, (k, Q). Its image in D®(MMyori(k, Q))
has cohomology in degrees at most 2. Cohomology in degree 2 only occurs
if C' is a smooth proper curve. In this case

Hl%ori(c) = Hl%ori(Pl) = Hlllori(Gm)a
hence it is also in dyMMpyei(k, Q).
In the general case, we need to consider M (X) with X a smooth va-
riety of dimension at most n. It remains to show that HY (X) is in
dy MMSE (k,Q). By the Mayer-Vietoris property we may assume that

X is affine. We then follow the construction of Hy,;(X) in [HMS17]. We
choose a good filtration

XOCch"'CXn:X
by closed subvarieties such that Hging(X 7, Xj-1;Q) is concentrated in degree
J. (The existence of such a filtration is guaranteed by Nori’s Basic Lemma;
see [HMS17, Proposition 9.2.3].) This yields the complex
HI%ori(XO) - Hlilori(XhXO) o le\?ori(XTth—l)v

whose cohomology is equal to Hy_;(X). As the complex is in d, MMSE . (k,Q),
so is its cohomology. O






APPENDIX C

Comparison of Realisations

In this appendix, we identify Deligne’s explicit realisations of 1-motives
with realisations of motives of algebraic varieties.

We work over an algebraically closed field k with a fixed embedding into
C. Recall the functor

V :1-Moty - MHS; - (Q, k)—Vect.

It maps the iso-1-motive M = [L — G] to the triple consisting of its sin-
gular realisation Viing(M), its de Rham realisation Vg (M) and the period
isomorphism. We refer to Chapter [8| for their construction.

On the other hand, there is a functor

(X,Y)~» HY(X,Y) € (k,Q)-Vect

for pairs of a variety X and a closed subvariety. A complete reference for
its construction is [HHMS17] and this is what we are going to rely on. We
have already discussed it in Appendix [A] in the context of Nori motives.
Alternatively, we can also construct it from the theory of Voevodsky motives,
see Appendix [Bf every morphism Y — X of smooth k-varieties gives rise to
an object M (Y — X) € DMgy (k). Let H? : DMy (k) — (k,Q@)—Vect be the
standard cohomological functor of [Hub00, Hub04] and H' = Ho[1]. By
composition we define

HYY - X) € (k,Q)-Vect.
Its de Rham component is defined explicitly as H'! of
RT4r(X,Y) := cone(RI4r(Y) » R4r(X))[-1]
and its singular component as H' of
RTging (X, Y) := cone( Rl sing (V) = Rlging (X))[-1],

where RI'gjr and Rl are functorial complexes computing de Rham and
singular cohomology respectively; see [HMS17, Section 3.3.3, Section 5.5].
They are connected by a period isomorphism, see [HMS17], Corollary 5.52].
In the special case Y c X, we get back relative cohomology.

C.1. The de Rham Realisation Revisited

In Chapter [3| we gave an explicit definition of relative algebraic de Rham
cohomology in the smooth case. We need to relate it to the one in our main
reference [HMS17]

203
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LEMMA C.1. Let X be a smooth variety and Y a finite open affine cover
of X. Then there is a natural isomorphism of complexes in the derived
category

RT4r(X,4) - RTqr(X),

functorial for affine maps. If Y ¢ X is a smooth closed subvariety, then
RT4r(X,Y,40) = cone(RTar(Y; 0 V) = RUgr (X, 1))[-1]
is naturally isomorphic to RUCqr(X,Y).

PROOF. The definition of RI'4qr for complexes of smooth varieties is
given in [HMS17| Definition 3.3.1]. For a single smooth variety, by [HMS17],
Definition 3.3.14], it is given as global sections of the Godement resolution
([HMS17, Section 1.4.2])

RT4r(X) = Gdx Q% (X).

The Cech-complex
tot(C* (U, Gdx Q%))
receives natural quasi-isomorphisms both from RI'(X,4l) (because the nat-
ural map Q% - Gdx % is quasi-isomorphism of complexes of sheaves) and
from RI'4r(X) (because the cover i refines X). Together they define an
isomorphism in the derived category.
The construction extends to complexes ¥ — X. [l

C.2. The Comparison Result
In Definition we introduced the external duality functor
Y (Q, k)-Vect - (k,Q)-Vect
mapping the triple (V, Vg, ¢) to (Vd,Vkv,qSV).

ProOPOSITION C.2. Let M = [L ER G| be a 1-motive and eq,..., e, be
a basis of L and put eg = 0. We put Z = [1;_oSpec(k) = {Fb,..., P} and
f:Z -G given by f(P;) = f(e;). Then

V(M) =HY (Z A Q).

