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Chapter 1

Introduction

This lecture series introduces in the first part a cohomological theory for varieties in positive characteristic with
finitely generated rings of this characteristic as coefficients developed jointly with Richard Pink. In the second
part various applications are given.

The joint work with Pink was carried out in order to give an algebraic proof of the rationality of some L-functions
defined by D. Goss. Prior to our work an analytic proof using methods & la Dwork had been given by Y. Taguchi
and D. Wan in [43]. Moreover by an approach dual to ours and closer in spirit to D-modules in characteristic
zero, one should also be able to obtain an algebraic proof from the work [13] of M. Emerton and M. Kisin

Our expectation that such a cohomological theory should exist came from the cohomological theory of ¢-adic
étale sheaves developed by Grothendieck and his coworkers to prove the rationality of the (-functions introduced
and studied by Weil, Hasse et al. In this case there had first been an analytic proof by Dwork. However it was
only the cohomological method which in the hands of Deligne eventually led to a full proof of the Weil conjecture.

Let me be more concrete: For a variety X of finite type over Spec Z one considers, following Weil, the {-function
d\— )
Cels) = TT (A =7")7 )l
z€|X|

here |X| is the set of closed points z of X; for such an x the residue field k, is a finite field; p, denotes its
characteristic and d, the degree of k; over F,_; s is a complex number. This infinite Euler product converges
absolutely for R(s) > dim X. It is conjectured that (x has a meromorphic continuation to C. If X is irreducible
one furthermore conjectures that (x has at most a simple pole at s = dim X. Except for a few cases, this
conjecture is wide open. If X is irreducible and if its generic points are all of characteristic zero, then s
(x(8)/Cspecz(s —dim X + 1) has a holomorphic continuation to R(s) > dim X — 1/2 — see Exercise 1.1 and [35].

For X = SpecZ the Euler product (x is simply the Riemann (-function. For X the ring of integers of a number
field it is the Dedekind (-function. For these X it is known that (x has a meromorphic continuation to C with
a simple pole at s = 1. Its residue is of arithmetic significance.

We can rearrange the above product as follows: For any prime p let X, := X Xgpecz SpecF,, be the fiber of X
above p. Then the closed points of X, are precisely the closed points of X with p, = p. Define

Z(Xp,T) = [[ @=1%)"" e1+TZ(T]. (1)

€[ Xp|
This is the (-function of A. Weil of X,,. It can also be defined in an entirely different way by counting closed
points of X, over the fields Fyn, n — 0o, namely Z(X,,T) = exp (ZTZI NTtr/r) with N, = #X,(Fpr).
Using Z(X,,,T) it is easy to verify that
x(s) = [[2(Xpp7).
P
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The Weil conjecture makes predictions about Z(X,,,T).

(a) It asserts that Z(X,,T) is a rational function in T If X, is a smooth projective variety over F,, of dimension
n then by Grothendieck et al. more refined assertions are true:

2dim X, (_1)j+1

20X, T) = J] det (1= T Frob, | HL (X, Q) : (2)
=0

(b) Z(X,,T) satisfies the functional equation Z(X,, ﬁ) = +pP2TPZ(X,,T) where E = Z?Zo(*l)iBj

with B; = dim H’ — or E is the self intersection number of A C X x X;

(c) the eigenvalues of Frob, acting on HZ (X,,Q;) are algebraic integers all of whose complex absolute values
are of size p?/2. (They are Weil numbers of weight i.)

The equality of the right hand sides of (1) and (2) is derived from a Lefschetz trace formula. It is a key assertion
of the cohomological approach toward proving the Weil conjecture. Recommended references are [51, 36, 14, 31].

Ezercise 1.1. This exercise may require additional reading on the assertions of the Well conjecture.

(a) Suppose X, is irreducible and of dimension n (but not necessarily smooth). Then N, — (p™)" = O(p(n=2)r),

(b) Suppose X is irreducible and generically of characteristic zero. Then s — (x(s)/(specz(s —dim X + 1) has
a holomorphic continuation to R(s) > dim X — 1/2.

To explain the situation we will be interested in, we consider a slightly different setting. Let X be as above
and let A — X be an abelian scheme over X, e.g. an elliptic curve over X. (This means that the morphism is
smooth projective and flat, it carries a section (the O-section of the abelian scheme) and all fibers are abelian
varieties.) For simplicity we assume that X = X, for some fixed prime p. For the abelian variety A, it is known
that HY (A., Q) is the dual of the f-adic Tate-module of A,, tensored with Q, over Z;:

Hgi (A, Qp)Y = Tatey(Ay) @z, Q.

Moreover H? (A, Q¢) = AHL (A, Qp), the j-th exterior power of H'. An often studied L-function in this
context is

IT det (1 e Frob;1|H§t(Aw,Qg))il = [T det (1 — 7 Frob | Tateg(Am)) e 1+ Tz

z€|X| €| X]|
By Grothendieck’s more general formulation of the conjectures of Weil, this is also a rational function in 7.

An analog of the right hand side can be defined within the framework of function field arithmetic: Consider a
smooth projective curve over a finite field. Let A be the coordinate ring of the affine curve obtained from the
projective curve by removing a single closed point. For such A one has the notion of Drinfeld A-module (or more
generally A-motive). For every place p of A, and any Drinfeld A-module ¢ (or more generally any A-motive M)
one can associate the p-adic Tate-module Tatey (). If ¢ is defined over a finite field k,, then the corresponding
Frobenius endomorphism acts on the Tate-module and one obtains

det (1 — T Frob;1| Tateg(go)) €1+ le'A[[Td””]],

Suppose now that ¢ is a Drinfeld A-module over a scheme X of finite type over IF,, — one should think of ¢ as a
family of Drinfeld A-modules over X. For such ¢ Goss conjectured that

1
L, X, T) = [] det (1 — 7% Frob!| Tateg(gpw)) €1+ TA[[T)]

€| X|



is in fact a rational function over A. This was first proved by Taguchi and Wan and later by R. Pink and the
author.

Goss also defined an analog of the global {-function considered above: For this observe that every Drinfeld A-
module ¢, has a characteristic. This yields a morphism of schemes X — Spec A (and the same for A-motives).
As before, one considers the various fibers X, := X Xgpec 4 Spec A/p and defines

L, X, s) =[] L(elx,, Xp. Dlrp+;
peMax(A)

here s € Z, x C, which can be regarded as an analog of the complex plane; we skip the definition of p~* but
note that the product only converges in an analog of a right half plane. Goss defines what it means for a function

Zp x Coo = Co

to be meromorphic and essentially algebraic. It is shown for A = Fy[t] in the work [43] of Taguchi and Wan and
for general A in [3] that the global L-functions of Goss possess these two properties. More will be explained in
the upcoming lectures.

The aims of the present lecture series are:

e Introduce the cohomological theory of Pink and myself which is applicable to families Anderson’s A-motives.
(and more generally)

e Prove a Lefschetz trace formula within this theory following an argument by Anderson and obtain an
algebraic proof of Goss’ conjectures on L-functions of families of ¢-motives.

e Discuss the following topics related to the above theory:

(a) A cohomological formula for special values of Goss global L-function at negative integers.

(b) Goss’ conjectures about the meromorphy of global L-functions as well as results and conjectures on
the distribution of their zeros.

(c) The link between the theory of Pink and myself to the étale theory of sheaves of F,-vector spaces on
varieties X of characteristic p.

(d) An alternative proof of a theorem of Goss and Sinnott on the relation between components on the
class groups of torsion fields of Drinfeld modules and the divisibility of L-values..

(e) The association of Galois representations (or more general A-motive like objects) to Drinfeld modular
forms.

References: A detailed account of the cohomological theory treated in this course is given in the monograph [8].
The results on meromorphy of global L-functions are from [3]. The cohomological treatment of Drinfeld modular
forms stems from [4]. A very important article regarding a Trace formula for Goss’ L-function is Anderson’s [2].
Much background on Drinfeld modules and ¢-motives can be found in [23]. Another rich source is [47]. Further
references are given throughout the text. Some of the results we present have not yet appeared in print or
preprint form.

Acknowledgments: I would like to thank the CRM at Barcelona for the invitation to present this lecture series
during an advanced course on function field arithmetic from February 22 to March 5, 2010 and for the pleasant
stay at CRM in the spring of 2010 during which a preliminary version of these lecture notes were written. I
also thank the NCTS in Hsinchu, Taiwan, and in particular Chieh-Yu Chang and Winnie Li for inviting me
in September 2010 for giving another lecture series on the above results. It much helped with the revisions of
the original notes. I thank D. Thakur for his many remarks on the Goss L-function of the Carlitz module. For
help with the correction of a preliminary version, I thank A. Karumbidza and I. Longhi. I acknowledge financial
support by the Deutsche Forschungsgemeinschaft through the SFB/TR 45.



Chapter 2

Notation

Let p be a prime number and ¢ a power of p. We fix a finite field k£ with ¢ elements. All schemes X, Y, Z, U etc. are
assumed to be noetherian and separated over k. All morphisms, fiber products, tensor products of modules and
algebras are taken over k unless specified otherwise. By a (quasi)-coherent sheaf on a scheme X we will always
mean a (quasi)-coherent sheaf of O x-modules. Any homomorphism of such sheaves is assumed to be Ox-linear,
and any tensor product of such sheaves is taken over Ox. The Frobenius morphism on X over k, which acts on
functions by x — 29, is denoted o: X — X.

Throughout most of the lectures we fix a scheme C' which is assumed to be a localization of a scheme of finite
type over k. The notation is intended to reflect the role of C' as a Coefficient system. To guarantee the existence
of sufficiently many functions we assume that C' is affine; thus C = Spec A, where A is a localization of a finitely
generated k-algebra. Interesting special cases of such A are the coordinate ring of any smooth affine curve over k,
any field which is finitely generated over k, and any finite Artin ring over k.

The assumptions on C' imply that X x C' is noetherian for every noetherian scheme X over k. This is useful in
dealing with coherent sheaves on X x C. As a general rule, sheaves on X will be distinguished from those on
X x C by an index (__)g. Throughout we let pry: X x C' — X denote the projection to the first factor. For any
coherent sheaf of ideals Zy C Ox we abbreviate ZoF := (pry ' Zo).F.

In the special case where C'is an irreducible smooth affine curve over k whose smooth compactification is obtained
by adjoining precisely one closed point oo, we define: K as the fraction field of A, K, as the completion of K
at co and C, as the completion of the algebraic closure of K. Similarly, for any place v of K we denote by K,
the completion of K at v and by O, the ring of integers of K, and by k, the residue field of K,.



Chapter 3

First basic objects

In this chapter we shall introduce 7-sheaves. These are the first building blocks in the theory developed with
Pink. We shall see how they arise from (families of) Drinfeld A-modules and A-motives.

1 7-sheaves

Definition 3.1. A 7-sheaf over A on X is a pair F := (F,7r) where F is a quasi-coherent sheaf on X x C' and
T7F is an Ox xc-linear homomorphism

(o x id)*F L= F.
As A remains fixed for the most part, we usually speak of 7-sheaves on X.

A homomorphism of T-sheaves F — G on X is a homomorphism of the underlying sheaves ¢: F — G such that

(o xid)*F > F

(UXid)*wJ/ l@o

g

(0 x id)*G —2=G.
commutes.

The sheaf underlying a 7-sheaf F will always be denoted F. We will mostly abbreviate 7 = 7 (if the underlying
sheaf is clear from the context).

Ezercise 3.2. Let f: Y — X be a morphism of schemes, let 7 and G be sheaves of Ox and Oy-modules,
respectively. Prove that there is a natural isomorphism

Homop, (f*F,G) = Homo (F, f«G)

of abelian groups, called adjunction. In the case where X and Y are affine schemes, reformulate adjunction in
terms of modules.

Ezercise 3.3. (i) Suppose N is an S-module and 6: S — S is a ring homomorphism. Denote by N the same
underlying abelian group however with S acting via &, i.e. s-5n := &(s)-n. Call a morphism a: N — N &-linear
if a(sn) = &(s)a(n). Denote by S[d] the not necessarily commutative polynomial ring in & over S with the
commutation rule s = 6(s)& for s € S. Then the following are equivalent for a map a: N — N:

(a) « is -linear
(b) a: N = Nz,n — «a(n) is linear



(c) alin: S ®g N — N,s®n + sa(n) is S-linear where the map S — S used in the tensor product is &.

(d) N is aleft S[g]-module via }_ s;6°-n =3, s;a’(n), i.e. via the unique action extending that of S on N so
that a(n) =6 - n.

(ii) On any affine chart Spec R C X a 7-sheaf over A corresponds to an R® A-module M together with a o ®id-
linear homomorphism 7: M — M. In other words, it corresponds to a left module over the non-commutative
polynomial ring (R ® A)[r], defined by the commutation rule 7(u ® a) := (u? ® a)7 for all u € R and a € A.

Definition 3.4. The category formed by all 7-sheaves over A on X and with the above homomorphisms is
denoted QCoh_ (X, A). The full subcategory of all coherent T-sheaves (those F for which F is coherent) is
denoted Coh, (X, A).

Exercise 3.5. Find an example of a non-zero 7-sheaf which contains no coherent T-subsheaf except for 0. Show
that any quasi-coherent sheaf (without 7) is the direct limit of its coherent subsheaves.

Because of the above example and for various technical reasons, in [8] we also introduce the category of ind-
coherent 7-sheaves, i.e. T7-sheaves which are the filtered direct limit of their coherent 7-subsheaves.

The above two categories are abelian A-linear categories, and all constructions like kernel, cokernel, etc. are
the usual ones on the underlying quasi-coherent sheaves, with the respective 7 added by functoriality. In par-
ticular, the formation of kernel, cokernel, image and coimage is preserved under the inclusions Coh, (X, A) C
QCoh_(X, A).

Proposition 3.6. Coh,(X,A) C QCoh, (X, A) is a Serre subcategory — cf. Definition 4.9.

QCoh, (X, A) is a Grothendieck category, i.e., it is closed under exact filtered direct limits and it posses a
generator: an element U such that any element of QCoh._ (X, A) is a quotient of ®1U for some index set I.

The proof of the first part is obvious, that of the second can be found in [8, Thm 3.2.7]

2 (Algebraic) Drinfeld A-modules

Throughout this section, we assume that C' = Spec A is an irreducible smooth curve over k£ whose smooth
compactification C' is obtained by adjoining precisely one closed point called co. Qur prime example will be
A = k[t]. For any non-zero element a € A, we set deg(a) := log, #(A/Aa).

By a line bundle L on X we mean a group scheme over X which is Zariski locally isomorphic to the additive
group scheme G, x X. Its endomorphism ring Endy (L) consists of all k-linear endomorphisms as a group scheme
over X. If X = SpecR is affine and L is trivial (and thus L = Spec R[z]), one can identify Endy(L) with the
non-commutative polynomial ring R[7] defined by the commutation rule T7u := w47 for all u € R. Here 7 acts
on a polynomial f =Y 72’ € Rlx] as 7f = Y. a;2% and thus on r € R = G,(Spec R) as 7(r) = r9. This means
that 7 is simply the Frobenius endomorphism on the sections G, (Spec R) = R.

For arbitrary X, let £ denote the invertible sheaf of sections of L over X. Since on sections, Frobenius is
exponentiation to the power ¢, it defines a homomorphism £ — £%9, and thus only if composed with a lin-
ear homomorphism £®¢ — L one obtains a g-linear homomorphism. From this one deduces that Endy (L) is
isomorphic to the module of global sections of @nzoﬁ‘g(qn_l).

Definition 3.7. A Drinfeld A-module of rank r > 0 on X consists of a line bundle L on X and a ring ho-
momorphism ¢ : A — Endg(L), a — ¢, such that for all points z € X with residue field k, the induced
map

vz: A — Endg(L|z) 2 k,[7], a— Zui(a)Ti
i=0
has coefficients u;(a) = 0 for i > rdeg(a) and u, geg(a)(a) € kj.
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A homomorphism (L,p) — (L', ¢') of Drinfeld A-modules over X is a homomorphism of line bundles L — L'
that is equivariant with respect to the actions ¢ and ¢’. It is called an isogeny if it is non-zero on any connected
component of X. The latter implies that its kernel is a finite subgroup scheme of L.

The characteristic of (L, p) is the morphism of schemes Char,,: X — C' corresponding to the ring homomorphism
dp : A — Endp, (Lie(L)) 2 T(X,Ox). An element a € A is prime to the characteristic of ¢ if dp, is non-zero.
A Drinfeld-module over a field is of generic characteristic if all @ € A \ {0} are prime to its characteristic. Else
it is of special characteristic Ker(dy), which is a non-zero prime ideal of A.

Ezercise 3.8. Verify that the above definitions agree with the ”usual ones” in the case X = Spec F' for any field
F of characteristic p.

Example 3.9. In the special case where X = Spec R is affine and L is trivial over X, any Drinfeld A-module is
isomorphic to one in the standard form

where Uy geg(a)(a) is a unit in R for all a € A~ {0}. The characteristic of ¢ is the morphism corresponding to
the ring homomorphism A — R, a — up(a).

An isogeny ¢ — ¢’ between Drinfeld modules in standard form over Spec R is given by some 1 € R[r| with
leading coefficient a unit in R such that ©/,1) = Y, for all a € A. Such a 1 defines an isomorphism if its degree
18 2ero.

Further results on Drinfeld modules such as their analytic definition via lattices, a discussion of their torsion
points and the existence of isogenies and on Drinfeld Hayes modules can be found in Appendix A.

3 A-motives

The following construction due to Drinfeld attaches a coherent 7-sheaf to any Drinfeld A-module (L, ¢) of rank

r on X: The functor
U— Hornk(L|U7 Gq X U)
defines a quasi-coherent sheaf of Ox-modules on X. Letting each a € A act via right composition with ¢,

defines on it the structure of a sheaf of Ox ® A-modules. Let M(p) be the corresponding quasi-coherent sheaf
of Ox«c-modules on X x C.

Example 3.10. In Ezample 3.9 the module underlying M(p) is M (p) := R[7]. Here R and T act by left multipli-
cation, and a € A by right multiplication with ¢,. It is easy to see that M () is finitely generated over R ® A.
In the special case A = kt] it is free over R® A = R[t] with basis {1,7,7%,..., 7" 1. If o, =0+ a1 +... +a,7"
with «, € R*, then the matrix representing 7 is given by

00 .. 0 ¢
10 ... 0 ==

r=|0 L 0 T g xidy)
00 ... 1 =%

Ezercise 3.11. For any Drinfeld A-module (L, ¢) of rank r on X, the sheaf M(y) is a locally free sheaf on X x C
of rank r. (Hint: Reduce to X affine, ¢ of standard form; treat first A = F,[t]; reduce the general case to this.)

Let 0 € Endi(G, x X) denote the Frobenius endomorphism relative to X. Left composition with o defines an
Ox x¢-linear homomorphism M () — (o x id).M(p), and thus via adjunction an Ox x¢-linear homomorphism

7: (o x1id)" M(p) — M(p).
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The resulting 7-sheaf is denoted M (). This construction is functorial in (L, ). Moreover Coker(r) is supported
on the graph of Char, and locally free of rank 1 over X.

The following definition is essentially due to Anderson: We fix a morphism Char: X — C.

Definition 3.12. A family of A-motives over X, or short an A-motive on X, of rank r and of characteristic Char
is a coherent 7-sheaf M on X such that

(a) the underlying sheaf M is locally free of rank r over Ox x¢, and

(b) as subsets of X x C the support of Coker(7) is a subset of the support of the graph of Char.

When X is the spectrum of a field F, A = F,[t] and the module corresponding to M is finitely generated over
F[r], then M is a t-motive in the sense of Anderson [1].

Ezercise 3.13.  (a) Denote by Ox[r] the sheaf of rings on X defined on affine charts Spec R C X by R[7]
and with the obvious gluing morphisms. Given a Drinfeld-module (L,¢) on X we defined M(p) as
Homy,x (L, Gq,x) with the induced 7 and Ox x c-actions. Show that to recover (L, ) one may proceed as
follows:

Define a functor on X-schemes 7: Y — X by assigning to 7 the value Homo, ;(7* M (), Oy) where Oy
is considered as a sheaf on Y with the obvious action by Oy [r]. Show that this functor is represented by
L on X and that one can recover ¢ from the A-action on M(p). (Hints: Exercise 3.3; us a affine covers.)