The proof will take the rest of the appendix. Before going into it, we
want to record a consequence. Let M = [L — G] be a l-motive. The
assignment

S [LeQ~G(S)ezQ]
defines a complex of homotopy invariant Nisnevich sheaves with transfers
on the category Sm/k of smooth k-varieties; see [AEWH15| Lemma 2.1.2]
building on work of SpieB-Szamuely and Orgogozo. Hence it defines an
object L - G in Voevodsky’s category of motivic complexes with L in degree
0. In fact, it is even an object of the full subcategory DMgy, (k,Q); see
[AEWH15, Proposition 5.2.1]. We denote it Mgm(L - G).
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COROLLARY C.3. Let M =[L - G] be a 1-motive over k. Then
V(M) 2 H* (Mg (L > G)) = H'(Mgn(L - G)).

PROOF. The equality on the right is [AEWH15\, Proposition 7.2.3]. In
order to compare V(M) and H®(Mgm(L — G)) it suffices to give a natural
isomorphism

H(Mgn (L ~> G)) > H'(G, 2)
with Z as in Proposition The main result of [AEWH15] is to describe
G as a direct summand of Mgy, (G). Its cohomology in any contravariant

Weil cohomology theory (e.g. de Rham or singular cohomology) agrees with
HY(@G). In particular,

H*(Mgm(g)) = Hl(G)
The projection map M(G) — G is given by the summation map
M(G)(S) = Cor(S,G) - G(S).

On the other hand, L = M(Z") with Z' = {Py,..., P.}. There is a natural
projection M(Z) - M(Z").

Our comparison isomorphism is induced by the morphism of motivic
complexes

[M(Z) > M(G)] - [M(Z") - G].
We apply the long exact cohomology sequence for the stupid filtration:

HY(G) —— H(Z) HY (G, Z) HY(G)——=0

| | “

H(Z") —= H*(Myn(L - G)) —= HY(G) —=0

0

The vertical map on the left induces an isomorphism
Q = H(Z') » HY(Z)[H(G) = Q" /A(Q).

Together with the identity on the right this induces an isomorphism in the
middle. O

We now start on the proof of Proposition

LEMMA C.4. Let M = [L - G] € 1-Moty, and Z — G as in Proposi-
tion[C' 2. Then

Var(M)Y = Hig(Z - Q).
PROOF. We refer the reader to Chapter [§| for the construction of the al-

gebraic group M — G and the realisations. Note that RT'qg(Z) = H*(Z,0z) =
k™! because Z is of dimension zero. Hence

RFdR(G)i E

RT4r(G,Z)" =
ar(G,2) {RPdR(G)l@HO(Z,(’)Z) i=1
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We claim that there is a natural map in the derived category
Var(M)Y[-1] = coLie(M")[-1] - RT4r(G, Z).
It is induced by the composition
coLie(M") - Q' (M") - RTgr(M")! « RT4r(G),

where the maps are

e extension of an element of the cotangent space to a unique equi-
variant differential form (it is closed because the co-Lie bracket is
trivial);

e association of a section of the de Rham complex to a section of its
Godement resolution;

e functoriality of RI'4qg (a quasi-isomorphism by homotopy invari-
ance)

together with the map
coLie(MY) % HY(Z,04).

We compare the long exact sequence of the cone with the exact sequence for
Var (M):

0 —— Hgr(G) Hix(2) Hix(G,Z) — Hjg(G) ——=0

A T T
0 —— Hom(L,G,) — coLie(M") — coLie(G") — 0

The square on the right commutes by naturality. The dotted arrow does
not exist as a natural map, but we get an induced map

Hom(L, Ga) ~ Hap(Z)/Har(G).

We make it explicit. Pick a: L — G,. It defines a differential form w(«)
on the algebraic group V = G,(Hom(L,G,)"). In coordinates: let ¢; be the
coordinate on V corresponding to the basis vector e; of L. Then

w(a) = ia(ei)dti.

We have an exact sequence
0->G'» MV >V -0,

hence we can pull w(a) back to M*. This defines a class in Hiz (G, Z). Its
image in H éR(G) vanishes by construction. This implies that the class is
exact. Indeed,

w(a) = d(ia(ei)ti N c)

i=1
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for any ¢ € k. We lift Z - G to Z — M" by mapping P; to the image of e;
in M We get a class in HQR(Z) = H°(Z,03z) by restricting our function
Yiale)t;+cto Z:

Pi = a(ei) +C.
(Note that a(ep) = a(0) = 0.) The equivalence class in Hig(Z)/Hx(G) is
independent of ¢ and hence well-defined.

Now that we have an explicit formula, it is obvious that the map is bijec-
tive. Hence it remains to show that coLie(G") - HJx (G) is an isomorphism.
Both coliie and H, éR are exact functors on the category of semi-abelian va-
rieties, hence it suffices to consider the cases G = G, and G = A abelian.
In the first case, Gf, = G,, and the invariant differential dt/t is known to
generate Hip (Gy,).