(b) The assignment (L, ) — M(p) defines a contravariant functor which is fully faithful. For X = Spec F,
the image is the set of those A-motives which are free over F[7] of rank 1.

(c) Call a map M — N between A-motives on X an isogeny if its kernel and cokernel are finite over X.
Show that any isogeny has trivial kernel and that (L,¢) — M(¢) maps isogenies of Drinfeld A-modules
to isogenies of A-motives.

(d) Show that for X = Spec F' any non-zero subobject of M(¢) is isogenous to M(¢), i.e. that it is an object
which is irreducible up to isogeny. (Hint: use that End(ip) is an order in a division algebra.)

The category of Drinfeld A-modules does not permit the formation of direct sums or tensor products or related
operations from linear algebra.

The passage to Anderson’s t-motives, and more generally to A-motives, adds this missing flexibility.

We will see that A-crystals are even more flexible in that they form an abelian category with tensor product,
which possesses a cohomology theory with compact support with many of the usual properties.
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Chapter 4

A-crystals

In the previous chapter we introduced the first basic objects. Their definition was natural in light of the defi-
nition of families of Drinfeld modules and A-motives. In Section 1 we shall revisit the motivation given at the
beginning of this lecture series. This will indicate that T-sheaves are not in all respects suitable for the sought-for
cohomological theory. Namely it suggest that we should find a new category built out of 7-sheaves in which
those homomorphisms of 7-sheaves whose kernels and cokernels have nilpotent 7 into isomorphisms. The formal
procedure to obtain this category is localization. We briefly recall this in Sections 2 and 3 and refer to [8, §1.2]
for further details and further references. In Section 4 we introduce the important notions of nilpotent 7-sheaf
and of nil-isomorphism. Their understanding is a prerequisite to Section 5 where we introduce the category
of A-crystals. This is the category for which we shall in the following chapters investigate the cohomological
formalism introduced in [8].

1 Motivation II

The objects of Coh, (X, A) are pairs of a coherent Ox «c-module and an endomorphism. For such pairs, the
definition of inverse image, ® and direct image can be defined in an obvious way, and we will do this later. One
problem with direct image is that coherence is not preserved. But this does not come unexpectedly: already
direct image between categories of quasi-coherent sheaves does not preserve coherence.

What is lacking at this point?

e For a trace formula, we need Rfi, direct image with proper support, for any morphism f of finite type.
The standard construction in the setting of schemes is Rf; = Rf, o j) where f = f oj with f proper and j
an open immersion. (Such a factorization is called a (relative) compactification.) It remains the question
of how to define j, for j an open immersion.

Note that j; from quasi-coherent sheaves is not a useful functor here, since j; of a coherent sheaf is not
necessarily quasi-coherent. On the other hand, in the present setting we would like j; to preserve coherence.

e If we are mainly interested in L-functions, we should regard pairs (F,0) with the zero morphism as zero.
More generally we should regard pairs (F,7) with 7 nilpotent as zero!

e Expanding on the previous example we might like to regard a homomorphism F — G as an isomorphism
if its kernel and cokernel have nilpotent 7.

e We would like to have a simple categorical characterization of objects F to which we can attach an L-
function, i.e., to which we can attach a pointwise L-factor at all closed points.

For this further motivation, suppose that X is of finite type over F, and that F is the pullback of a coherent
sheaf 7y on X. To any such F one can assign an L-function as a product of pointwise L-factors as follows:
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For any x € |X| let k,, denote its residue field and d, its degree over k. Then the pullback F, of F to x x C is
equal to the pullback of Fy from X to x, pulled back under x x C' — x; hence it corresponds to a free k, ® A-
module of finite rank M,. The induced homomorphism 7, : (o, x id)*F, — F, corresponds to a o, ® id 4-linear
endomorphism 7,.: M, — M,. The iterate Tgw of the latter is k, ® A-linear, and one can prove that

dety, g (id —t% 7 | M,) = deta (id —tr, | M,).

This is therefore a polynomial in 1+ t% A[t4=]. Since there are at most finitely many = € | X| with fixed d,, the
following product makes sense:

Definition 4.1. The naive L-function of F is

-1

Lnaive(X’£’ T) = H detA(id —T'7y | Mz) el +TA[[T”7

z€|X|

For the trace formula suppose first that X is proper over k. Then for every integer ¢ the coherent cohomology
group H*(X, Fy) is a finite dimensional vector space over k. Moreover, the equality F = pr} F, yields a natural
isomorphism HY(X x C,F) & H*(X,Fy) ® A. This is therefore a free A-module of finite rank. It also carries
a natural endomorphism induced by 7; hence we can consider it as a coherent 7-sheaf on Speck, denoted by
HY(X,F). The first instance of the trace formula for L-functions then states:

Theorem 4.2. L'¥¢(X, F,T) = [[,p, L"¥*(Speck, H'(X, F),T) """

A standard procedure to extend this formula to non-proper X is via cohomology with compact support. For this
we fix a dense open embedding j: X < X into a proper scheme of finite type over k. (The existence of such a
compactification is a result due to Nagata; [37, 38] or [34].) We want to extend the given F on X to a coherent
7-sheaf F on X without changing the L-function.) Any extension whose 7, on F. is zero for all z € |X \ X| has
that property, and it is not hard to construct such an extension: In fact, any coherent sheaf on X extending F,
multiplied by a sufficiently high power of the ideal sheaf of X ~ X, does the job. However, there are many choices
for this F, and none is functorial. Thus there is none that we can consider a natural extension by zero “j,F” in
the sense of T-sheaves. For the purpose of L-functions however, any such is a reasonable choice since it satisfies

LnaiVC(X,£, T) — Lnaivc (X7£’ T)

One can in fact show the following: Given any two extension z 1, z 5 of F to X, there exists a third one f 3 and
injective homomorphisms of 7-sheaves ¢; : F3 — F;, i = 1,2, whose cokernels have nilpotent 7. In particular
one would like to regard all such F; as isomorphic.

Ignoring the ambiguity in the definition of j,.F for the moment, let us nevertheless provisionally regard H*(X, z )
as the cohomology with compact support H:(X, F). Then from Theorem 4.2 we obtain the more general trace
formula

Theorem 4.3. L"V¢(X, F,T) = [[,op L"¥¢(Speck, H (X, F),T) """

Since the factors on the right hand side are polynomials in 1+t A[t] or inverses of such polynomials, the rationality
of Lrve(X F T) is an immediate consequence.

The order of presentation of the above theorems is for expository purposes only. In [§], Theorem 4.3 is proved
first when X is regular and affine over k and then generalized to arbitrary X by devissage. The proof in the affine
case is based on a trace formula by Anderson from [2]. While Anderson formulated it only for A = k, Taguchi
and Wan [44] already noted that it holds whenever A is a field, and [8] extends it further. Also, the formula in
[2] is interpreted in [8] as the Serre dual of the one in Theorem 4.3. This explains the absence of cohomology in
the trace formula given in [2].
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2 Localization

Let € be a category and let S denote a collection of morphisms in €. Morphisms in S are drawn as double arrows
— to distinguish them from arbitrary morphisms — in €.

Definition 4.4. The collection S is a multiplicative system if it satisfies the following three axioms:

(a) S is closed under composition and contains the identity morphism for every object of €.

(b) Forany t: N = N in S and any f: M — N in €, there exist s: M’ = M in S and f': M’ — N’ in €
such that the following diagram commutes:

/

M/ fH N/
1, )
f
M—N
The same statement with all arrows reversed is also required.
(¢) For any pair of morphisms f,g: M — N the following are equivalent:
(i) There exists s € S such that sf = sg.
(ii) There exists t € S such that ft = gt.

Suppose S is a multiplicative system. Then one constructs a new category S~'€ as follows:
The objects are those of €, i.e., Ob(S7*€) := Ob(C).
Morphisms will be equivalence classes of certain diagrams: A right fraction from M to N is a diagram
f s
M — LN
in € with s € §. Two right fractions M N L; <= N are called equivalent if there is a commutative diagram

Ly

AN

M——>[<=—=N

N]A

L,

in € with s € S.

Ezercise 4.5. Using the axioms 4.4, show that this defines an equivalence relation on the class of all right fractions
from M to N.

One defines
Homg-1¢ (M, N)

as the set of equivalence classes of right fraction, provided the following set theoretic condition is satisfied:

Definition 4.6. S is called essentially locally small if for all M and N the class of right fractions from M to N
possesses a set of representatives.
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Due to the symmetry in the definition of multiplicative systems one can also work with left fractions M < L — N.
The axioms 4.4 imply that every equivalence class of left fractions corresponds to a unique equivalence class of
right fractions, and vice versa, so that one obtains the same result. Using axiom 4.4 (b) one defines the composition
of right fractions. Thus under the condition 4.6 one obtains a well-defined category S~'€&, called the localization
of € by S.

There is a natural localization functor q: € — S~'€ mapping any object to itself and any morphism M Y

to the equivalence class of the right fraction M TN L N To distinguish morphisms in S7'¢€ from those
in € we often denote them by dotted arrows ---». A morphism of the form q(f) is, by abuse of notation, also
denoted by a solid arrow. We will often abbreviate € := S7'€ when § is clear from the context.

Exercise 4.7. Let S be an essentially locally small multiplicative system S in a category €.
(a) For every s € S the morphism ¢(s) is an isomorphism in €.

(b) For any category ® and any functor F': € — © such that F'(s) is an isomorphism for all s € S, there exists
a unique functor F': € — © such that F' = Fq.

(c) If € is an additive category, then so is € and ¢ is an additive functor. In this case, if the functor F in (b)
is additive, then so is F.

(d) Suppose S and &’ are multiplicative systems of categories € and €', respectively. If a functor F': ¢ — &
satisfies F'(S) C &', then there is an induced functor F': ¢’ — €.

Remark: The properties 4.7 (a)—(b) characterize € and ¢ up to equivalence of categories.

Definition 4.8. A multiplicative system S is saturated if, in addition to 4.4 (a)—(c), it also satisfies the condition

(d) For any morphism f: M — N in €, if there exist g: N — N’ and h: M’ — M such that gf and fh are
in §, then fisin S.

If S if saturated, one easily shows that for any morphisms L JTom SN , if two of f, g, and gf are in S, then
so is the third. This property is useful in simplifying arguments.

3 Localization for abelian categories

Definition 4.9. A full subcategory 8 of an abelian category 2 which is closed under taking subobjects, quotients,
extensions, and isomorphisms, is called a Serre subcategory.

Ezercise 4.10. ([50, Exer. 10.3.2]) For any abelian category 2 there is a bijection between the class of saturated
multiplicative systems S and the class of Serre subcategories B. Explicitly, given B one defines S as the class of
those morphisms whose kernel and cokernel are in 8. Conversely, given S one defines B as the full subcategory
consisting of those objects M of 2 such that 0 — M isin S.

Definition 4.11. An abelian category is called locally small if for every object the equivalence classes of subobjects
form a set.

Ezercise 4.12. Suppose 2 is locally small and let S be the multiplicative system associated to any Serre subcat-
egory B. Let f: M — N denote a morphism in 2. Then

(a) (see [50, Ex.10.3.2]) S is essentially locally small, the localized category 2l := S~' is abelian and the
functor ¢: A — 2 is exact.

(b) (i) The object g(M) € A is zero if and only if M € B.
(ii) The morphism ¢(f) is zero if and only if Im f € B.
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(iii) The morphism ¢(f) is a monomorphism if and only if Ker f € 8.
(iv) The morphism ¢(f) is an epimorphism if and only if Coker f € 8.
(v) The morphism ¢(f) is an isomorphism if and only if both Ker f, Coker f € B.

(¢) If g(f) is an isomorphism, then f can be factored as f = gh where h is an epimorphism with kernel in 2B
and h is a monomorphism with cokernel in 8.

(d) Every short exact sequence in 2 is isomorphic to the image of a short exact sequence in .

(e) Every complex in 2 is isomorphic to the image of a complex in 2.
Next recall that an object M € 2 is noetherian if every increasing sequence of subobjects becomes stationary.
Ezercise 4.13. If M € 2 is noetherian, then q(M) € 2 is noetherian.

Ezercise 4.14. Is the category of A-motives on a scheme X abelian?

Show that the category which is the localization of the category of A-motives at the set of isogenies is an F-linear
abelian tensor category and that any morphism is given by a diagram

ME<=H—N.

4 Nilpotence

For a 7-sheaf F one defines the iterates 77 of 7x by setting inductively

7% :=id and 7F = 71ro0 (0 x id)* TR
Thus
e 7": (0™ x id)*F — F is an Ox «¢-linear homomorphisms.
e Each (¢" x id)*F := ((¢™ x id)*F, (¢™ x id)*7r) is a T-sheaf.
o 77: (0" xid)*F — F is a homomorphism of 7-sheaves.

Definition 4.15. (a) A 7-sheaf F is called nilpotent if 7% vanishes for some, or equivalently all, n > 0.

(b) A 7-sheaf F is called locally nilpotent if it is a union of nilpotent 7-subsheaves.

The full subcategories of QCoh,_ (X, A) formed by all nilpotent and coherent, respectively locally nilpotent
T-sheaves are denoted Nil, (X, A) C LNil, (X, A).

We have the following inclusions of categories

Nil, (X, A) > LNil, (X, A) (1)

Coh, (X, A)<> QCoh_(X, A),

T

where furthermore Nil, (X, A) = Coh, (X, A) N LNil, (X, A) (essentially by definition).

Remark 4.16. We observe the following obvious fact: Suppose X is a scheme of finite type over k and F is a
locally free 7-sheaf. Then if F is nilpotent, its L-function is trivial, i.e., L(X,F,T) = 1.

Proposition 4.17. The categories in (1) are Serre subcategories of QCoh, (X, A).
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Proof. The non-trivial part is to prove the invariance under extensions for LNil. (X, A). Consider a short exact

sequence 0 — F' 5 F LA F"” — 0in QCoh, (X, A) with ' and F” in LNil.(X, A). We claim that every
coherent subsheaf G is contained in a nilpotent coherent 7-subsheaf of F. By hypothesis on F”, the image 3(G)
is contained in a sheaf underlying a nilpotent coherent T-subsheaf G’ of F”. In particular there exists n, such
that 72, = 0.

g//

Hence 7" ((c™ x id)*G) C F'. Now we apply our hypothesis on F'. It yields a nilpotent coherent 7-subsheaf
containing 7" ((¢™ x id)*G). In particular there exists n’ such that 7 (7™(G)) = 0. One easily deduces that

Z?:On/ 7((0 x id)*G) is a nilpotent coherent T-subsheaf of F which contains G. O
By Proposition 4.10, the Serre subcategory LNIil, (X, A) defines a corresponding multiplicative system:

Definition 4.18. A homomorphism of 7-sheaves is called a nil-isomorphism if both its kernel and cokernel are
locally nilpotent.

Note that by diagram (1) a homomorphism of coherent T-sheaves is a nil-isomorphism if and only if its kernel
and cokernel are nilpotent.

The following characterization of nil-isomorphisms will be useful. Note that inverse image by ¢™ x id always
preserves coherence.

Proposition 4.19. A homomorphism of T-sheaves ¢ : F — G is a nil-isomorphism if there exist n > 0 and a
homomorphism of T-sheaves a making the following diagram commute:

(o™ % id)*fT—n>

(anXidWJ« /

n

(0" x id)*G —" >

h

(2)

)

Q<

If F and G are coherent, the converse is also true.

Proof. For this proof we abbreviate H, := (¢" x id)*H for any 7-sheaf H. We only give the proof of the first
assertion. The reader is advised to try to prove the converse by herself. Let us suppose that a exists, so that we
have the commutative diagram

Q n (Coker 30)(“) — ()

(n)

)
o
-

4 g Coker ¢ —— 0.

Here the bottom row is exact and, since inverse image on coherent sheaves is a right exact functor, the top row
is a complex whose right half is exact. It is straightforward to deduce that the outer vertical homomorphisms
vanish. This shows that Ker ¢ and Coker ¢ are nilpotent; hence ¢ is a nil-isomorphism, as desired. O

va

Applying Proposition 4.19 to ¢ = 7% and o = idr yields:

Corollary 4.20. For every T-sheaf and every n > 0 the homomorphism 7% : (6" x id)*F — F is a nil-
isomorphism.
Exercise 4.21. Suppose p: M — M’ is a nil-isomorphism of A-motives. Show that it is an isomorphism.

Remark 4.22. From 4.16 we deduce the following rather trivial observation: Suppose X is a scheme of finite type
over k and F — G a homomorphism of locally free T-sheaves whose kernels and cokernels are locally free as well.
Then L(X,F,T) = L(X,G,T).
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5 A-crystals

By Proposition 4.17 the categories in the upper row of (1) are Serre subcategories of the categories in the lower
row. Proposition 4.10 identifies the corresponding saturated multiplicative systems with the respective classes of
nil-isomorphisms. In this section we will study basic properties of the associated localized categories.

Regarding existence, it is shown in [8, Prop. 2.6.1, Thm. 3.2.7] that QCoh_ (X, A) is a Grothendieck category
and so in particular it is locally small. Thus by Exercise 4.12 for any Serre subcategory the localization at the
corresponding multiplicative system exists.

Definition 4.23. In the following commutative diagram the lower row is obtained from the upper row by localiza-
tion with respect to nil-isomorphisms, the vertical arrows are the respective localization functors, and the lower
horizontal arrows are obtained from the upper horizontal arrows by the universal property of localization:

Coh,(X,A)“ QCoh, (X, A)

| |
Crys(X,A) — QCrys(X, A4).

We refer to the objects of Crys(X, A) as A-crystals on X, and to the objects of QCrys(X, A) as A-quasi-crystals
on X. As A usually remains fixed, we mostly speak only of (quasi)-crystals on X.

Both Crys(X, A) and QCrys(X, A) are A-linear abelian categories and the horizontal functor in the bottom
row of diagram 4.23 is fully faithful.

Remark 4.24. As before we use solid arrows — to denote homomorphisms in QCoh_ (X, A), double arrows =
to denote nil-isomorphisms, and dotted arrows -+ to emphasize homomorphisms in QCrys(X, A). We retain
solid arrows for functors and natural transformations, even if their target is a category of (quasi)-crystals. In
any case, the rule regarding dotted arrows will be relaxed to some extent in the later chapters.

There is a standard way to represent homomorphisms of crystals which is derived from Proposition 4.19 for
nil-isomorphisms between coherent 7-sheaves.

Proposition 4.25. Any homomorphism ¢: F - G in Crys(X, A) can be represented for suitable n by a diagram
F <5 (0" x id)* E — G.
Proof. The rather straightforward proof, building on Proposition 4.19, is left to the reader. O

Based on this one can give the following alternative description of crystals: The category Crys(X, A) has the
same objects as the category Coh, (X, A). Given coherent 7-sheaves F and G, the set of morphisms from F to
G in Crys(X, A) is defined as

Homer(Z.9) = ( | Hom, (0" x i) £.G) )/ ~.

neN

where the equivalence relation ~ is defined as follows: Morphisms ¢: (6" x id)*F — G and ¢: (6™ xid)*F — G
are equivalent, if there exists ¢ > max{m,n} such that

@o (O,n % id)*(TZ—n) _ w ° (o_m % id)*(TZ—m)-

Composition of morphisms in Crys is defined in the obvious way, i.e., the composite of p: (6™ x id)*F — G and
P: (0™ x id)*G — H is defined as

Po (o™ xid)*p: (™" x id)* F — H.
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Chapter 5

Functors on 7-sheaves and A-crystals

We indicate the basic construction of all functors on 7-sheaves and A-crystals from [8]. For 7-sheaves these are
inverse and direct image, tensor product and change of coefficients. For crystals we have in addition an exact
functor extension by zero. Since our approach follows closely the well-known constructions for coherent sheaves
we mostly omit details. In Section 1 or 3, respectively, inverse image and extension by zero on crystals are
discussed in greater detail. The inverse image functor has properties different from those known for coherent
sheaves. The extension by zero is not derived from a functor on coherent sheaves.

1 Inverse Image

We fix a morphism f: Y — X.

Definition 5.1. For any 7-sheaf F on X we let f*F denote the 7-sheaf on Y consisting of (f x id)*F and the
composite homomorphism

(0 x id)*(f x id)"F — L o (f x id)*F.

(f x id)*(o x id)*F

For any homomorphism ¢: F — F' we abbreviate f*¢ := (f x id)*.

This defines an A-linear functor
f*: QCoh_(X,A) — QCoh_ (Y, A)

which is clearly right exact. When f is flat, it is exact. In general, its exactness properties are governed by
associated Tor-objects.

Proposition 5.2.  (a) If ¢ is a nil-isomorphism, then so is f*¢.
(b) The functor f* induces a functor
/" QCrys(X,A) — QCrys(Y, A)

which preserves coherence, i.e., f*(Crys(X, A)) C Crys(Y, A).

Proof. Note that f* is in general not exact. Thus (a) is not entirely trivial. However it can be easily reduced to
the case of nil-isomorphisms where either kernel or cokernel are zero. These cases are easier to treat. For coherent
T-sheaves, a direct proof is obtained by applying Proposition 4.19. Once (a) is proved (b) is immediate. O
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The following result, whose proof we omit, shows that quasi-crystals behave like sheaves:

Proposition 5.3. Let X = J, U; be an open covering with embeddings j; : Uy — X.

(a) A quasi-crystal F on X is zero if and only if j*F is zero in QCrys(U;, A) for all i.

(b) A homomorphism ¢ in QCrys(X, A) is a monomorphism, an epimorphism, an isomorphism, respectively
zero, if and only if its inverse image j; ¢ has that property for all <.

Next consider any point x € X. Let k, denote its residue field and i, : © & Speck, — X its natural embedding.
The object i F can be viewed as the stalk of F at x in the category of crystals! This is justified by the following
result.

Theorem 5.4. The following assertions hold in Crys:

(a) A crystal F € Crys(X, A) is zero if and only if the crystals it F are zero for all x € X.
(b) The functors i’ are exact on Crys(X, A) for all x € X.

Proof. The ‘only if” part of (a) follows from the well-definedness of i} on Crys. For the ‘if” part denote by F also
a 7T-sheaf representing the crystal F. The images of 7% form a decreasing sequence of coherent subsheaves of F.
Thus their supports form a decreasing sequence of closed subschemes Z,, C X x C. As X x C is noetherian, we
deduce that Z, := Z,, is independent of n whenever n > 0. By replacing F by the image of 7% for n > 0 we
may assume Supp(Im(7%)) = Z for all n > 0. If Z, = @ we are done. Otherwise let 7 be a generic point of
Zso and set z := pry(n). We shall deduce a contradiction.

For this we replace X by its localization at x, after which X = Spec R for a noetherian local ring R, and z
corresponds to the maximal ideal m C R. Let M be the (R ® A)-module corresponding to F. By construction
the support of M lies in x x C. Since M is of finite type over the noetherian ring R ® A it follows that m"M =0
for any r > 0, say for r > ry.

If 4% F is nilpotent, we have 7°M C mM for some s > 1. For every ¢ > 0 this implies

THSM C " (mM) C mqiM,
and for ¢ > 0, so that ¢* > rq it follows that 7¢75M = 0. This contradicts our assumption on Z., and thus
proves (a).

To prove (b) we may again replace X by its localization at x, so that X = Spec R for a noetherian local ring with
maximal ideal m C R. We consider an arbitrary short exact sequence of (R ® A)[r]-modules which are finitely
generated over R® A

0— M — M — M"— 0.

The long exact Tor-sequence induces the exact sequence
oo — Tor®4 (M, (R/m) ® A) — M'/mM’ — M/mM — M" /mM" — 0.

Thus it suffices to show that the left hand term is nilpotent for any M”. Using Lemma 5.6 below, we may write
M" as the quotient of an (R ® A)[r]-module P which is free of finite type over R ® A. From the resulting short
exact sequence

0—K-—P—M'—0

and the long exact Tor-sequence one now obtains the exact sequence

0 — Tor{®4(M, (R/m) ® A) — K/mK — P/mP — M" /mM" — 0.
It yields Tor?®4 (M, (R/m)® A) = (K NmP)/mK. By the Artin-Rees lemma there exists jo such that for all
J > jo we have

Knmw/P=m/"(K nmP).
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For any ¢ with ¢° > j, we then have
H(KNmP) C KNm? P =m? (K Nm"P) C mK.
Thus the endomorphism of (K NmP)/mK induced by 7 is nilpotent, as desired. O

Remark 5.5. The analogous statement for quasi-crystals is false. An example is given in [8, Rem. 4.1.8]

Lemma 5.6. If X is affine, every coherent T-sheaf on X is the quotient of a coherent T-sheaf whose underlying
coherent sheaf is free.

Proof. Suppose that X = Spec R and let M be the (R® A)[r]-module corresponding to a coherent 7-sheaf on X.
As M is of finite type over R ® A, we may write it as a quotient of a free module of finite type N := (R® A)".
Since N is free, the semi-linear endomorphism 7 of M can be lifted to a semi-linear endomorphism of V. O

Using Theorem 5.4, the following assertion can be reduced to the case of fields where it is rather obvious:

Theorem 5.7. The functor f*: Crys(X, A) — Crys(Y, A) is exact.

One also has the following more difficult result regarding stalks:

Theorem 5.8. Suppose that X is of finite type over k. Then the following hold:

(a) For any F € Crys(X, A), its crystalline support Crys-Supp(F) := {z € X | i*F # 0 in Crys} is a
constructible subset of X.

(b) A crystal F € Crys(X, A) is zero if and only if the crystals it F are zero for all x € X.

2 Further functors deduced from functors on quasi-coherent sheaves

Tensor product: The assignment (F,G) — (F®0y 4G, TF®7g) with the usual tensor product of homomorphisms
defines an A-bilinear bi-functor

®: QCoh, (X, A) x QCoh,_ (X, A) — QCoh_(X, A)

which is right exact in both variables. Its exactness properties are governed by associated Tor-objects.

Coefficient change: For any homomorphism h: A — A’, the assignment F — (F ®4 A, 77 ®4 id4+) with the
usual change of coefficients of homomorphisms defines an A-bilinear functor

®4A" 1 QCoh, (X, A) — QCoh, (X, A')

which is right exact. Its exactness properties are again governed by associated Tor-objects.

Direct image: Consider a morphism f: Y — X and F € QCoh_(Y, A). Using o*f. — f.o* deduced from
adjunction of inverse and direct image, one obtains a functorial assignment

F = ((f x id)«F, 7 induced from(f x id).7x).
With the usual direct image of homomorphisms this defines an A-linear functor
f+«:QCoh_ (Y, A) — QCoh_(X, A")

which is left exact. Its exactness properties are governed by associated higher derived images.

The above three functors all preserve nil-isomorphisms and thus pass to functors on crystals.

One has the following remarkable property which also explains the term crystal, describing something which
does not deform (note that the canonical morphism X,.q — X is finite radicial and surjective):
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Theorem 5.9. If f is finite radicial and surjective, the adjunction homomorphism id — f.f* is an isomorphism
in QCrys(X, A) and the functors

QCrys(X, 4) QCrys(Y, A)

*

are mutually quasi-inverse equivalences of categories.

3 Extension by zero

Let j: U < X be an open immersion and i: Z < X be a closed complement with ideal sheaf Z.
The following is the main result:

Theorem 5.10. (a) For any crystal F on U there exists a crystalz on X, such that j*z = F, and z*z =0 1n
Crys(Z,A).

(b) The pair in (a) consisting ofz and the isomorphism j*f >~ F is unique up to unique isomorphism; it
depends functorially on F.

(c) For any F and z as in (a) and any quasi-crystal Q on X, inverse image under j induces a bijection

*

Jo HomQCryS(z’g) — HOHchrys(f,j*g).

(d) The assignment F — F with F from (a) defines an A-linear functor extension by zero

Ji: Crys(U, A) — Crys(X, A),

One should be aware that ji is not induced from a functor of coherent 7-sheaves, because in general a homo-
morphism j.F > 71G in Crys(X, A) lifts to a homomorphism in Coh, (X, A) only after F or G is replaced by
a nil-isomorphic 7-sheaf.

Remarks 5.11. Property (c) is the expected universal property of extension by zero.
Property (a) is technically a very simple characterization of j.F.
From (a) one easily deduces L(U, F,T) = L(X, jiF,T) whenever the left hand side is defined.

Proof of Theorem 5.10 (a). Let F be a T-sheaf representing the same-named crystal. The first step is to construct
a coherent extension of F to X x C. This is standard, e.g. [10, n°1 Cor.2] or [27, Ch.II Ex.5.15]. For the
convenience of the reader, we repeat the short argument.

Observe that (j x id).F is a quasi-coherent extension of F to X x C. Thus we can write (j x id),F as a filtered
direct limit li_rr;i c ; Fi over its coherent subsheaves F; (with no 7). It follows that F = liLRlie 137 Fi. As F is

coherent and the j*JF; are still filtered, there exists an ¢ such that F = j*F;,. Thus F := F; is a coherent
extension of F.

Next we wish to extend 7. As F C (j x id),F, the homomorphism 77 yields a homomorphism
7: (0 x id)* F — (j x id), F.

We would like the morphism to factor via F. Consider the image of (¢ x id)*F in the (quasi-coherent) quotient
sheaf (j x id)*]—"/]-' . Being the image of a coherent sheaf, it is itself coherent. Since it also vanishes on U x C| it
is annihilated by Zj for some integer n > 0. In other words, we have

Z57((o x id)*j-:) cF.
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Select an integer m with (¢ — 1)m > n. Since 0*Z; C Z{, we can calculate

T((O’ X id)*(IS”]?)) - Ing((O' X id)*.f)
¢ nF

C To(Z3F).

Thus after replacing F by I{J"]t' the homomorphism 7 extends to a homomorphism (o x id)*]? — Iof . Let z
be the corresponding crystal on X. Then the first condition of (a) holds by construction, and the second follows
from the fact that 7. = vanishes.

For the proof of the remaining assertions we refer to [8]. 0

Example 5.12. Let X = Al = Speck[f] and C = A! = Speck[t]. Let C denote the Carlitz T-sheaf on X over A.
Its underlying module is M = F,[0, t], the endomorphism 7: M — M is given by (t —6)(c xid). For j: Al — P!
we wish to determine 5iC®" for n € N.

For any m € Z define F,,, := Opi1(moo) ® A on X x C. If O := Op1(—1) denotes the ideal sheaf of oo, then

We consider F,,, near oo, more concretely on P! \ {0}. Here

1 1
D(Specky[5.1], Fn) = 0"F, [5.1]

(It would suffice to consider a formal neighborhood of co. But notationally it is actually simpler to consider
P!\ {0}.) On P! \ {0, 00}, we have

1 @n 1 t n o1
0 (= 0) T (1 — 0)"07™ f(— ¢ :9<q*1>m+"9m<771) —1).
FGot) 5 (=00 1 (1) L) ()
For the right hand expression to lie in §™F, [%, t], one needs (¢ — 1)m +n < 0. For it also to be zero at co one
requires (¢ — 1)m 4+ n < 0. This leads to
-n

q—1

m <
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Chapter 6

Derived categories and derived functors

In [8] we carefully develop derived categories of T-sheaves and (quasi-)crystals and derived functors between such
categories. For lack of time, this cannot be exposed in the present lecture series. Sot I shall confine myself to
point to some issues which led in [8] to work out the derived setting in great detail:

Derived categories are the appropriate setting for derived functors. This is not particular to the case at hand.
It allows one to apply standard techniques of homological algebra to deduce consequences for derived functors.
For instance, spectral sequences often arise from the universal properties of the involved derived functors.

Derived functors are the main reason for introducing large ambient categories such as QCrys D Crys. Only in
this setting functors like Rf, can be properly defined. Therefore only in this generality theorems like proper base
change and the projection formula can be established.

To be more concrete let f: Y — X be a morphism Then one way of defining Rf, is via Cech resolutions. Even
if the initial object resolved is coherent, the objects of the resolution are only quasi-coherent. — The same holds
if one works with injective resolutions. — Thus a priori one only obtains a functor

Rf.:D*(QCrys(Y,A)) — D*(QCrys(X, A4)).

For proper f it maps D*(Crys(Y, A)) as well as D}, .(QCrys(Y, A)) to D}, .(QCrys(X, A)). Thus an important

crys crys
theorem will be the equivalence of derived categories

D*(CI‘YS(X, A)) — D:rys(chyS(Xa A)) (1)
which holds for x € {b, —}. In the proper case it allows one to deduce, again for * € {b, —}, a functor
Rf.: D*(Crys(Y, A)) — D*(Crys(X, A)).

Note that in the present situation the equivalence (1) is not a simple formal result as it is in the case of quasi-
coherent sheaves without an endomorphism, see [26]. The reason is that not all quasi-crystals are direct limits
of crystals.

We defined crystals from 7-sheaves by a localization procedure. But one also defines derived categories from
homotopy categories of complexes by a localization procedure. Thus for the theory of derived categories of
quasi-crystals it is important to know that the following functor is an equivalence

Sﬂﬁqi D*(QCoh,) = S{ﬁqi K*(QCoh,) — S;il K*(S,; QCoh,) = S;il K*(QCrys).
Another important issue concerns the computation of the derived functors Lf* (on quasi-crystals) and Rf, (e.g.

for f proper). We define these derived functor on derived categories of an abelian category whose objects are
pairs of a sheaf and an endomorphism. However we do prove that one can compute these objects by computing
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the derived functors on the underlying categories of sheaves and then adding the induced endomorphism which
can also be obtained from the derived functors on sheaves without endomorphisms. For further results we refer
to [8].

We conclude this section by collecting the main results on the existence of derived functors: Let f: Y — X be
any morphism and denote by j: U <— X an open immersion.

Theorem 6.1. The exact functor f* on Crys induces for any * € {b,+,—, 3} an ezxact functor
f*:D*(Crys(X,A)) — D*(Crys(Y, A)).
The functor f* on QCrys induces a left derived functor
Lf*: D7 (QCrys(X,A)) — D (QCrys(Y, A))
via resolutions inside D~ (QCrys(X, A)). The second functor if restricted to Crys agrees with the first.

In the following section on flatness we shall define flat crystals and very flat quasi-crystals. In Corollary 7.6 we
shall see that the category D~ (Crys(X, A)) has enough flat objects. They are not flat within D~ (QCrys(X, A)).
Nevertheless we have:

Theorem 6.2. Constructed via flat resolutions within D~ (Crys(X, A)), the bi-functor ® on crystals possesses a
left bi-derived functor

%: D (Crys(X, A)) x D~ (Crys(X, A)) — D~ (Crys(X, A)).

Constructed via very flat resolutions within D~ (QCrys(X, A)), the bi-functor ® on quasi-crystals possesses a
left bi-derived functor

L
®: D7 (QCrys(X,A4)) x D™ (QCrys(X,A4)) — D™ (QCrys(X, A4)).
The second functor if restricted to crystals agrees with the first one.

Theorem 6.3. Let A — A’ denote a homomorphism of coefficient rings. Constructed via flat resolutions within
D~ (Crys(X, A)), the functor _ @4 A’ on A-crystals possesses a left derived functor

7<§>A’: D~ (Crys(X, A)) —s D~ (Crys(X, A')).

Constructed via very flat resolutions within D~ (QCrys(X, A)), the functor _ ® 4 A’ on A-quasi-crystals possesses
a left derived functor

7(1%14/: D (QCrys(X,A4)) — D™ (QCrys(X, 4")).
The second functor if restricted to crystals agrees with the first one.
Theorem 6.4. For any * € {b,+, —, @} the functor f. possesses a right derived functor
Rf.: D*(QCrys(Y, A)) — D*(QCrys(X, A)).

It can be defined via Cech resolutions. When f is proper, the subcategory D;(QCrys(__, A)) is preserved under
f« and thus by (1) it induces a functor

Rf.: D*(Crys(Y, A)) — D*(Crys(X, A)).

for x € {b,—}.
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Since j; is exact on crystals it clearly induces an exact functor
ji: D*(Crys(U, A)) — D*(Crys(X, A)).

Combined with Rf, and using Nagata’s theorem that any morphism f of finite type has a relative compactifi-
cation, i.e., that it lies in a commutative diagram

fl / ©)

X

where j is an open embedding and f is proper, one obtains the following.

Theorem 6.5. For any such diagram and any * € {b,—} one defines an exact functor direct image with proper
support -
Rfi = Rf. o ju: D*(Crys(Y, A)) — D*(Crys(X, A)), (3)

which, by a standard procedure, is independent of the chosen compactification. It is compatible with the compo-
sition of morphisms and it satisfies the proper base change theorem and the projection formula, cf. [8, S 6.7].

We end this section by stating two main theorems on the above derived functors: For the first we consider a
cartesian diagram

y' Ly
o) (@)
X' —X.
Adjunction between direct image and inverse image yields a natural transformation
Lg*Rf. — Rf'Lg’* (5)
called the base change homomorphism.

Theorem 6.6 (Proper Base Change). In the cartesian diagram 4 assume that f is compactifiable. Then f' is
compactifiable and there is a natural isomorphism of functors g*Rfi = Rfg'*.

Theorem 6.7 (Projection Formula). For compactifiable f:Y — X there is a natural isomorphism of functors

L L
Rfi_®__=RA(_®f_).
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Chapter 7

Flatness

The present chapter is mainly preparatory for the following one. There we shall define (naive and crystalline)
L-functions. Their definition requires some hypotheses on the underlying crystals. This is to be expected since
given an arbitrary A-module with an endomorphism there need not be a well-defined characteristic polynomial of
such an endomorphism taking values in the polynomial ring over A. A sufficient condition is that the underlying
module is free over A. In the context of crystals it turns out that the proper setting to define L-functions (at least
over good coefficient rings, cf. 8.7) is that of flat crystals. Flat crystals are the theme of the present chapter. In
Section 1 we give their definition and discuss some basic results, in Section 2 their behavior under all (derived)
functors defined so far is studied and in Section 3 we give a partial answer to the question to what extent a flat
crystal is representable by a locally free 7-sheaf.

1 Basics on flatness

Proposition 7.1. The following properties for F € Crys(X, A) are equivalent:
(a) The functor F @ __: Crys(X, A) — Crys(X, A) is exact.
(b) Tor;(F,G) =0 for alli>1 and all G € Crys(X, A).
(b) Tori(F,G) =0 for all G € Crys(X, A).
Definition 7.2. If any of the above conditions are satisfied, then F is called a flat A-crystal.

A quasi-crystal G is called very flat if the functor G ® _ : QCrys(X, A) — QCrys(X, A) is exact.

As remarked earlier, flat crystals need not be very flat. In the sequel we shall exclusively consider flat crystals.
We introduced very flat ones only for completeness sake. Their main use is to provide ®-acyclic resolutions
within QCrys.

Flatness of crystals is a pointwise property:
Proposition 7.3. A crystal F on X is flat if and only if i} F is flat for every x € X.
Proof. For any x € X and any G € Crys(X, A), one has
iy Tory (F, G) = Tory (i3F, i5G).
The assertion follows easily. O

Definition 7.4. A 7-sheaf is called of pullback type, if its underlying sheaf is a pullback from the first factor. A
crystal is called of pullback type, if it has a representing 7-sheaf with this property.
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Example 7.5. We can now give some examples:

e Any crystal represented by a locally free 7-sheaf is flat.

e Any crystal of pullback type F is flat: This follows from Proposition 7.3 since for any = € X the 7-sheaf
ix F is then the pullback of a vector space on the residue field k, of z and thus free.

o If F is a flat crystal on U, then j.F is a flat crystal on X.

Corollary 7.6. The category Crys(X, A) possesses enough flat objects.

Proof. Let 4 = {U;} denote a finite affine cover of X and let j;: U; — X the open embedding for i. Then for
any F € Crys(X, A), the natural homomorphism @;jaF|y, — F is surjective. Thus it suffices to prove that each
JiFE|u, is the image of a flat crystal. Because j; preserves flatness and is exact, in turn it suffices that each F|y;,
is the image of a flat crystal. But this is immediate from Lemma 5.6. O

Without proof we state the following result:

Theorem 7.7. A crystal F is flat if and only if for all c € C and all i > 1 one has Tor;(F, k.) = 0.

An immediate corollary is the following:

Corollary 7.8. If A is a field, then any A-crystal is flat.