Let G = A be an abelian variety. In this case Q'(4) = Q1(A)4 =
coLie(A). By Hodge theory, we have the short exact sequence

0> Q' A) » Hiz(A) - H'(A,04) - 0.

The last group also identifies with Ext!(A4,G,). The exact sequence is com-
patible with the sequence

0 — coLie(A) - coLie(A") - Ext'(4,G,) - 0.
Hence coLie(A"%) - Hlz (A) is an isomorphism as well. O

LEMMA C.5. Let M = [L - G] € 1-Moty, and Z — G as in Proposi-
tion[C 2. Then
‘/sing(M)v = Hsllng(Z - G)

PRrROOF. It is more natural to give the argument in terms of homology.
We use the description via C'*°-chains; see Remark or [HMS17), Defi-
nition 2.2.2]. We work with integral coefficients throughout and omit them
from the notation

Recall that, by construction, f: L — G has an injective lift f%: L - M?.
By abuse of notation, the map P; — fi(e;) is also denoted f: Z — MY, By
homotopy invariance, H;"(Z - G) = H;"®(Z - M"). From now on we
work with the latter.

Given an algebraic variety X /k let S¢°(X) be the chain complex of C'*-
chains on X" with integral coefficients. For a morphism f :Y — X, we
then define H;"#(X,Y") as H; of the complex

S (X, Y) i= cone(S7(Y) — 57(X)).
As Z is a disjoint union of points, S;°(Z) = Z[Z] (linear combinations of
points) for all n >0 and the map of complexes
5:(2) - z[ Z][0]
is a quasi-isomorphism, where as usual Z[Z][0] denotes the complex con-
centrated in degree 0. We define a map of complexes

S (M) - [Lie(M¥™™) - A1)
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as follows:
e in degree 1 a path v:[0,1] » M"*" is mapped to () € Lie( M%)
(see Section [5.3));

e in degree 0 a formal sum in Z[ M%*"] is mapped to its sum in M"2",

This is compatible with the differential because exp(I(v)) =~v(1) —v(0). It
is easy to see that the diagram of complexes

S53(Z) S (M)
L[l()] — [Lie(thanl) — Mt
commutes. Hence we get morphisms of complexes
S (M?*, Z) - cone (L[0] - [Lie(M"™") » M"*"])
= [L @ Lie(M%™) - M®*"]
—~ [Lie(M®™) » Mb20/ f(L)].
By definition
Tsing (M) = ker(Lie( M%) — M/ fi(L))
hence we have defined a natural morphism in the derived category
S (MY, Z) > Tying(M)[-1].
We compare the long exact sequence of the cone with the exact sequence

for Viing (M):

0 —— Hy"8(M*) —— H{"(Z — M) —— Hy"*(Z) — Hy"*(M")

|

v v
0 —— Tiing (G) Ting (M) L 0

We make the dotted maps explicit. The elements of Hfing(]\/[ %) are rep-
resented by closed loops in M™%, Let ~ be such a closed loop. Then
the end points of 4 have the same image in M"*" hence 7(1) - ¥(0) «
ker(Lie(M®*") — M®*) = Ty,.(G). The dotted map on the left is an
isomorphism. . _

The kernel of Hy"#(Z) - Hy"#(G) is generated by formal differences
P; — Py. Choose a path ~; from f(Py) =0 to f(P;) in M%**. Then

(=i, Pi = Ry) € S7°(M", Z)

is in the kernel of boundary map. Hence its cohomology class is the preimage
of P;— Py. Its image in Lie(M%?") is given by 7;(0) —7;(1) for a lift ; of ~;.
We may choose 7;(0) = 0, then —7;(1) is in the preimage of f(P;). (Which
preimage depends on the choice of «;. It is only unique up to 2-chains.) Its
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equivalence class modulo Ting(G) is nothing but the image in M Ban hence
f(P) = f(e;). The map ker(Ho(Z) - Ho(M")) - L is also bijective.
This finishes the proof. ([

LEmMA C.6. The comparison maps for de Rham and singular cohomol-
ogy are compatible with the period isomorphism.

PROOF. In keeping with the proof of the last lemma, we prefer to check
compatibility with the period pairing:

HI: (G, Z) x H™(G,Z) —=C

|

VdR(M)V X Tsing(M)

A priori, the pairing on the 1-motive level is simply evaluation of an ele-
ment of coLie(M") on o € Lie(M)c. However, we have already made the
translation to the integration of equivariant differential forms on M%*" along
paths.

We now view the same differential form as a class in de Rham cohomol-
ogy and the path as a class in singular homology. The cohomological version
of the period pairing is also given by integration in these special cases. [

ProoFr oF PRoOPOSITION [C.2l Combine Lemmas [C.4] [C.5 and [C.6] O
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