2 Flatness under functors

Proposition 7.9. Let j: U — X be an open immersion. If F and G are flat crystals, then so are

(a) f*E,

(b)) 26,
(c) E@a A,
(d) jiF.

Except for (a) all parts are rather straightforward. For (a) one may use Theorem 7.7.

Theorem 7.10. Let f:Y — X be a proper morphism. Suppose F* € C°(Crys(Y, A)) is quasi-isomorphic to a
bounded complex of flat crystals. Then so is Rf.JF* within C*(Crys(X, A)).

The following result shows that for regular coefficient rings all objects possess flat resolutions:

Theorem 7.11. Suppose A is reqular. Then any F* € CP(Crys(Y, A)) is quasi-isomorphic to a bounded complex
of flat crystals.

Remark 7.12. Crystals of pullback type are particular examples of flat crystals. For them it is particularly easy
to show that they are preserved under all of our functors, including R’f,. It is however not clear whether the
complex Rf..F of a crystal F of pullback type is representable by a complex in D?(Crys(X, A)) all of whose
objects are of pullback type.
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3 Representability of flat crystals

It is a basic question to what extent flat crystals are representable by coherent 7-sheaves whose underlying
sheaves are flat over Ox ® A. The following results given without proof provide partial answers:

Proposition 7.13. Suppose that X = Spec F' for a field F' and that C is regular of dimension < 1. Then every
flat A-crystal on X can be represented by a coherent T-sheaf whose underlying sheaf is free.

Theorem 7.14. Suppose that X is reduced of dimension <1 and that A is artinian. Then for every flat A-crystal
F on X there exists an open dense embedding j: U — X such that 7% F can be represented by a coherent T-sheaf
whose underlying sheaf is free.

A particularly important result in relations to L-functions is Proposition 7.16 which provides for x = Speck,
with k, a finite field and A artinian a canonical locally free representative of a flat crystal:
Definition 7.15. A 7-sheaf F is called semisimple if 7x: (o x id)*F — F is an isomorphism.
Proposition 7.16. Let © = Speck, with k, a finite field, let A be artinian and consider F, G € Coh,(x, A).
(a) There exists a unique direct sum decomposition F = Fgs ® Fnil such that Fs is semisimple and Fry is
nilpotent. The summands are called the semisimple part and the nilpotent part of F, respectively.
(b) The decomposition in (a) is functorial in F.
(c) Any nil-isomorphism F — G induces an isomorphism Fss — Gss.
(d) The construction induces a functor Crys(x,A) — Coh,(z, A) : F — Fes.

4= is the identity on k,. Moreover F has

Proof. Note first that 7'%‘ is an endomorphism F — F, because o

finite length, because k, ® A is artinian. Thus for n > 0 the subsheaves Fy := Im T;d” and Fp; = Ker T;dm are
independent of n. Clearly 7 maps them to themselves, so they define 7-subsheaves Fqs and ;1. By construction
Tr,, is surjective and 7, nilpotent. Since F and hence Fsg has finite length, 7x_ is then also injective. Thus

Fss is semisimple and F; nilpotent. Furthermore, the construction yields a split short exact sequence

ndg

0 ]:nil F ]:ss 0.

‘FSS
This shows that F = Fs @ Fui, proving the existence part of (a). The uniqueness follows from the fact that
any semisimple 7-subsheaf of F is contained in F¢ and any nilpotent T-subsheaf of F is contained in F,;.
Part (b) follows directly from the above construction of Fys and Fpj. Also (b) implies that the kernel and cokernel
of any homomorphism Fgs — Gy have trivial nilpotent part. This implies (¢) and hence (d). O

Proposition 7.17. Let x = Speck, with k, a finite field and let A be artinian and consider F € Crys(z, A).

(a) Fss is the unique semisimple T-sheaf representing F.
(b) The functor Crys(x, A) — Coh,(z, A) : F — Fgs is exact.
(c) F is flat if and only if the sheaf Fss underlying Fss is locally free.

Proof. (a) follows from Proposition 7.16, especially from 7.16 (c). Part (b) is a consequence of 7.16 (b) and the
fact that any exact sequence in Crys(x, A) is the image of an exact sequence in Coh.(x, A).

For (c) note that one direction, the ”if”, is obvious. For the other direction, let G be a representative of the crystal
F whose underlying sheaf is free. cf. Proposition 7.14. By Proposition 7.17(a) we have G = Gpniy @ Gss. Considering
the underlying sheaves it follows that G is locally free on O« . By part (d) of the same proposition, we have
st = £§S' 0
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Chapter 8

The L-function

In this chapter we introduce two L-functions. A naive one for locally free 7-sheaves or 7-sheaves which are of
pullback type, and a crystalline one for flat A-crystals, provided the ring A satisfies some mild hypotheses. The
word naive simply refers to the fact that the naive L-function is not necessarily invariant under nil-isomorphism
and thus it does not, in general, induce an L-function for crystals. In the last section we shall state a trace
formula for naive L-functions and indicate some consequences for crystalline L-functions. The proof of the trace
formula will be postponed to Chapter 9.

1 Naive L-functions

As a preparation we briefly recall without proof some basic properties of the dual characteristic polynomial for
endomorphisms of projective modules.

Lemma—Definition 8.1. Let A be a commutative ring, M a finitely generated projective A-module, and p: M — M
an A-linear endomorphism.

(a) Let M’ be any finitely generated projective A-module such that M & M’ is free over A. Let ¢': M’ — M’
be the zero endomorphism. Then the following expression is independent of the choice of M':

det4(id—t(e® ¢') | M & M') € 1+ tA[t]
From now on we simply write det4(id —tp | M) for it and call it the dual characteristic polynomial of
(M., ).
(b) The assignment (M, ) — det 4 (id —te | M) is multiplicative in short exact sequences.

Lemma 8.2. Let A be an algebra over a field k. Let k' be a finite cyclic Galois extension of k of degree d, and
o a generator of Gal(k'/k). Let M be a finitely generated projective module over k' @ A and ¢o: M — M an
A-linear endomorphism satisfying p(zm) = “x - o(m) for all x € k' and m € M. Then % is k' @ A-linear and

det (id —to | M) = detwea (id —t%? | M).

In particular, both sides lie in 1 + t¢Aftd].

Now we return to 7-sheaves. Let X be a variety of finite type over k and let F € Coh,(X, A) be either of
pullback type, or locally free. For any = € |X|, writing F, := i%F, Lemma 8.2 shows that

dets(id —T7 | Fy) = dety,ga(id—T%7% | F,) € 1+ T%A[T%].
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Definition 8.3. The naive L-function of F over x is

LMVe(2, F,T) = deta(id—Tr | F,)"" € 1+T%A[T%]].
As the number of points in |X| of any given degree d, is finite, we can form the product over all x within
1+ tA[[T]):

Definition 8.4. The naive L-function of F over X is

Lnaive(X,£7T) — H Lnaive<m’i;£,T) c 1+TAHT]].
z€|X]|

In the special case where A is reduced, L"®V® is invariant under nil-isomorphisms. For more general A, this
property may fail.

2 Crystalline L-functions

We first assume that A is artinian.

Definition 8.5. The (crystalline) L-function of a flat crystal F on z is

Lz, F,T) = L™(z, F,T) € 1+ T%A[T%]].

Let now F be a flat crystal on a scheme X of finite type over k. Since L¥5(x, F,T) € 1 + T% A[[T]] for any
x € |X]|, and the number of points of any given degree d, is finite, we can again form the product over all z
within 1 4+ T A[[T]]:

Definition 8.6. The (crystalline) L-function of a flat crystal F on X is

L™X,FE,T) =[] L(,i3F,T) € 1+ TA[T]].
z€|X|

If F* is a bounded complex of flat crystals, one defines LV*(X, F*,T) = [,y Lovys(X, FLT)CV I Foois
quasi-isomorphic to such a complex, we also use the notation L¥*(X, F*,T) and mean by this the L-function
of that bounded complex of flat crystals. Using the cone construction it is not difficult to show that this is
well-defined, i.e., that quasi-isomorphic bounded complexes of flat crystals have the same L-function.

We now relax our condition on A and only require that A be a good coefficient ring. In Remark 8.8 we give
several examples of classes of rings A that are good coefficient rings. The reason for introducing this notion is
that for such A one can define an L-function as follows: Changing coefficients from A to its quotient ring Q4
one obtains from a flat crystal on A a flat crystal over the artinian ring Q4. For Q4 we know how to define
a crystalline L-function. The property of being a good coefficient ring is then used to prove that the pointwise
L-factors defined over Q4 have in fact coefficients in A and not just in Q 4.

We let pq,...,p, denote the minimal primes of A and call
QA ::Apl @"'@Apn

the quotient ring of A.
Definition 8.7. We call A a good coefficient ring if

(a) the natural homomorphism A — @ 4 is injective, and
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(b) Ais closed under any taking finite ring extensions A < A’ < @ 4 which induce bijections Spec A" — Spec A
and isomorphisms on all residue fields.

Remark 8.8. Artin rings, regular rings and normal domains are examples of good coeflicient rings. In particular,
any finite ring and any Dedekind domain is a good coefficient ring.

The following result is a main result on good coefficient rings and the reason for their definition: Consider any
flat F € Crys(x, A) for x = Speck,, for a finite extension k, of k.

Lemma 8.9. If A is a good coefficient ring, then
LCrYS(;c,L% QA,T)f1 €1+TQa[T)
has in fact coefficients in A.
The proof uses properties of flat A-crystals not developed in this lecture series therefore we refer to [8, §9.7].
Putting things together, we obtain.
Theorem 8.10. If A is a good coefficient ring, then for any complex F* € Cb(Crysﬂat(X, A)) the L-function
L
LYS(X, F* ®4 Qa,T) has coefficients in A.
Definition 8.11. If A is a good coefficient ring, the (crystalline) L-function of F* € C(Crys"™ (X, A))gq is

L
L™(X,FT) = L™ (X, E ©Qa.T) € 1+ TA[T]),

One has the following elementary comparison theorem between naive and crystalline L-functions. (The asserted
equality is true for all pointwise L-factors and can be proved there by passing from A to Q4.):

Proposition 8.12. Suppose A is a good coefficient ring. Suppose F € Coh.(X, A) is a T-sheaf of pullback type.
Then both LYS(X, F,T) and L*V¢(X, F,T) are defined and elements of 1 + TA[[T]]. If A is reduced then they
agree.

3 Trace formulas for L-functions

We now have the necessary definitions at our disposal to formulate the main results regarding trace formulas of
T-sheaves and crystals.

Theorem 8.13. Let X = Spec R be affine and smooth of equidimension n over k and with structure morphism
sx: X — Speck. Let A be artinian. Suppose the underlying sheaf of F € Coh,(X, A) is free. Let j: X — X be
a compactification of X. Then there exists F € Coh, (X, A) of pullback type, such that

(a) F = jiF in Crys(X,A).

(a) H(X,F) is nilpotent for all i # n.

(b) L™ve(X, F,T) = L""(Spec k, H"(X, F),T) D",
The result strongly relies on Anderson’s trace formula which we state below in Theorem 9.13. It has some rather
restrictive hypotheses on the base scheme and the sheaf underlying the given 7-sheaf. But formally it has the

correct shape. The following result for crystals has hypotheses as general as can be expected. However the trace
formula will, in general, not be an exact equality.

We write n4 for the nilradical of A. For f, g € 1+T A[[T]] we define f ~ g to mean that there exists h € 14+Tn 4 [T
such that g = fh. This defines an equivalence relation on 1+ T A[[T]].
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Theorem 8.14. For any morphism f: Y — X of schemes of finite type over k and any bounded complex F* of
flat A-crystals on' Y we have
LCI‘yS()/’ £o’ T) ~ LcryS(X, Rf!f., T)

Note that A is reduced if and only if n4 = 0. L.e., in this case ~ becomes =.

As we shall explain later, cf. Chapter 11, an example of Deligne from the mid 1970’s showed that one cannot
expect a stronger result.

It is worthwhile to state explicitly the following corollary:

Corollary 8.15. Let X be a scheme of finite type over k with structure morphism sx: X — Speck. Then for any
bounded complex F* of flat A-crystals on X we have

L™ (X, E*,T) ~ L (Speck, RAE, T).

Since the compler RfIF* @4 Qa can be represented by a bounded complexr of free Q4 modules carrying some
endomorphism, the right hand side is a rational function over A, and thus so is the left hand side.

For completeness, we also mention an important result on change of coefficients:

Theorem 8.16. If both A and A’ are good coefficient rings, then for any F* € CP(Crys"™ (X, A)) we have
3 L 2
L (X, Fr @ A, T) ~ ML (X, F2,T)),

where \: 1+ TA[[T]] — 1+ TA'[[T]] is induced from A — A’. If moreover A is artinian, then equality holds.
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Chapter 9

Proof of Anderson’s trace formula and a
cohomological interpretation

The aim of this section is to give a proof of Theorem 8.13 — at least under some simplifying hypotheses. In the
end we shall briefly indicate how from this result one can hope to deduce Theorem 8.14, and that for general
non-reduced A the proof of the latter result shall indeed require quite some more effort than we indicate here.
The proof of the important Theorem 9.13 essentially goes back to the article [2] by G. Anderson.

Throughout this section, we let X = Spec R be an affine scheme which is smooth and of finite type over k. The
ring A is an arbitrary fixed k-algebra.

1 The Cartier operator

Let © := Qp/; be the module of Kéhler differentials of R. Because R/k is smooth of equidimension n, it is a
finitely generated projective R-module of rank n. Let d: R — ) denote the universal derivation as well as its
extension to the de Rham complex A* €. The following result is due to Cartier, see [29, p.199-203].

Theorem 9.1 (Cartier). There exists an isomorphism of complexes with zero differential
C™H (A9,0) 5 (H* (A9, ), 0)
such that for all ™ € R and &, € \° Q one has
C7irg) = rPCTH(9),
C~Ydr) = rP~ldr +dR,
ClEnn) = CHOAC ().
The inverse C of C~1 on the highest non-vanishing exterior power w := \" Q is called the Cartier operator.

For m :=log,,(#k) = log, ¢ we call the m-fold iterate

Co=CoC...0C:w—w

m

the g-Cartier operator (¢ = p™). It satisfies C,(r?€) = rC(£), i.e., it is ¢~ ! linear.
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2 Cartier sheaves

Definition 9.2. A Cartier linear endomorphism of a coherent sheaf V on X x C is an Ox x ¢-linear homomorphism
ky: (0 xid),V — V. The pair V := (V, ky) is then called a Cartier sheaf on X over A. A homomorphism of
Cartier sheaves YV — W is a homomorphism of the underlying sheaves ¢ : V — W compatible with the extra
endomorphism &.

We denote the category of locally free Cartier sheaves on X (over A) by Cart*“™°(X A)

As we assume that X = Spec R is affine, the above notions are expressed on modules as follows. A Cartier
linear map on a finitely generated R ® A-module V is an A-linear homomorphism xy : V' — V such that
kv ((27®a)v) = (x®a)-ky(v) for all z € R, a € A, and v € V. For simplicity such a pair V := (V, ky) is called
a Cartier module.

Definition 9.3. For any A define wx 4 as the sheaf on X x C which is the pullback along pr;: X x C' = X of the
invertible sheaf on X associated to the module w. Denote by kx 4: (0 x id).wx,4 — wx 4 the endomorphism
induced from C; under this pullback.

Example 9.4. The pair (wx 4,kx,4) is a Cartier sheaf on X over A.

If F is a coherent sheaf on X x C, then Homo, . (F,wx 4) is again a coherent sheaf on X x C. Suppose now
that F is the underlying sheaf of a locally free 7-sheaf F and let 7x: F — (0 xid).F denote the homomorphism
adjoint to 77. The dualizing sheaf w together with C, allows us to assign a locally free Cartier sheaf D(F) on
X to F as follows: Its underlying sheaf is

D(F) :=Homoy, o (F,wx, ).
For a section (0 x id).p € (0 x id), Homoy, o (F,wx,4), one defines
kpr)((o xid).p) := kx40 (0 X id)sp o TF.
Proposition 9.5. The functor F — D(F) induces an anti-equivalence of categories

Cthocfree(X’ A) SN CaI‘tIOCfree(X7 A)

For arbitrary smooth schemes of finite type over k£ an analog of Proposition 9.5 holds. The proof is a simple
patching argument by which one is reduced to the affine case.

Proof. Well-definedness and injectivity are easily verified. The main point is to proof essential surjectivity. For
this one needs the adjunction between o, and o, cf. [27, Exercise I11.6.10], for the finite flat morphism o: X — X
— the ring R is finitely generated and smooth over k. It yields

Homoy (0 x 1d)F,G) = (0 x id). Homoy o (F, (o x id)'G).

Moreover the adjoint of the homomorphism Cj: o.w — w is an isomorphism w — o'w. Details are left to the
reader; cf. also [8, §7.2]. O

Example 9.6. Let X = Speck[f] = A} and C = Spec k[t] = A} and consider the Carlitz T-sheaf C corresponding
to (k[6,t], (t — 0)(c x id)).

In the case at hand w = Qy9)/1, = k[0]df and the Cartier operator Cy, which can be remembered via C,(d6/60) =
dd/0, has the following description:

gUt1=a/adg if q|(¢ + 1),
0 else.

C,(0°d0) = C, (0" d6/0) = {

To simplify notation, we define the expression 0% for & € Q to mean 0 whenever @ € Q \ Z and to mean the
respective power for a € Z.
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We now determine D(C®™): The underlying module is k[f,t]d0 = Hom(k[f,t],w). Here an element f(6,t)d6
represents the homomorphism which maps 1 € k[f,¢] to f(0,t)d0 in w. Based on this, one computes the image
of ™ df € k[0, t] d as follows:

K= D(7eon) 1 0°d0 — Co((t — 0)"0°d0/0) = (—1)" > (”) (—t)gtittin=iza/aqg,
— 2
iEZ-}-nZ_lo(rnod q)

Let us take {6°df}scn, as a basis of the module underlying D(C®") over k[t]. Then & is k[t]-linear. Above we
computed the image of the basis element §df. Considering the sum on the right for x(6° df) we observe that
the exponent £ essentially is divided by g, except for the added constant %. This means that the image of

6 df only involves the basis elements {67 df},—o,1,....c+¢/4 for a constant c independent of £.

Thus the matriz representing k with respect to our chosen basis has the following shape: If we draw a straight
line starting at row ¢ in the first column and with slope —%, then all entries below that line are zero!

3 Operators of trace class
Let Vj be a k-vector space, typically of countably infinite dimension. Set V := Vj ® A and consider an A-linear
operator ky: V — V.

Definition 9.7. A k-subspace Wy C Vj is called a nucleus for ky if it is finite-dimensional and there exists an
exhaustive increasing filtration of Vj by finite dimensional k-vector spaces

WoCcWiCcWyC...CVy

such that ky (W11 ® A) C W; ® A for all 4 > 1. If (V, k) possesses a nucleus we call it nuclear.

The following proposition collects some basic results which are easy consequences of the definition:

Proposition 9.8. (a) If Wy is a nucleus for kv, then for any j > 0 the exterior power /\?€ Wy C /\iVO s a
nucleus for N kv : N4V — N, V.

(b) If (V, kv ) is nuclear, the values of the following expressions are independent of the chosen nucleus Wy
Tr(ky) = Tra(ky|Wo® A) € A,
A(l —Tlﬁv) = detA(l —Tliv|W0®A)
= ST (N nv‘ N Wo® A)TI e A[T).

J
They are called the trace and the dual characteristic polynomial of kv, respectively.

(c) Suppose 0 — Vj — Vo — V' — 0 is a short exact sequence of k vector spaces and that V' := Vj ® A is
preserved by Ky . Define V' := V§' ® A and write ky: and Ky for the endomorphisms induced from Ky .
If (V,ky) is nuclear, then so are (V',ky) and (V" kyn), and

Tr(ky) = Tr(kvr) + Tr(kve),
A(l - TK}\/) = A(l - Tlivl) . A(l - TFLV//).

Note that if Wy is a nucleus for sy, then Wo N'Vy is a nucleus for ky-.

Remark 9.9. Tt is unclear whether there is a reasonable theory of nuclei, trace and characteristic polynomial for
pairs (V, ky) if the underlying module of V' is not of the form Vj ® A.
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We will now see that Cartier modules provide natural examples of nuclear endomorphisms. Thus in the following
we assume that V{ is the k-vector space underlying a finitely generated R-module. (Here R is as before smooth
and finitely generated over k.) Following Anderson, one introduces the following notions:

Definition 9.10. Let r1,...,7s be generators of R as a k-algebra, and let vq,...,v; be generators of V|, as an
R-module. For every integer n let V; ,, C Vp denote the k-linear span of all elements admitting a representation

¢
ij(rl,...,rs)vj
j=1

with polynomials f;; € k[X1,...,X,] of total degree at most n and V _o := {0}. These subspaces form an
exhaustive sequence of finite-dimensional k vector spaces of V. The function

v:V = Z2°U{~cc}, v inf{n|veVy,® A}
is called a gauge on V.

Definition 9.11. An A-linear operator ky : V — V is called of trace class if for every gauge v on V there exist
constants 0 < K7 < 1 and 0 < K5 such that y(kv(v)) < Ky - v(v) + Ko for all v € V.

Proposition 9.12. (/2, Props. 3, 6], [8, §8.3]) Let (V,ky) be as above.

(a) Any Cartier linear operator on V is of trace class with K1 = 1/q.

(b) If kv is of trace class with constants K1, Ko for some gauge vy, then Vi, from 9.10 is a nucleus for ky
foranyn>1+Ky/(1— Ky).

(c) If ky is of trace class, then so is the composite of ky with any R ® A-linear endomorphism ¢.

(d) If ¢ in (c) is of the form po ® ida for some R-linear endomorphism o of Vo, then Tr(kyp) = Tr(pry).

4 Anderson’s trace formula

The following is the generalization of the main result [2, Thm. 1] of Anderson’s article [2] to arbitrary artinian A.
As explained in Remark 9.9, the Cartier module V requires a k-structure Vj in order for the dual characteristic
polynomial to be well-defined.

Theorem 9.13 (Anderson). Let X = Spec R be affine and smooth of equidimension n over k. Consider F €
Coh. (X, A) such that F = pr} Fy for a locally free coherent sheaf Fo on X. Set Vo := Hom(Fo,wx) and
V =Vo ® A, so that the Cartier module corresponding to D(F) has the form (V,ky). Then kv is of trace class
and

(1)

n—1

LPave( X, F T) = A(1 — Try )Y

In particular L**Ve(X, F,T) is a rational function.

Proof. We give a sketch of the proof following Anderson. Full details can be found in [2]. The proof goes by
proving equation (1) modulo T for all m € N, m > 2.

Step 1: Formula (1) holds modulo T™ if mg := min{deg(z) | x € |X|} > m. In this case the left hand side
is clearly congruent to 1 modulo 7™ by definition since mg > m. To prove the same for the right hand side,
consider first the case m = 2. (The case m = 1 is trivial.)

Let I be the ideal of R generated by the set {r? —r | r € R}. Since mg > 2, the ideal I must be the unit ideal.
Else let m D I be a proper maximal ideal. Then in the field R/m every element would satisfy the equation 74 = 7.
It follows R/m 2 k, contradicting mo > m > 2. Since I = R, we can find r1,...,7s, f1,..., fs € R, such that

S

1= Z(’I‘i - ’I“g)fl

i=1
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We deduce

Tr(ry) = Tr(ky - 1) = Tr(z kv (ri — i) fi) = Z (Tr(m/n’fz’) - Tr(rmvfi)) 0-12(0) .
i=1

i=1
Hence the right hand side of (1) is congruent to 1 modulo T2

The case m > 3 is reduced to the case m = 2 by regarding /\j V as a module over the ring (R®7)®i of invariants
of R®J under the natural action of the symmetric group ¥; on j elements.

Step 2: Reduction to the case where X contains at most one point of degree less than a given m: For this
one chooses an affine covering by sets U; of the form Spec Ry, for suitable f; € R such that each U; contains
at most one such point. Then one proves an inclusion exclusion principle for both sides. I.e., in the simplest
case where X = U; U U; one proves that both sides are functions f on open subsets on X such that f(X) =
fU)f(U)/ f(UL N U2).

Step 3: Induction on the dimension of R: Suppose equation (1) is known for all smooth affine varieties of dimension
less than n. Here Anderson shows that for any f € R defining a disjoint decomposition X = Spec R/ f U Spec Ry
there is a corresponding decomposition of (V,ky ) into the restriction to Spec Ry already used in step 2 and a
suitably defined residue Resy(V, ky) of (V, ky) along Spec R/ f. If this is established and we are in the situation
of step 2, then we choose f such that the single point of small degree lies in Spec R/f. Then by induction
hypothesis one is done.

Step 4: Initial step of the induction: One needs to prove equation (1) explicitly in the case where X = Speck,
is the spectrum of a finite field extension k, of k. Explicitly one has to show that

A(1 — TResy, ...Resy, (V,Kkv))

for f1,..., fn a regular sequence defining a maximal ideal m of R with = Spec R/m agrees with the L-factor
of F. O

5 Proof of Theorem 8.13

Here we only give a proof under the following simplifying hypotheses: The compactification X is smooth and the
ideal sheaf Zy of a complement i: Z < X to j: X < X is the inverse of an ample line bundle O ¢ (1). We also
assume that F is free, say of rank r. — The latter hypothesis can be easily achieved as follows: Since X is affine,
the sheaf F corresponds to a finitely generated projective R ® A-module. Choose a finitely generated projective
complement @, define 7 to be zero on it, and replace F by its direct sum with the nilpotent 7-sheaf defined by

(@Q,0).

For m > 0 we define Fo ,, := (OX(—m))®T and F,, := Fo.m Q A. From our construction of jF we see that
for m > 0 the endomorphism 7 extends (in the present case uniquely) to F,, and in such a way that its inverse
image along i is zero. In other words, we have

Tm: (0 X 1d)* Fpy — Fns1 C Fon- (2)

Let mg be the smallest m such that the above factorization exists. Then for any m > my the resulting 7-sheaf
Fom := (Fm, 7m) on X is a representative of the crystal j.F.

We can now invoke Serre duality: It provides us with a canonical isomorphism
D(H™(X,Fp)) = H(X, D(Fpn));

observe that D(F,,) is simply F,\ @ /- But more is true. A careful analysis yields that the above isomorphism is

compatible with the endomorphism 7,,,: On the left hand side, 7, induces a linear endomorphism on H (X, Fm),
and D(__) dualizes this to a linear endomorphism on D(H™(X,F,,)). On the right hand side, D(__) provides
us with a Cartier linear endomorphism D(7,,) on D(F,,) induced from 7,,. Taking cohomology, we obtain an
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induced linear endomorphism on H®(X, D(F,,)). One can show, cf. [8, §7.4], that Serre duality identifies the
two obtained linear endomorphisms.

For m > 0 define Wy, := H(X, Hom(Fo,m, Q% /1))s s0 that Wi, 0 @ A = H°(X, D(F)). One easily verifies
that the Wy ,,, form an increasing exhaustive filtration of V, := H(X, Hom/(F, Qx/1)). Dualizing (2) one deduces
that D(7,,) = D(7) maps W m+1 ® A into Wy ,,, ® A. This shows that

Lemma 9.14. For any m > my, the k-vector space (Wo ) is a nucleus for D(F).

Thus Anderson’s trace formula tells us

n—1

LYve(X, F,T) = A1 —TD(r) V""" = det(1 — TD(7) | HO(X, D(F))) Y
Serre duality, as explained above, yields

det(1 — TD(ry,) | H*(X, D(F))) = det(1 = Tyn (5,7

m

)

To complete the proof of Theorem 8.13, it simply remains to observe that the cohomology groups H WX, F,
i # n, all vanish for m sufficiently large. This follows from Serre duality and the fact that H* (X, O (m)®%

0 for i # 0 and all m > 0, since the sheaf O (1) is ample on X.

) | H*(X, Fn)) = L(Speck, H" (X, F,), T
s Fm)

T),
-1 o
X/k) T

)

6 The crystalline trace formula for general (good) rings A

Suppose first that the ring A is a good coefficient ring and reduced and that F is a flat A-crystal on some scheme
X of finite type over k. Under these hypotheses the L-function L(X,F,T) is well-defined. Since the nil radical
of A is zero, all trace formulas are exact equalities, and thus to prove them, we may pass to the quotient ring
Q4 of A and therefore assume that A is artinian and reduced.

One now has several standard techniques to prove the desired trace formula in this context:

(a) If f: Y — X is a finite morphism, then the trace formula in Theorem 8.14 holds. Here one can in fact directly
prove that for any = € | X| one has

I LwE,.T) =L (f.F).,T).
yef~1(z)
Note that the product on the left is finite.

(b) To prove an absolute trace formula, one can decompose X into a finite disjoint union of locally closed
subschemes: Suppose that X is a disjoint union X = U U Z with j: U < X and open immersion and i: Z < X
a closed complement. Then one has the short exact sequence

0— jij"F — F — i.i*F — 0.

Since j; and i, = 7, are exact, the spectral sequence for direct image with proper support yields, upon applying
R fi, the exact triangle
RSU'j*£ — Rflz — RSZ!’i*£ — RSU'j*z[l]

Since for the L-functions one has
L(Xv Z, T) = L(U7J*£7 T) ' L(Zv ’i*Z, T)

it suffices to prove an absolute trace formula for U and Z.

() If f: Y = A" — X = A" is the projection onto the n — 1 first coordinates and if the trace formula is
proved for A' — Speck, it follows for f: One proceeds as in (a) except that now the fibers are no longer finite.
One needs to use the proper base change formula in order to deduce

iy Rfi = Rfjy,1 iy,
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where fy, is the restriction of f to the fiber Y, above = and and iy, : Y, — Y is the closed immersion of the
fiber obtained as the pullback along i,: z — X.

(d) The trace formula for the structure morphism A! — Speck can be deduced as follows. Near the generic
point, i.e., on A! minus finitely many closed points, one has a locally free representative due to Proposition 7.14.
Using (b) it suffices to prove the formula for this open subset. But here one can simply apply Theorem 8.13 for
the naive L-function.

(e) From (a)—(d) and the Noether normalization lemma (after reduction to an affine situation), one can readily
deduce the absolute trace formula for any X of finite type over k.

(f) Having the absolute trace formula, one can deduce the relative trace formula for a morphism f:Y — X of
finite type from proper base change as explained in a special case in (c). The key point is that one obtains the
relative version as the product over the closed points € |X| of the formula

II LwE,.7) =L (RAF).T). (3)
yelf~1(y)l

Suppose now that A is not necessarily reduced. Then (c) and (f) above will fail. The point is that in formula
(3) we no longer have equality, but = gets replaced by ~, cf. Theorem 8.14. But if we take an infinite product
over formulas of the type (3) with ~ instead of =, we loose all control, since the infinite product over elements
in 1+ Tny[T] may well be a non-rational power series. The path taken in [8, Chap. 9] to overcome this difficulty
is rather demanding. One can stratify X so that over the finitely many pieces of the stratification all sufficiently
high twists of the initial 7-sheaf have a locally free representative. Using this representative, one shows that on
each stratum formula (3) is in fact an equality for all but finitely many x € |X|.
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Chapter 10

Global L-functions for A-motives

So far we were mainly concerned with L-functions which when compared with the classical theory should be
considered as local L-functions. In the following we present an approach, essentially due to D. Goss, to define
global Carlitz type L-functions for arbitrary 7-sheaves over A or A-crystals with a characteristic function from
their underlying scheme to the coefficient ring A (at least for certain A to be specified below). These global
L-functions are continuous homomorphisms from Z, to entire functions on C,. We state the main conjectures
of Goss on these L-functions on meromorphy, entireness and algebraicity and indicate the proof from [3] of these
conjectures which is based on the theory of [8] which was explained in the previous chapters. A different proof
of Goss’ conjectures was given in [43] at least for A = F[t].

Section 5, the last section of this chapter, consists of an extended example: We recall the explicit expression
for the global Carlitz-Goss type (-function of the affine line. Then we derive formulas for the special values at
negative integers —n in terms of the cohomological formalism developed so far. These formulas can be evaluated
in complexity O(log|n|) by computing an explicit determinant. For p = ¢ this will also provide yet another
approach on a conjecture of Goss on the distribution of zeros of the global L-functions evaluated at elements
of Z,. The proof for arbitrary ¢ was given by Sheats in [42] after previous special work for p = ¢ by Wan [49],
Diaz-Vargaz [9] and Poonen. Yet another approach for p = ¢ is due to Thakur [48]. We end this section with
some observations and questions based on computer experiments for the (-functions of some other affine curves.

Throughout this chapter, we fix the following notation:

e C/k will be a smooth projective geometrically irreducible curve over the finite field k of characteristic p.
e oo will be a marked closed point on C' and C := C ~\ {o0}.

e K :=k(C) is the function field of C' and A :=T'(C, ) the coordinate ring of the affine curve C.

e K, is the completion of K at co, Oy, C K its ring of integers, 7o, € O a uniformizer, ko, the residue

field at oo and dy, = [keo : k| the residue degree.

Suppose X is a scheme of finite type over k£ with a morphism f: X — Spec A and that F is a flat A-crystal over X.
(Such an f would naturally arise in the case where F comes from a Drinfeld A-module or an A-motive; there one
could take f as the characteristic of this object.) For every closed point = € | X|, its image p,. := f(z) € Spec(4)
is a maximal ideal and one clearly has the divisibility dy,, |d, for the residue degrees. One would like to define

LB (X, F, ) = H L@, Fay T)pans =+
ze|X|

What is needed at this point is a good definition of p? and a characteristic p domain in which the exponents s
will lie. Below, following Goss, we shall give such definitions.
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A main conjecture of Goss was that these L-functions should be entire or meromorphic in a sense to be defined
below. For A = k[t] this conjecture was proved by Taguchi and Wan in [43]. The general conjecture was proved in
[3] using crucially the theory of the previous chapters. As we shall see, and this goes back to [43], the special values
of Goss L-functions agree with the L-functions of the previous chapters if one replaces F by a suitable twist. The
cohomological theory will prove that these special values are polynomials whose degree grows logarithmically. It
was known to Goss that this would suffice to deduce the entireness (or meromorphy) of the global L-functions
defined by him.

In fact, we will not completely follow Goss’ approach. He defines L&°P as a function
LEY(X, F, _):Zp x Chy — Coo.

Moving one copy of Co, from left to right and working with T'= 27!, we shall defined a global L-function
LE(X, F, )i Zy — (CoollTll<c)

where Co[[T]]<. denotes the ring of power Series on Co, which converge on the closed disc of radius ¢ and the
superscript * denotes it units. This ring is in a natural way a Banach space, and thus in particular a topological
space.

1 Exponentiation of ideals

The case A = k[t]: Here any maximal ideal p is generated by a unique irreducible monic polynomial f, € k[t],
and thus a natural definition of p®, at least for n = s € Z, is p" := f{'. As we have seen in the lectures of D.

Thakur, it is also natural to consider the expression f, /tde8 f» which is a 1-unit in O. For it the expression
(fp/tdee o) is well-defined for any n € Z,. Goss defines p® for any s = (n, 2) € Z, x C%_, cf. [23, §8.2], by

(fp /tdes fo ) nzdeg P

Let us now recall the necessary definitions for arbitrary A — note that k., is canonically contained in K:

Definition 10.1. A continuous homomorphism sign: K* — k% is a

o sign-function if sign = id when restricted to kZ;

o twisted sign-function if there exists 0 € Gal(ko/k), such that sign = o when restricted to k%, .

Obviously any twisted sign function is of the form o osign’ for some o € Gal(k, /k) and some sign-function sign’.
Any sign-function is trivial on the 1-units in OF . If 7 is a uniformizer of K., then any sign-function is uniquely
determined by the image of 7 in kZ_. Using that K’ = 7% x 0%, one finds that the number of sign-functions is
equal to #k% , and the number of twisted sign-functions to #k%, - deo-

We fix a sign-function sign for K.

Definition 10.2. An element x € K7 is positive (for sign) iff sign(z) = 1. An element x € K* is positive if its
image in K is positive. We write K for the positive elements of K* and Ay for AN K.

From now on, we also fix a positive element 7w € K* which is a uniformizer of K.
The class group C1(A) of A is the quotient of the group of fractional ideals Z4 of A modulo the subgroup of
principal fractional ideals P of A.

Definition 10.3. The strict class group C1T(A) of A (w.r.t. sign) is the quotient of the group of fractional ideals
of A modulo the subgroup of principal positively generated fractional ideals P* of A. (A fractional ideal is
principal positively generated if it is of the form Az for z € K .)
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In particular one has an obvious short exact sequence 0 — k*_ /k* — C1T(A) — CI(A) — 0. Correspondingly,
one defines the strict Hilbert class HT D H field of K as the abelian extension of K which under the Artin-
homomorphism has Galois group isomorphic to C1*(A). More precisely: under the reciprocity map of class field
theory HT D H D K correspond to

H O; x (Ker(sign)) C H O x K3, C Ak.

v finite v finite
Due to our choice of 74, we have Ker(sign) = 72 x (1 4+ my,) where my, C Oy is the maximal ideal.

Proposition 10.4 (Goss). Let Ulperf denote the group of 1-units in the perfect closure of K. There ezists a unique
homomorphism
()T Ut

such that for all a € K4 one has
(a) = a n =),

Proof. The idea of the proof is as follows: Let ht := #CI11(A) denote the strict class number. Then for any

fractional ideal a, the power a®' is positively generated, and thus (a"") is defined. To define (a), we take the

unique ht-th root within UP®'" - note that for m € N prime to p the m-th root of a l-unit in K. can simply be
defined by the binomial series for 1/m, and thus lies itself again in K. However h* may have p as a divisor.
This necessitates the use of U™, O

The above definition and the following one of exponentiation arose in correspondence between D. Goss and D.
Thakur.

Fiz a duo-th root 7, € K& of w4
Definition 10.5. Foir n € Z and a a fractional ideal of A, one defines
a’ = W;"degu A(a)" € K;ljg.
More generally, for s := (n,z) € Z, x C one sets
as = Zdega X <a>n c Kalg
: o8,
Note that the first exponentiation is a special case of the second if one takes for s the pair (n, 7, ™). Also, going

through the definitions and choosing 7, = + for A = k[t], one may easily verify that in this case Definition 10.5
agrees with the exponentiation described at the beginning of this subsection.

Proposition 10.6 (Goss). Let V be the subfield of Ko, generated by K and all the a™ for all fractional ideals a of
A and alln € Z. Then V is a finite extension of K. Let Oy denote its ring of integers (over A). Then for all
ideals a C A and alln € N, one has a™ € Oy.

2 Definition and basic properties of the global L-function

Let X, f, F etc. be as above. At z € | X| the local L-factor L(z, F.,w) lies in 1+w A[[w?]] C 1+wr= A[[wre]].
This shows that the following definition makes sense:
Definition 10.7. The global L-function of (X, f, F) is defined by

LEP(X, F,_): Zy — 1+ TCo[[T]] i n— [[ L2, Fuyw)yaps —pan. ¢
z€|X|

pm>n
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Remarks 10.8. (a) It is elementary to see that there is a constant ¢ € Qs¢, independent of n € Z,,, such that
any of the values
LEP(X, F,n) € 1+ TCu[[T])

lies in the ring Coo[[T]]<. of convergent power series around 0 on the (closed) disc {T" € Co | |T] < c}.
Since at T' = 0, the power series take the value 1, one can choose ¢ such that for all n € Z,, the power series
L&°P (X F.n) are bounded away from zero uniformly, i.e., for each n € Z, they are units in Coo[[T]] <.

(b) The function n + (p)™ satisfies a very strong interpolation properties: The limit lim,, ;o (p)?" = 1 is
uniform in p € Max(A). Moreover Co[[T]]<. is a Banach space under the norm given by

1Y amT™|| = sup |am||c[™.
m>0

m>0

Using the interpolation property of n + (p)™ it is not difficult to show that L&'°’(X, F, ) is a continuous
function from Z, into this Banach space.

(c) In Goss’ formulation, the variable T is substituted by z~!. Thus one has a continuous function from Z,
into a Banach space of convergent power series in 1/z around oo of radius 1/c.

(d) The definition of L&°P(X, F, ) depends the choice of 7, € K. This element is used to define {_) and
its doo-th power is a uniformizer 7., of K., which determines our sign function.

Let us draw a first conclusion from the cohomological theory of crystals for Goss’ global L-functions:

Proposition 10.9. Suppose f: X — Spec A is a morphism of finite type and F is a flat A-crystal on X. Then

(a) The complex Rfi can be represented by a bounded complex G* of flat A-crystals on Spec A.

(b) With G* from (a) one has
LglOb(X’ s n) — H ,8lob (X7Qi7 n)(_l)z
i€z
Part (a) follows from Theorem 7.10, part (b) is an application of the trace formula Theorem 8.14 to each fiber
X Xsgpec A P, together with the proper base change, Theorem 6.6.

Thus to study general properties of global L-functions, it suffices to consider the case X = Spec A! We will do
so from now on unless stated otherwise.

3 Global L-functions at negative integers

We now describe the link between L#°P and the L-function from the previous chapters. We learned this, in the
case A = k[t], from [43].

For any ring A there is an analog of the Carlitz module, the so called Drinfeld Hayes module. Let O denote the
ring of integers over A of H+ O K. In [28] Hayes shows that there are #C1T (A) sign-normalized rank 1-Drinfeld
modules

'L/)DH,A: A— O+[T].
(We provide more details on these in Appendix 3.) Denote the structure morphism Spec O — Spec A by s and
the A-motive associated to ¥ pm,a by Ha. Thus H 4 is a locally free 7-sheaf on Spec OF over A of rank 1.

It is now possible and not too hard to compute the local L-factors of the tensor powers H®", n € Ny, cf. [3,
Lem. 3.2]. Define
LB°P(n, T) := L¥°P(X, (Ox xspec 4> Tean = (0 X id)), n)
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as the global Carlitz-Goss L-function for any A-scheme X of finite type, i.e., scheme with a structure morphism
to Spec A. We explicitly write the variable 7" on the left to stress that for each n € Z, the right hand term
is a function in 7. Similarly, for any character y of the abelian group Gal(H*/K) define L&°"(n, x,T) as the
(-function on Spec A for the character x. Using this intuitive notation, the following formula was first observed
by Goss, see also Lemma 10.22:

Theorem 10.10 (Goss). For n € Ny one has

LSpec(9+(_n»T) = L(Spec A,SJH%",T) = H L§Ob(_n7X7T>|T:T7r1"-

x€EGal(HF.K)

By the symbol (__)|7=7z» we mean that one substitutes the term 7’7} for T'.

The same computations and defining L-functions with characters for crystals, cf. [3, Cor. 3.8], yield

Theorem 10.11. Suppose F is a flat A-crystal on Spec A. Then for n € Ny one has

L(Spec A, F @ s, HE",T) = H L& (Spec A, F, X", —n)|r=T7n -

xEGal(HT.K)

Remark 10.12. The importance of the previous theorem lies in the fact that the left hand side is, via the trace
formula, Corollary 8.15, equal to the L-function of H(Cg+, j1.F ® 5*7-[%”) where C'y+ is the smooth projective
geometrically irreducible curve over ko, with function field H* and where j: Spec Ot < Cp+ is the canonical
open immersion. The cohomology can be represented by a 7-sheaf whose underlying module if free of finite rank
over A. To compute this 7-sheaf one may compute the coherent cohomology of the underlying sheaf together
with the endomorphism induced by 7. In doing so, one has the freedom to replace the T-sheaf which appears as
the argument of cohomology by a nil-isomorphic one.

4 Meromorphy and entireness

One can prove the following simple but important lemma. Its proof follows closely the method described in
Subsection 5 for C®":

Lemma 10.13. For a locally free T-sheaf F on Spec A over A, the function
n + degg L(Spec A, F @ s, HG", T)

is of order of growth at most O(logn).

Now for any n > 0 which is a multiple of At := #CI*(A), the characters x", x € Gal(/HT.K), are all trivial.
Thus one deduces from the lemma and Theorem 10.11 that L&'°®(Spec A, F, —n) for such n is a polynomial in 7'
whose degree grows at most like O(logn). Let h(®) be the prime-to-p part of h. By replacing F by some kind
of Frobenius twist on the base — this is similar to the observation made in Remark 10.20 (a) — one can show
logarithmic degree growth for all negative integers which are a multiple of h(). These lie dense in Z, and the
strong uniform interpolation property of n — (p)" yields:

Theorem 10.14. Suppose F is a locally T-sheaf on Spec A over A. Then L#°"(Spec A, F, ) is a continuous
function Z, — C[[T]]°™, where Coo[[T]]*™ is the ring of entire power series with coefficients in Coo — it is in
a natural way a Fréchet space, and thus in particular a metrizable topological space.

Once the function L#°P(Spec A, F,_ ) is known to be entire, one deduces from Theorem 10.11 and Lemma 10.13,
invoking Proposition 10.6, the following:

Theorem 10.15. For all n € Ny, the values L#°"(Spec A, F, —n)|r=rxn are polynomials in T with coefficients in
Oy and their degrees in T are of growth at most O(logn).
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Definition 10.16 (Goss). Let f be a function f:Z, — 1+ TC[[T]].

The function f is called entire if the image of f lies in Coo[[T]]*™ and if f is continuous with respect to the
natural topologies on Z, and C[[T]]°"".

The function f is called meromorphic if it is the quotient of two entire functions.

An entire function f is called essentially algebraic, if for all n € Ny, the value f(—n)|r—rxr is a polynomial
whose coefficients are integral over A and lie in a fixed finite extension of K, independent of n.

A meromorphic function f is called essentially algebraic, if it is the quotient of two entire essentially algebraic
functions.

From Theorems 10.14 and 10.15 and Theorem 7.14 one deduces readily:

Theorem 10.17. Suppose F is a flat A-crystal on Spec A (or a finite complex of such). Then L#°P(Spec A, F, ) is
meromorphic and essentially algebraic. If in addition F has a locally free representative, then L8P (Spec A, F, )
18 entire and essentially algebraic.

5 The global Carlitz-Goss L-function of the affine line
Throughout this subsection, we fix A = k[t] and we identify A! = Spec A. Recall that

LEY (n,T) := L¥*(Spec A, (Ospec Axspec 4,0 x id),n) = [[ (@ =1%(p)~)~".
peMax(A)

We also define for n € Z the more intuitive {-function
G T):= [ a-1@a)~t = T Q-7 ™)' =) 1% = ZTd( > a_”);
a€Ay,irred. peMax(A) a<A d=0 a€Agqq

by A4+ we denote the set of monic elements of degree d in A = k[t]. The agreement of the second and fifth term
is immediate by expanding the Euler product. The third and fourth terms are term by term the same as the
second and fifth where however we have used the exponentiation notation from Subsection 1.

Lemma 10.18. Forn € Ny one has

L (=, T) oy = Ca(—n, T)

Proof.
L& (—n, Dlr=rey = [ = @H)®E)™"

peMax(A)

= I a-7*amrtemt
peEMax(A)

_ H (1 _ Tdeg(a)t—n deg(a) (a/tdeg(a))—n)—l
a€A,,irred.

= [T Q-TE@emyt o yonT).
a€Ay,irred.

Definition 10.19. For n € Ny with ¢-digit expansion n = ag + a1¢ + ... a,q" we define (n) :=ag+ a1+ ...+ a,
to be the sum over the digits in the base ¢ expansion of n.
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Remark 10.20. (a) As can be seen directly from the definition of {4(n,T), one has: (a(n,T)? = ((pn,T?).

(b) By a theorem of Lee (a student of Carlitz) one has ) a™ =0 for d > ¢(n)/(¢ — 1), so that

a€Aq4
degr Ca(=n,T) < £(n)/(¢ = 1).

(¢) Combining (a) and (b), for ¢ = p™ one finds
1 . m—
degr Ca(—n,T) < 7{] 1 mln{ﬂ(ﬂ),ﬁ(pn)7€(p2n), o l(p 1n>}

Although not stated explicitly in [42], one can deduce from it easily the following result:

Proposition 10.21. For n € Ny and q an arbitrary prime power one has

min{/l(n), £(pn), L(p*n), ... 7E(pm_ln)}J
q—1 '

degy Ca(—n,T) = |
Lemma 10.22. For n € Ny one has Ca(—n,T) = L(AL,C®™.T).
The lemma is Theorem 10.10 in its simplest case!
Proof. Tt suffices to show that for f € Ay irreducible and p = (f) one has
1 — frrdesls) < det(1 — 75" | ng’") = det(1 — Tdeg(f)(fgbn)deg(f) | CSE’").
Starting from 78" = (¢ — 0)"(o x id) we compute

deg f—1

(r&m)Ies) = (L =) (t — 09" .. (£ =67 ) (0™ xid).

On k, = fc[&]/(f(@)) we have 09°8/ = id. Writing éfor the image of 9712 kp,lthe roots of f are precisely the
elements 69°, i =0,...,deg f — 1, and so f(t) = (t — 0)(t — )™ ... (t — 4 =i ). We deduce

(r@m) e8I = F(t)" € ky[t]

which completes the proof. O

The next aim is to find for each n € Ny an explicit square matrix whose dual characteristic polynomial is
Ca(—n,T). Moreover we would like to find such a matrix of size deg;(Ca(—n,T))!

The straightforward use of the representative jiC®™ found in Example 5.12 is not suitable for this, since it yields
a matrix of size dim H' (P!, Opi(m)) = —1 —m > 23 — 1 which is far larger than % — or the possibly even
smaller true degree given in Proposition 10.21.

Definition 10.23. For ¢ € Ny define the 7-sheaf Q(qi) on A! over A by the pair
([0, 1), (£ — 0)(0 x id)).

Lemma 10.24. The T-sheaf Q(qi) is nil-isomorphic to Q®qi.

Proof. The pullback (ai)*Q(qi) is isomorphic to Q®qi and via 7? it is nil-isomorphic to Q(qi). O

Corollary 10.25. Suppose n = ag + a1q+ ...+ arq" with 0 < a; < g —1 is the base q expansion of n € Ny. Let
9(0) == [[/_o(t" — 6)%. Then C®" is nil-isomorphic to

r

™ = Q) = (k6,1 9(0) (0 x id).

=0
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Let us now determine a representative of 5iC(™ for the open immersion j: A! < P'. Proceeding exactly as in
Example 5.12, we find the following: As the underlying sheaf we take Opi (—moo) ®% A with m = [ = q_fl(")}, and
as 7, we take g(0)(o x id). Note that now

l
rankyy H' (P', Opi (—moo)) = rankgy) HO(PY, Op1 (m — 200)) =m — 1 = Lq(—n)lJ =D
Suppressing d in the notation, we take e; := 1,e9 :=6,...,ep := 0P~ as a basis over k[t] of H°(P!, Op1(m —

200)). Then by Lemma 9.14 this a a nucleus in the sense of Anderson for D(C™) = k[6,t]df. Note that the
image of e; under D(7(™) is x(6""') = C,(g(0)0""'). To be more explicit, we define g;(t) € k[t] by

9(0) =Y _g;(t)

>0
and g; = 0 for j < 0. Then
Rle) = Co(Q g = Y g = Y g (00T = Y gai(er.
§>0 §>0,j+i=0 (mod q) £2>0,j=—i+qt £>0,j=—i+qt

Define now M as the matrix
M = (my ;) := (gjg—i)i,j=1,...,.D-

This is the matrix representing the action of x on the nucleus of D(C(™)). Hence its dual characteristic polynomial
is the L-function of (™). Since A is reduced, we have shown:

Proposition 10.26.
det(1 —=TM) =(a(—n,T) € 1 + TA[T].

Example 10.27. Let ¢ =4,n =181 =2-64+3-16+1-4+1 1. Thus /(n) =7 and D = [£ | = [I] = 2. We
have

9(0) = (1% =0 (¢ = 0)°(t* = 0)(t — 0) = (1'% — ) (¢ — *)(t"° — O)(t* — O)(t —0) = Y _ g; ()¢

j=0

One finds the following expressions for the coefficients g;:

gr = L

g6 = tO+tt+t

g5 — t128 + t32 + t20 + t17 + t5.

g3 = t160 + t148 =+ t145 4 t133 4 t52 + t49 + t37.
go = 75176 + t164 +t161 + t149 + t53.

The matrix M is given by ( oo ) and one finds
Ca(—181,T) = det(M) = 1+ T(...) + T?(t'%* + ¢'%1 + lower order terms).

Definition 10.28. For n € Ny we set Sy(n) := ZGGAH a~", so that (4(—n,T) = Zdzo TS4(n), and we define
sa(n) = deg, Sa(n).

Using M we shall give yet another proof of the following theorem due to Wan [49], which was later reproved by
Diaz-Vargas [9] and by Thakur [48].

Theorem 10.29 (Riemann hypothesis). Let ¢ = p. Then the following hold:

47



(a) For any n € Ny one has

t(n)

degr Ca(—n,T) = quj and sq(n) = Zdegt(gj(q_l)).
j=1

(b) The sequence (deg, gj(q—1))j>0 18 strictly decreasing, and thus the Newton polygon of (a(—n,T) has Lfl(fnzj
distinct slopes all of width one.

(¢) For any m € Z,, the entire function La(m,T) in T has a Newton polygon whose slopes are all of width
one and thus the roots of T — La(m,T) lie in K they are simple and of pairwise distinct valuation.

Part (c) for ¢ = 4 was proved by Poonen and for arbitrary ¢ by Sheats in [42].

Recall that the Newton polygon of the polynomial deg; (a(—n,T) € A[T] C K[T] is the lower convex hull of
the points (d, —deg,;(Sa(n)))a>o0- By (a), the slope between d and d+ 1 is —sq11(n) — (—sa(n)) = — deg; gag—1)-
By the first assertion of (b), the sequence deg, g;,—1) is strictly decreasing and it follows that the points
(d, — deg,(Sa(n)))a>o lie all on the lower convex hull and are break points, i.e., points where the slope changes.
Thus the second part of (b) follows, once (a) and the first is shown. Part (c) is a simple formal consequence of
(b) as explained in [49]. To prove the theorem, our first aim will be to compute the degrees of the polynomials g;.

Let us first recall a lemma of Lucas.

Lemma 10.30. For integers ag,...,a, and ly,...,l. in the interval [0,p — 1] one has

() - (&)
i=0 li Z;‘:O lipz
An analogous formula holds for multinomial coefficients (m1 mg”_”me).
Lucas’ formula follows easily from expanding both sides of the following equality by the binomial theorem
(1+ 1) Zi-owr’ = T[(1 +17").
i=0
Lucas’ lemma holds for arbitrary ¢; however the formulation for p implies the lemma also for all p-powers.

Note that by the Lemma of Lucas the coefficient (7) modulo p is non-zero if and only if, considering the base p
expansions of n and [, each digit of the expansion of [ is at most as large as the corresponding digit of n.

Lemma 10.31.

wmcr T (e ()

lg;--lp, 0<1;<ay =0 .
Xili=d—j 2(1)=d—j

For each m € Ny the sum contains at most one summand of degree m in t.
Proof. The first equality in Lemma 10.31 is proved by a multiple application of the binomial theorem and

collecting all the coefficients of 67 in 2950 9;07 = [1;5o(T? — 0)%. The second equality follows from Lucas’s
lemma. a - O

Set (D) = r and m,,(py = 0 and for j € {0,..., D — 1} define pu(j) € {0,...,7} and my ;) € {1,...,a,3;)} by

D—j=art. ..+ a1+ mug):
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Lemma 10.32. Suppose ¢ = p. Then for each j € {0,...,D} one has

deg g; = arg” + ... + au(y 116" DT + mp "D,

Proof. Note that in the case p = ¢ the coefficients (HLO (‘l’)) of g; are all non-zero. The formulas are now

immediate from the definitions of © and m,,. O

Suppose ¢ = p. Then if j increases, D —j decreases and thus deg g; is strictly decreasing in j. Thus we have proved
Theorem 10.29(b) once we have proved part (a). Moreover if ¢ and ¢ from {0, ..., D} satisty ¢/ > £+ (¢ — 1),
then p(¢) > p(¢) + 1. This yields a precise result on the rate of the decrease of the deg, g;:

Lemma 10.33. Suppose p =¢q. Then for 0 < {0’ <D —1 and ¢’ >+ (¢ — 1) one has
1

) = rh (deg g¢r — deg gpr11)-

0 < degge — deg gey1 = ¢"¥) <

Q|

Proof of Theorem 10.29(a). Our aim is to compute the degree in t of the coefficients of the T in the expression

det(1-TM) = Z sign 7T(51ﬂ.(1) — Tmlﬂ(l)) SR ((5dﬂ(d) — deﬂ(d)).

TEX g

Let us expand the inner products by the distributive law. If a product contributes to 7%, then in the distributed
term, we need d — j occurrences of terms not involving T, i.e. of 1’s. The latter can only come from the diagonal.
We deduce:

Up to sign, the terms contributing to T® are those j x j-minors of M which are symmetric, i.e. in which the
same rows and columns were deleted from M.

Let J be a subset of {1,...,d} (which may be empty) and let 7 € X; be a permutation of the set {1,...,d}
which is the identity on J. Then for the pair J, 7 we define

deg . = deg(ma(j);)-

jeJ
For fixed J, we shall show that the identity permutation is the unique one for which deg; . is maximal. The
following lemma is the key step.
Lemma 10.34. Suppose q = p and fir J C {1,...,d}. Then for allm € Xg~{id} fizing J one has deg, ; < degyy ;.
In particular ord(det(M)) = ordiq and thus det(M) is non-zero.
Proof. We only give the proof for J = @&. The other cases are totally analogous. To simplify notation, we
abbreviate deg, := degg .
Assume contrary to the assertion of the lemma, that for some m € g~ {id} we have deg, = max{deg, | 7 € X4}.
Since 7 is not the identity, the permutation matrix representing 7w has some entry above the diagonal. Let
Jo € {1,...,d} be maximal such that 7(jo) < jo. In row jp let j; be the column which contains the non-zero
entry of the permutation matrix of 7, i.e., j1 = 7~ *(jo). By the maximality of jo we have we have

J1 < Jo- (1)

Consider the matrix
0 Mo (jo) o

Mjo,51 0
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with entries m(;) ; at (7(j),j) for j =1,...,d and zero otherwise. Define the permutation 7" by
7' (j) = 7(j) for j # jo, g1, 7' (o) = jo, 7' (41) = 7(jo)-
Then

deg, —deg, = deg(mx(jy)j )+ deg(mj, j,) — deg(myy ;) — deg(ma(jo).jo)
= deg(gj1q—7r(jo)) - deg(gjwfjo) + deg(gj()Q*jo) - deg(gjoq—ﬂ(jo))

Jo

= > (deg(gjoq—i) — deg(gjoq—it1)) — (deg(gj,q—i) — deg(gjiq—i+1))
i=n(jo)+1
7(j1)

> > (@-1) = (¢-1).

i=j1+1

Where the last inequality follows from formula (1) and Lemma 10.33(a). We reach the contradiction deg,, >
deg,.. O

For fixed J, the lemma tells us that id is the unique permutation for which deg ;4 is maximal. Moreover from
the definition of deg; ., we see that

degyiq = Y deg,mj; = > deg, gj(g—1)-
jeJ jeJ

Since the degrees of the g; are strictly decreasing, we find that among those J for which #.J is fixed there is also
a unique one for which deg ;4 is maximal, namely J = {1,2,...,#J}.

It follows that the degree of the coefficient of T* is equal to deggy 5 350 = 2. -1, ; d€g; gj(q—1)- This completes
the proof of Theorem 10.29(a) and thus of the theorem itself. O
Let us add some further observations regarding the degrees of the coefficients Sy(n). Say we write

(ar Gr_1 ...a1a0)p
for the base p digit expansion of n. By the definition of x(j) and m,,(;), we have that for

(OO ... 0 au(j) - mu(j) au(j)_l .o Qaq ao)
w()

the sum over its digit in base p is exactly j. We define

n1:= (00 ... ayp—1) = Mup—1) Qup—1)—1 - -+ 1 00)

p(p—1)

Nng 1= (00 ce a#(gp,Q) — m“(gp,Q) a#(zp,z),l m#(p,l) 0... 0)
N—_——

n(2p—2) p(p—1)

3= (00 ... auap-1) = MuErE-1) WEE-1)-1 -+ Muep-1) 0 ... O)ete.
————

u(3(p—1)) w(2(p—1))

and mqg by n =mg+ng+ng_1+...+n1. Thus n; is formed from the p — 1 lowest digits of n, next nsy is formed
from the next p — 1 lowest digits of n that haven’t been used in forming n, etc.

We can now rephrase Theorem 10.29(a) as follows:
s1(n) =n—nyq, s2(n) = (n—n1)+(n—n1—n2), ...,8q4(n) = (n—n1)+(n—n1—n2)+...+(n—n1—...—ny) ete.
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and s¢(n) = —oo for all £ > £y + 1 where ¢ is smallest so that n —n; — ... — ny, has digit sum less than p — 1
in its p-digit, or if no such ¢y > 0 exists, we set ¢y = 0.

We obtain an alternative proof of the following recursion from [48]:

Corollary 10.35 (Thakur). sq(n) = s1(n) + sq—1(s1(n)).

Proof.
sqn) = (n—ni))+m—ny1—n2)+...+(n—n1 —... —ng)
= (n—-n)+((n—n1)—n2)+((n—n1) —na—ng)+...+((n—n1) —... — ng)
= s1(n)+ (s1(n) —ng2) + (s1(n) —ng —ng) + ...+ (s1(n) —ng — ... — ng)
= s1(n) + sq—1(s1(n)).
Note that to define ng, ns, ..., ng it is not necessary to know n. It suffices to know n —n; = s1(n) as defined
above. O

Open questions regarding the zero distributions of (4 (—n,T) for A different from F,[T):

Due to some simple but remarkable examples, Thakur [46] showed that Theorem 10.29(c) cannot hold for general
A: It is known that (4(—n,T') has a zero T' = 1 if ¢ — 1 divides n. Such zeros are called trivial zeros. For F[t] all
trivial zeros are simple and if n is not divisible by ¢ — 1 then 7' = 1 is not a root of (4(—n,T). In [46] Thakur
shows by explicit computation that for some even n, i.e., n divisible by ¢ — 1, the root T"=1 is a double root!
Let us say that (a(—n,T) has an extra zero at —n if either (7' — 1)? divides it, or if (T — 1) divides it, but n is
not a multiple of p — 1.

The following patterns for negative integers —n were observed when computing, using a computer algebra
package, the Newton polygons for several rings A for the function (4(—n,T) := 3 -, T ZaeAd+ a™ under the
hypotheses p = ¢ and d, = 1. Note that the Newton polygons all lie under or on the x-axis and start at (0, 0).
Moreover all slopes are less or equal to zero.

Define B C Ny as
B:= {0} U {d € Np | dimy, A(d+1) > dlmAd}

In particular, B contains every integer d > 2g, where g is the genus of A. The missing integers (in {0,...,2g})
are precisely the the Weierstrass gaps for co.

e The z-coordinates of all the break and end points of all Newton polygons are in the set B and at every
z-coordinate in B (along the Newton polygon) there is a break point.

e In particular, all slopes beyond the g-th one have width 1.

e There are no extra zeros for n not divisible by p — 1. Thus extra zeros can only occur at horizontal slopes
of width larger than one, i.e., among the first g slopes.

e Even if a slope is horizontal and of length 2, there may not be an extra zero.

e The degree in T of (4(—n,T) is determined by the following rule: The number of slopes of the Newton

polygon is exactly equal to Lfo(fnij.
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Chapter 11

Relation to étale sheaves

Throughout this chapter we assume that A is a finite k-algebra, and so in particular A is finite. For such
A, we shall set up a correspondence between A-crystals and étale sheaves of A-modules. As we shall see, the
correspondence is modeled at the Artin-Schreier sequence in étale cohomology and Deligne’s [51, Fonctions L].

One reason why one might be interested in finite rings A is to study geometric questions in positive characteristic
via étale mod p cohomology. Another reason is the following: Suppose ¢ is a Drinfeld A-module and M(yp) its
associated A-motive. Then for all finite primes p of A, the p™-torsion of  provides us with a Galois representation,
or a lisse étale sheaf of A/p™-modules on the base. On the side of A-motives, A/p™-torsion is described by
M(p) @4 A/p™. Using the equivalence of categories introduced in the following subsection and the relation
between the torsion points of ¢ and the above quotient of M(y), the following result is straightforward:

Homy (A/p™, ¢[p"]) = e(M(p) @4 A/p™).

Le., the dual of the module of p™-torsion points is naturally associated to the motive modulo p™.

In Section 1 we define the functor from A-crystals to constructible étale sheaves of A-modules and discuss its
basic properties. Some proofs are given. In the subsequent Section 2 we use these results to reprove (in many
but not all cases) a result of Goss and Sinnott which links properties of class groups to special values of Goss’
L-functions.

1 An equivalence of categories

Our first aim is to define a functor )
e: QCoh, (X, A) = Et(X, A).

For this, we consider a 7-sheaf F. Using adjunction, we assume that it is given by a pair (F,7z: F — (0 xid).F).
Let u: U — X be any étale morphism. Pullback of 7 along u x id induces a homomorphism

(uxid)*7r: (u x id)*F — (u x id)* (0 x id),F = (0 x id), (v x id)* F.

Taking global section on U x C' and observing that o xid is a topological isomorphism, we obtain a homomorphism
of A-modules:

(u x id)*17: (u x 1d)* F)U x C) — ((¢ x id)4(u x id)* F)(U x C) = ((u x id)*F)(U x C).
By slight abuse of notation, let us denote this homomorphism by 7.¢. Then one verifies that

(u: U= V) — Ker (1 —7e: ((uxid)* F)(U x C) — ((u x id)*F)(U x O))
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for (u: U — X) varying over the étale morphisms to X defines a sheaf of A-modules on the small étale site
of X denoted e(F). A more concise way of defining e is as follows. Let Fo; denote the étale sheaf associated to
pry,. F by change of sites — this is what is done above, of one forgets about 7. Then 7 induces a homomorphism
Tet:-Fet _>-Fet and

e(F) = Ker(id —Tet: Fet — fet). (1)

Clearly this construction is functorial in F, that is, to any homomorphism ¢: F — G it associates a homomorph-
ism €(p): e(F) — €(G). Thus it defines an A-linear functor

e: QCoh_ (X, A) — Et(X, A). (2)
Following its construction one finds that e is left exact.

Example 11.1. Let 1y 4 denote the 7-sheaf consisting of the structure sheaf Ox ¢ together with its obvious 7
given by
T=0xid: Oxxc — (0 X id).Ox«c.

The étale sheaf associated to Oxx¢ is simply Ox,, ® A with 7, the morphism (u ® a) — u? ® a. Therefore
€(lx 4) = Ay, the constant étale sheaf on X with stalk A. In the special case A = k we recover the sequence

1—
0 EX OXec 3 OXet

from Artin-Schreier theory.

Lemma 11.2. Let ¢: F — G be a nil-isomorphism in Coh, (X, A). Then the induced €(¢): e(F) — €(G) is an
isomorphism.

Proof. Observe first that regarding 7 as a homomorphism of 7-sheaves, we have ¢(7) = id: This is so, because
€ is precisely the operation on the étale sheaf associated to F of taking fixed points under 7. Clearly 7 is the
identity on the set of these fixed points. Having clarified this, the proof of the proposition follows immediately
from applying 7 to the diagram (2). O

The assertion of the lemma also holds for 7-sheaves whose underlying sheaf is only quasi-coherent. The proof
however is much more subtle. In [8] it is shown that e factors via the category of ind-coherent 7-sheaves, i.e.,
T-sheaves which can be written as inductive limits of coherent 7-sheaves. Then an argument involving direct
limits reduces one to the already proved case of the lemma. In total one obtains:

Proposition 11.3. The functor € induces a unique left exact A-linear functor

€ QCrys(X, A) — Et(X, A).

It is shown in [8] that the isomorphisms e defined for all pairs (X, A) (with A finite) is compatible with the
formation of functors on crystals and on the étale site, respectively:

Proposition 11.4. For f:Y — X a morphism, j: U < X an open immersion and h: C — C' a base change
homomorphism one has the following compatibilities:

coff> ffoe, eo(L®_)2(_®@_)oe, €o(_ @A) (_@s4A)oe €of, X fioe, €ojiXjioe

Except for the very first compatibility, i.e. that of inverse image, the proofs are rather straight forward. Note that
to the left of oe the functors are functors on étale sheaves and to the right of eo they are functors on A-crystals.

Let Et.(X,A) C Et(X, A) denote the subcategory of constructible étale sheaves. Recall that an étale sheaf of
A-modules is constructible, if X has a finite stratification by locally closed subsets U; such that the restriction
of the sheaf to each U is locally constant. This in turn means that there exists a finite étale morphism V; — U;
such that the pullback to V; is a constant sheaf on a finite A-module.
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Proposition 11.5. The image of Crys(X, A) under € lies in Et (X, A).

Proof. (Sketch) Since being constructible is independent of the A-action, we may restrict the proof to Crys(X, k).
We also may assume that X is reduced — cf. Theorem 5.9. Let F be a coherent 7-sheaf on X over k. Since we have
the functors ji, f. and f* at our disposal we can apply noetherian induction on X in order to show that e(F) is
constructible. Thus it suffices to fix a generic point 7 of X and to prove that there exists an open neighborhood
U of n such that ¢(F|U) is locally constant.

We first choose a neighborhood U of n which is regular as a scheme. By [29, Thm. 4.1.1], it suffices to show
that after possibly further shrinking U one can find a 7-sheaf G which is nil-isomorphic to F and such that G is
locally free and 7 is an isomorphism on it. At the generic point both properties can be achieved by replacing F
by Im(7%) for m sufficiently large. And then one shows, using A = k, that this extends to an open neighborhood
of 7. O

A main theorem of [8, Ch. 10] is the following

Theorem 11.6. For A a finite k-algebra, the functor e: Crys(X, A) — Et.(X, A) is an equivalence of categories.

Since it is compatible with all functors, the definition of flatness for both categories implies that € induces an
equivalence between the full subcategory of flat A-crystals and the full subcategory of flat constructible étale

sheaves of A-modules: at
(

e: Crys™(X, A) = EtS X, A).

For flat A-crystals we have a definition of L-functions of X is of finite type over k. Under the same hypothesis
on X, for flat constructible étale sheaves of A-modules such a definition is given in [51, Fonctions L, 2.1]. At a
closed point x, it is the following:

Definition 11.7. The L-function of F € Et12t(z, A) is
L(x,F,t) := deta(id—t% - Frob;' | Fz) " € 1+ 1% A[[t%]).

The obvious extensions to schemes X of finite type over k£ and to complexes representable by bounded complexes
of objects in Et!2*(X, A) are left to the reader.

It is a basic result that € is compatible with the formation of L-functions:

Proposition 11.8. For any F € Crys" (X, A)) we have

L(X,e(E),t) = L°V(X, F,t).

As a consequence of Theorem 8.14 we find:

Theorem 11.9. Let f:Y — X be a morphism of schemes of finite type over k and F* € Db(EtC(Y, A))tea @
complex representable by a bounded complex with objects in Et1**(X, A). Then one has

L(Y7 F'at) ~ L(X7 Rf!F.vt)a
i.e., their quotient is a unipotent polynomial.

For reduced coefficient rings A, the above result was first proved by Deligne in [51, Fonctions L, Th. 2.2]. In
[13, Thm. 1.5], Emerton and Kisin give a proof for arbitrary finite A of some characteristic p™. By an inverse
limit procedure, in [13, Cor. 1.8], they give a suitable generalization to any coefficient ring A which is a complete
noetherian local Z,-algebra with finite residue field.

Remark 11.10. The category Et.(X, A) has no duality and f', f, and an internal Hom are either not all defined
or not well-behaved. Thus for the theory of A-crystals, we cannot hope for this either.
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2 A result of Goss and Sinnott

In the following we shall use the correspondence between étale sheaves and crystals of the previous subsection
to reprove a result of Goss and Sinnott — in many, but so far not all cases. The original proof of the result of
Goss and Sinnott is based on the comparison of classical L-functions for function fields and Goss-Carlitz type
L-functions for function fields. Our proof avoids all usage of classical result but instead uses the results from the
previous subsections.

Class groups of Drinfeld-Hayes cyclotomic fields

We consider the following situation: Let K be a function field with constant field k, let co be a place of K
and A the ring of regular functions outside oo. Let H C H+ be the (strict) Hilbert class field with ring of
integers O C OT. By the theory of Drinfeld-Hayes modules, there exist [H : K] many sign normalized rank 1
Drinfeld-Hayes modules

0: A= OY[r],a @4

Let p be a maximal ideal of A. Then the p-torsion points o[p](K) of ¢ over K form a free A/p-module of rank
1 carrying an A-linear action of Gal(K/H ™). If H," denotes the fixes field of the kernel of this representation,
then G := Gal(H, /H™) is isomorphic to (A/p)*. The extension H, /H" is totally ramified at the places of
OT above p and unramified above all other finite places. For all places above oo the decomposition and inertia
groups agree and are isomorphic to the subgroup k* C (A4/p)*.
Hy
K&
H+
|

K

For K = k(t) and A = k[t] one has H = K and the Drinfeld module ¢ is simply the Carlitz module.

Let us denote by x: G — (A/p)* the character of G the arises from the action of ¢[p]. This is the analog of
the mod p cyclotomic character in classical number theory. We introduce the following notation: By Jack , we
denote the Jacobian variety of the smooth projective geometrically irreducible curve C'k,, with constant field ko
and function field H* and we let C1(H, ;‘ ) denote the class group of the field H, ;‘ . Then the p-torsion subgroup of
C1(H,") is isomorphic to the invariant of Gal(kes/koo) of the p-torsion group Jack ,[p](k). For w € Z (it suffices
we{1,2,...,#(A/p)*}) we define the x* components of the above groups as

C(w) = (CUH,) @, A/p)y»  C(w) := (Jack p[p](k) @, A/p)ye-

We remark the following: The extension kH*/H™ is purely algebraic, the extension H;r /HT™ purely geometric.
Hence they are linearly disjoint. Moreover the group G is of order prime to p and thus its action on the p-group
Jack p[p](k) is exact, so that

é(w)Gal(l_vm/km) _ C(U})

#kZ,
k-

Let ha+ denote the number of places of Ht above oo, so that fzj =ha . The following result (even under

more general hypotheses) is due to Goss and Sinnott:

Theorem 11.11 (Goss, Sinnott). Let w € N. For a,b € N define 6., to be 1 if a is a divisor of b and zero
otherwise. Then the following hold:

(a) dim,/, C(w) = degr(Lspec o+ (w,T) mod p) — ﬁgé(q_l)‘w,

(b) C(w) # 0 if and only if ordp—i(Lspec o+ (w,T) mod p) > Bzé(q—lﬂw'
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(¢) dim g, C(w) is the multiplicity of the eigenvalue 1 of the action of 7 on H'(C p, (M(p)®*)™) @4 A/p
— for the superscript max, see Definition 11.12.

The proof in [24] uses congruences between L-functions of 7-sheaves and classical Hasse-Weil L-functions. This
comparison is replaced by comparing the cohomology of a 7-sheaf and that of the étale sheaf associated to its
mod p-reduction.

Before we can give the proof of the theorem, we need to introduce the concept of maximal extension of a 7-sheaf.
Once this is understood, we shall present a proof of the above theorem different from that in [24].

The maximal extension of Gardeyn

The material on maximal extensions is based on work and ideas of F. Gardeyn from [15, §2].. We follow the
approach in [4]. By B we denote a k-algebra which is essentially of finite type. Typically it is equal to A or to
A/u for some ideal n C A. We omit almost all proofs. The can be found either in [15, §2] or in [4, Ch. §].

Throughout the discussion of maximal extensions, we fix an open immersion j: U — X and a complement
Z C X ofU.

Definition 11.12 (Gardeyn). Suppose F € Coh, (U, B).

(a) A coherent T-subsheaf G of j,F with j*G = F is called an extension of F.
(b) The union of all extensions of F is denoted by juF C j..F..
(c) If juF is coherent, it is called the mazimal extension of F. It is also denoted by F™*.

The assignment F — juF defines a functor Coh.(U, B) — QCoh_ (X, B). Note that if j.F is not coherent,
the same holds for jx(F,0) = (j.F,0) — consider for instance the case Spec R < Spec K where R is a discrete
valuation ring with fraction field K.

We state some basic properties:
Proposition 11.13. Any 7-sheaf F has an extension to X which represents the crystal. jF.

Proof. This follows from the part of the proof of Theorem 5.10 giving the existence of the crystal jiF. 0

The 7-sheaf juF has the following intrinsic characterization modeled after the Néron mapping property:

Proposition 11.14. Suppose F € Coh, (U, B) and G € QCoh_(X, B) such that j*G = F. Then G is isomorphic
to juF if and only if the following conditions hold:

(a) G is an inductive limit of coherent T-sheaves, and

(b) for all H € Coh,(X, B), the following canonical map is an isomorphism:

Homqcon, (x,8)(H,G) — Homeon, (v,5) (1" H, F)

Proposition 11.14 motivates the following axiomatic definition of maximal extension for crystals:

Definition 11.15. A crystal G € Crys(X, B) is called an extension of F if j*G = F. It is called a mazimal
extension if in addition for all H € Crys(X, B), the canonical map

Homecyyg x p) (#,G) — Homcypyg v, ) (J"H”,F)

is an isomorphism.
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Proposition 11.16. Let F be in Coh, (X, B). If juF is coherent, then the crystal represented by F possesses a
maximal extension and the latter is represented by juF.

Proposition 11.17. The functor ju is left exact on T-sheaves. Moreover if one has a left exact sequence of crystals,
such that the outer terms have a maximal extension, then so does the central term and the induced sequence of
the mazimal extensions is left exact.

We now impose the following conditions sufficient for our intended applications. Under these, the main result on
the existence of a maximal extension, Theorem 11.22, is due to Gardeyn.

(a) the ring B is finite over k or over A.
(b) X is a smooth geometrically irreducible curve over k and U C X is dense.

Proposition 11.18. For F € Coh, (U, B) and G an extension of F, the following assertions are equivalent:

(a) G is the maximal extension of F
(b) For any x € Z and j,: Spec Ox , — X the canonical morphism, the T-sheaf j%G is the mazimal extension
of iy F; here n is the generic point of X
This proposition allows one to reduce the problem of the existence of a maximal extension to the situation where

X is a discrete valuation ring. The proof is a simple patching argument.

Definition 11.19 (Gardeyn). Let G be a locally free 7-sheaf on X over B. Then G is called good at x € X if 7 is
injective on i3G. It is called generically good if it is good at the generic point of X.

Note that if G is generically good, then it is good for all x in a dense open subset.

Proposition 11.20. Suppose G € Coh, (X, B) is an extension of F € Coh (U, B) such that G is good at all
x € Z, then G = juF.

The point is that after pulling back the situation to any Spec Ox , for x € Z, the fact that G is good at x easily

implies that it is a maximal extension. Now one can apply Proposition 11.18.

Corollary 11.21. The unit T-sheaf 1 4 is good at all x € X. Suppose now that G € Coh (X, B) is an extension
of £ € Coh. (X, B) such that i}G = 1, 4 for all x € Z. Then G = jyF and moreover in Crys(X, B) the
following sequence is exact:

0 — j1E — jpF — Drezl, 4 — 0.
The following are the central results on maximal extensions:

Theorem 11.22 (Gardeyn). If F is a locally free, generically good T-sheaf on U over B, then juF is locally free.

Theorem 11.23. Suppose B is finite. Then jy : Crys(U, B) — Crys(X, B) is a well-defined functor. Moreover
one has €o jy = j, o€ where e: Crys(...) = Et.(...) is the functor Theorem 11.6.

Another simple assertion along the lines of Corollary 11.21 is the following:

Proposition 11.24. Suppose F € Coh(U, A) has a mazimal extension to X. Then the canonical homomorphism
of crystals
£max ®a4 A/p N (£ @4 A/p)max

is injective. If F™** @4 A/o has good reduction at all x € Z, it is an isomorphism.
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Proof of Theorem 11.11

Proof. 1t is well-known that the first étale cohomology of a curve for the constant sheaf F, can be expressed in
terms of the p-torsion group of its Jacobian: Denoting by the superscript ¥ the formation of the F,-dual, i.e,
Homp, (__,F,), one has

Jacrp[p)(k) 2= Hey (Crep/ k. Fp) Y.

Both sides carry Galois actions of Gal(k/ks) and of G. The extension H;: /HT is totally ramified at all places
above p. Therefore it is linearly disjoint from the constant field extension kH™/H™ and hence the two actions
commute. We tensor both sides with A/p over F,,. This allows to decompose them into isotypic components for
the semisimple action of GG, whenever desired. Observe that the isotypic components on the left are the groups

C(w).

To analyze the right hand term, we introduce some notation. Let o, denote the order of (A/p)*. Denote by
fp: Ckp — Cp+ the G-cover of smooth projective geometrically irreducible curves over ko, corresponding to
H;r J/H™. Define U, to be Spec O minus the finitely many places above p and let j, denote the open immersion
of U, < Cy+. Over U, the representation of G on ¢[p] is unramified, and thus it defines a lisse étale sheaf of
rank one over A/p which we denote by ¢[p]. This sheaf and all its tensor powers become, after pullback along

the finite étale cover f, ' (U,) — U,, isomorphic to the constant sheaf A/p on C, with generic fiber A/p. Using
simple representation theory, one deduces that

(foxALP) ], = D el

WEZL/oy

From adjunction of j* and j, we deduce a homomorphism f,.A/p — @wez/op jp*go[p]®w. On stalks one can

verify that the map is an isomorphism: At points where the representation p[p](K)®¥ is ramified, the sheaf

jp*go[p]@w is zero and so is the corresponding summand on the left. At the other (unramified) points above p, oo,
the sheaf jy. p[p]“" is lisse, as is the corresponding summand on the left. Using H} (Ckp, ) = HY (Cy+, fi ),
we deduce

— _ 4
Jacicplpl () @, Ap = Hy (Curs [k @ doeclpl™)

wEZL/oyp

Now we decompose the isomorphism into isotypic components — note that ¥ changes the sign of w. This yields

C(w) = H (Ch+ [k, jpeiplp]* ).

Our next aim is to relate the coefficient sheaf to a tensor power of the 7-sheaf M(y) attached to the Drinfeld
module . We observed earlier that e(M(¢)®4 A/p) on Spec O is dual to ¢[p]. Since p[p](K) is totally ramified
at p, the same holds for tensor powers w, except if w is a multiple of o, — here e(M(p) ®4 A/p)®* may be zero

above p, while the representation defined by ¢[p](K)® is trivial and hence lisse. Let j: Spec O < Cp . denote
the canonical open immersion. Using Theorem 11.23, for w not a multiple of o, we find

G2 = e (i (M) @4 A/p)EY)

One can either use that the representation defined by o[p](K)®* is unramified at the places above oo if and only
if (¢ — 1) divides w — the ramification group at those places is k* C A/p* = G — or a direct computation on the
side of T-sheaves to deduce from Corollary 11.21 that

3(M(p) @a A/p) = ju(M(p) ®a Afp)™"

is an isomorphism whenever w is not a multiple of (¢ — 1) and has cokernel @oo,|oo 1./ 4/, otherwise — the sum
is over all places of HT above co. One can in fact also prove that jiM(0)®¥ < ju(M(p))®" is an isomorphism
for (¢—1) fw and has cokernel /|, 1o/ 4 otherwise. Finally we use that e commutes with all functors defined
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for for crystals, so that to compute HY, we may first compute H'! for crystals and then apply e. This yields

Clw) = e(Hl(C’H+//_€, LCHJr’A)@A/p)(SpeCI_c) for op|w (3)
Clw) = e((Hl(CH+/E, j!M(@)®w)/@w/|O@lspecg7A) ® A/p) (Speck) for (q— 1)|w,0p fw or w =0 (4)
Clw) = e(H(Cps /R, jM(@)*" @ Afp)(Speck) for (q—1) fuw (5)

Note that without the evaluation (Speck) outside ¢ we would have a sheaf on the right hand side.

In either case, the expression inside ¢(...) is a 7-sheaf G on Speck over A/p. By Proposition 7.16 it can be
written as G = Ggs @ Gpnil where on the first summand 7 is bijective and on the second nilpotent. The underlying
modules in both cases are finitely generated projective over k ®i A/p. By the theory of the Lang torsor the
7-fixed points of the first summand form free A/p vector space of dimension equal to rankgg 4 /p Uss; those of the
second summand are clearly zero. Moreover computing € in the case at hand, cf. (1), is precisely the operation
of taking 7-fixed points — the only relevant étale morphism that there is to Spec k is the identity.

At the same time, the dual characteristic polynomial of (H1 (Cr+, iM(p)®* ® A/p) has degree precisely equal
to rankzg 4 /p Gss. By Theorem 10.10 and Remark 10.12 this rank is the degree of Lo+ (w,T) mod p. Thus we
have now proved Theorem 11.11 (a). One may wonder about the case op|w and w # 0. There are two answers
why this case is covered as well: The formal answer is that the L-functions mod p for w and w’ in —Nj are equal
whenever w = w’ (mod o), and so it suffices to understand the case w = 0. An answer obtained by looking
closer at what is happening goes as follows: The places above p have L-factors congruent module 1 module
p. So it doesn’t matter whether we leave them in or not, i.e. whether we compute via the trace formula with
HY(Cpys [k, j.M(¢)% © Afp) or with H'(Cpr+ /R, jpeM(9)®%|u, ® A/p).

To prove (b) and (c) observe that we obtain formulas for C(w) by taking invariants under Gal(k/ko.) in the
isomorphisms (3) to (5). The effect on the right hand sides is that we replace the curve C+ /k by C+ /koo = Cprt
and that for the resulting sheaf we compute global sections over Spec k.. This amounts to the same as computing
the fixed points under 7 of the expressions inside the brackets (. . .). Since the 7-fixed points being non-zero is the
same as the assertion that 1 is an eigenvalue of the 7-action, part (b) is now clear. — Note that ../ |00 Lspec i, a

being a subcrystal of M := HY(Cy+ [k, 71M(0)®?) in (4) means that (T — l)w is a factor of the L-function of
M. Part (c) simply says that the dimension of the eigenspace of the eigenvalue 1 for the 7 action is precisely the
dimension of the space of T-invariants, and the latter is C(w). O
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Chapter 12

Drinfeld modular forms

The aim of this chapter is to give a description of Drinfeld modular forms via the cohomology of certain universal
crystals on moduli spaces of rank 2 Drinfeld modules.

The basic definition of Drinfeld modular forms goes back to Goss, [19, 20]. Many important contributions are
due to Gekeler, e.g. [17]. Moreover in [16] Gekeler obtains foundational results on Drinfeld modular curves. The
work of Gekeler and Goss gives a satisfactory description of Drinfeld modular forms as rigid analytic functions
on the Drinfeld analog of the upper half plane. The important work [45] of Teitelbaum. links this to harmonic
cochains on the Bruhat Tits tree underlying the Drinfeld symmetric space. As shown in [4] the latter provides
the link to a description of modular forms via crystals.

After introducing a moduli problem for Drinfeld modules of arbitrary rank (with a full level structure) in
Section 1, in Section 2 we give equations for a particular example of such a moduli space. The universal Drinfeld
module on it will give rise to a crystal via Anderson’s correspondence between A-modules and A-motives.
Following the classical case, this crystal yields a natural candidate for a cohomological description of Drinfeld
modular forms, cf. Section 3. The cohomological object so obtained plays the role of a motive for the space of
forms of fixed weight and level. It has various realizations: Its analytic realization is directly linked to Teitelbaum’s
description of Drinfeld modular forms via harmonic cochains. In Section 4 we consider its étale realizations. They
allow one to attach Galois representations to Drinfeld Hecke eigenforms as in the classical case. Unlike in the
classical case, the representations are 1-dimensional! The following Section 5 gives some discussion of ramification
properties of the Galois representations so obtained. In Section 6 we indicate in what sense these compatible
systems of 1-dimensional Galois representations associated to a cuspidal Drinfeld Hecke eigenform arise from a
(suitably defined) Hecke character. So far the nature of these characters is still rather mysterious. We conclude
with Section 7 which contains an extended example of the computation of the crystals associated to some low
weight modular forms for F,[t] and a particular level. It provides exemplary answers to many natural questions
and points to open problems. Due to lack of time and space, we omit many details. We refer the reader to [4].

We recall the following notation: By C' = Spec A we denote an irreducible smooth affine curve over k£ whose
smooth compactification is obtained by adjoining precisely one closed point co. We define K as the fraction field
of A, K, as the completion of K at co and C, as the completion of the algebraic closure of K. Similarly,
for any place v of K we denote by K, the completion of K at v and by O, the ring of integers of K, and by
k, the residue field of K,. Often A will simply be k[t]. We fix a non-zero ideal n of A. By A[1/n] we denote the
localization of A at all elements which have poles at most at n. The weight of a form will usually be denoted by
n (or n + 2), the letter k being taken as the name of the finite base field.

60



1 A moduli space for Drinfeld modules

Let S be a scheme over Spec A[1/n]. Let ¢ := (L, ¢) be a Drinfeld A-module on S of rank r, i.e., the line bundle
L considered as a scheme of k-vector spaces over S is equipped with an endomorphism ¢: A — End(L),a — ¢q.
For any a € A, the morphism ¢, L — L is finite flat of degree #(A/a)" and hence its kernel

¢l(a)] :=Ker(pq: L = L)

is a finite flat A-module scheme over S. Suppose that all prime factors of the ideal aA are the contained in the
prime factors of n. Working locally on affine charts, it follows that the derivative of ¢, is a unit and thus ¢, (z)
is a separable polynomial. It follows that ¢[(a)] is étale over S. As a consequence the subscheme

el = (] el

aen~{0}

is finite étale over S and of degree equal to #(A/n)". A level n-structure on ¢ is an isomorphism

v (A/m)" = pln]
of finite étale group schemes over S, where (A/n)"  denotes the constant group scheme on S with fiber (A/n)".
Definition 12.1. Let M,.(n) denote the functor on A[l/n]-schemes X given by
S {(p,) | ¢ = (L, p) is a rank r Drinfeld A-module on X, ¢ is a level n-structure on ¢}/ =,

i.e., we consider such triples up to isomorphisms.

One has the following important theorem from [12]:

Theorem 12.2 (Drinfeld). Suppose 0 #n C A. Then the functor M,.(n) is represented by an affine scheme M,.(n)
which is smooth of finite type and relative dimension r — 1 over Spec A[l/n]

Remark 12.3. In [12], Drinfeld also defines levels structures for levels dividing the characteristic of the Drinfeld
module. Using these, he obtains a more general theorem as above: A universal Drinfeld module with level n-
structure exists for A-schemes provided that n has at least two distinct prime divisors. The universal space is
regular of absolute dimension 7. Its pullback to Spec A[1/n] is the space M,.(n).

Remark 12.4. Let (LU0V, UiV 4univ)) denote the universal object on 9, (n) = Spec R"V. Then in fact L'
is the trivial bundle on Spec R*™". The reason is that the image under "™V of any non-zero element in (A/n)"
is a section of L which is everywhere different from the zero section, i.e., it is a nowhere vanishing global section.

For this reason, we shall in the universal situation always assume that L'V = Opn, (n)- Moreover in this affine
situation we shall assume that the universal Drinfeld module is given in standard form, i.e., such that

A= R™[r]1a ¢, = ag(a) + ar(a)T + ...+ & deg(a)T" deg(a)

with @ qega(a) € (R™V)*.

Exercise 12.5. Let ¢ be a Drinfeld A-module of rank r in standard form with L = G, i.e., a ring homomorphism
A= R[t],a — ¢q = ag(a) + a1(a)T + ... + ap qeg(ay 7" 8@

for some A-algebra R. Suppose s € R is an a-torsion point which is non-zero on any component of R, i.e.,
ag(a)s +ai(a)s? + ...+ a, deg(a)sqrdcg(a) = 0. Show that a + s@,s~! defines an isomorphic Drinfeld A-module
such that 1 is an a-torsion point.
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2 An explicit example

To make the above example more explicit, we consider the following special case: Let A = k[t] and n = (¢). Then
any Drinfeld A-module of rank r over an affine basis Spec R in standard form is described by the image of t € A
in R[7]. This image is a polynomial of degree r which we denote by

g+ QqT+ ..+ a7

with a,., 9 € R*. The t-torsion points of ¢ are the solutions of ¢; = 0. Suppose we have a basis of t-torsion

points s1,...,s, defined over Spec R. We trivialize the bundle L via the section s;. This means that we have
vias

s1 =1on L(SpecR) = ' Go(Spec R) = (R, +).

The set of all ¢-torsion points is thus the set >, s;a; where the a; range over all elements of k. Since these
points are precisely the roots of ¢;, we find

ei(z) =c- H (Z - i«%%‘)- (1)
i=1

ack”

Recall the following result from [23, 1.3.7]

Proposition 12.6 (Moore determinant). Suppose wn,...,w, lie in an F4-algebra. Then
2 r—1
wy  wi o owio .. wi
2 — r

r—1
Wo wgq ’wgq N ’wgq
. = (wl + Ei_lwi_l + ...+ Elwl) .
: i=1(0;_1,....,ktl1)EkI~1

2 r—1
w, we? w4 ... wd

By the theory of the Moore determinant, we obtain

2 I
z 29 24 ... 24 r—1
2 - S 8.7 ... 8.4
S 8.4 5.4 ... 8.1
pe(z) =c-| : R E / . . S (2)
q q2 q S92 SQq . qu
S92 S92 S92 N S92 1 1 1
1 1 1 ... 1

Since the constant term of ¢y, i.e., the coefficient of z, is 6, the image of ¢t under A[1/t] — R, we can solve for ¢
by computing the coeflicient of z on the right hand side. It yields

2 r r—1 r—1 q—1
sp4 5.4 .. 8.4 S st L. s .
0=c 5 / . cl=c : ;
L r— T—
qu qu NN qu S92 qu PN qu S9 qu RPN qu
1 1 ... 1 1 1 ... 1 1 1 ... 1
r—1 —1
Sy 8,4 ... s8¢
Proposition 12.7. Let R =k {Hil, 82y« S, ; for indeterminates 0, so, .. ., s, and let
—
S92 SQq N qu
1 1 . 1

¢: k[t] = R be the rank r Drinfeld module where ¢, is defined by (2). Then M,.(t) = Spec R and the universal
triple is (¢, Ga,r, ) where : (k[t]/(t))" — @[t] is defined by mapping the i-th basis vector on the left to s; with
the convention that s = 1.
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Proof. Let (L', ¢',4') be a Drinfeld module with a full level ¢-structure on a scheme S = Spec R'. Assume
first that S is affine. As in the above case we may take the section ¥'(1,0,...,0) of L to trivialize it. By the
construction of R, there is a homomorphism from R — R’ over I, [6F1]-algebras sending s; to the torsion point
s;=¢'(0,... 7\1’_/7 0,...). The s} determine, in the same way as the s; the function ;. Hence (L', ¢, ') is the
1

pullback of (L, ¢, ) under the morphism Spec R’ — Spec R. Moreover the morphism R — R’ with this property
is unique: The element s} determines the a unique isomorphism L — G,. With respect to the coordinates of G,
given by s} = 1, the sections ss,..., s, are uniquely determined from (L', ¢’,?’) and hence R — R’ is unique.

Now, let S be arbitrary. Fix an affine cover {Spec R;};. By the preceding paragraph we have unique morphisms
Spec R; — Spec R. However by the uniqueness it also follows that on any affine subscheme of Spec R; N Spec R;,
the two restriction to this subscheme agree. This in turn means the the local morphisms patch to a morphism
S — Spec R under which (L, ¢’,’) is the pullback of (L, ,). The uniqueness is true locally, hence also
globally. This completes the proof of the representability of the functor M, (n). O

Remark 12.8. Geometrically Spec R can be described as follows: It is the affine space Ag;elck[eil] with all the

#E"~1 hyperplanes with coordinates in k removed. To see this, observe that s; = 1 and that by applying the
Moore determinant, one has

r—1

S s Lo s
. T
T71: = H H <3i+€i—13i—1 + ... —|—£181).
s3 827 ... 891 i=1 (£i_1,....01)Eki—1
1 1 ... 1

Proposition 12.9. We keep the notation of Proposition 12.7. The t-motive on Spec R corresponding to the uni-
versal Drinfeld module is isomorphic to the pair

00 .. 0 =
—Q
1 0 ... 0 _a&l
F = (R[t]’",r =10t 0 T | (orx idt)>
0 0 1 _(;”1
s, ... s 4 gt g4 s, s ... s 0|
where a; = 0 - Do Fli Hli T / : Do 7_1: fori=0,...,7.
S92 e qu qu . qu S92 qu . qu
1 ... 1 1 ... 1 1 1 ... 1

Proof. The shape of 7 is determined as in Exercise 3.10. The formulas for the coefficients result easily from (2)
by first eliminating ¢ and then expanding the determinant. in the numerator of (2) according to the first row. 0O

Let us, for some computations below, describe the case n = 2 in greater detail. For simplicity, we write s := s7.
In this case
_ 0 (t/6—1)(s—s9)27! )
_ 1.1p%1 1 _ 2
R=Ek[0T,s,(s?—s)""], FE= (R[t] T = ( 1 (S—qu)(S—Sq)_l (or x idy)

Substituting u := s¢ — s and observing that s — s%2 = u + u%, we obtain

Ry = k[p*!, ], F= (Ru[t]Q,T - ( (1) (t/f;;?f_l ) (0r, X idt)) 3)

The introduction of u corresponds to a cover Spec Ry — Spec R,, of degree q. The space Spec R,, is a moduli
space for Drinfeld modules with a level I'y (¢)-structure, where I'1(¢) is the set of matrices ( @b ) € GLy(k[t])
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such that a,d = 1 (mod t) and ¢ = 0 (mod t). Note that the moduli correspond to a choice of two t-torsion
points 1,u where u is only determined up to adding a multiple of 1. (Due to our choice of coordinates for the
line bundle underlying the rank 2 Drinfeld module, the first torsion point is 1).

In the sequel, the symmetric powers Sym™ F and their extension by zero to a compactification of 9, (n) will play
an important role. We make this explicit in the setting of (3): Here a smooth compactification of Spec R,, = A,lg[eil]

is leg[eil]- One simply has to extend F to 0 and co. (Taking symmetric powers is compatible with this extension
process.)

_ : 0 (t/0—-1)u?t
At uw = 0, the matrix (1 et

u = oo specializing the matrix leads to poles. To analyze the situation, we introduce v = 1/u, so that the matrix
describing 7 becomes (0 (t/6-1)v’ = ) Next we multiply the standard basis e, ey of R,[t]> by v. Then the

) specializes to ((1) (1)), i.e., the extension is defined but not zero. At

1 14o0tTe
action of 7 for this new basis is given by

(0 (t/6—1)vl~a . (0 (#/0—1)vi7! q_ 0 (t/6-1)
Y < 1 1geimeJlomeoxidgu=vri{og T e )Y =g ey )
The following result summarizes the above discussion
Proposition 12.10. Consider R, = k[0*!,u™] as an algebra over A[1/6] = k[F!].
(a) The moduli space of rank 2 Drinfeld modules with level T'y(t)-structure is isomorphic to Spec R as a scheme
over Spec A[1/6)].
(b) A relative smooth compactification of Spec R is the projective line Ph[l/e].

(¢) The A-motive of attached to the universal Drinfeld A-module over Spec R is given by
0 (t/0—1)ur! .
F = <Ru[t]2v7— = < 1 ( /1 _,’_uq)—l > (JRu X 1dt)>

(d)
juF = (0OF  (=1-[x)),7) and HF = (05 (=2-[oc] —1-[0]),7)

1
Pk[gil] klox1)

are a coherent extension of F to Pi&[l/@] and an extension by zero, respectively. Moreover one has a canonical
monomorphism jiF — juF whose cokernel is a skyscraper sheaf supported on {0, c0}.

To compute the cohomology of ji.F it suffices to compute that of j4F, since the discrepancy is easy to describe
by the cokernel of jiF < juF. This simplifies the computation of the cohomology of the crystal ji Sym™ F
significantly, since the coherent cohomology under Pi[ail} — Spec k[#T!] (with the induced 7) is much easier to

carry out for Sym"™ juF than for Sym" ji.F = ji Sym" F.

3 Drinfeld modular forms via cohomology

Let us now return to the general situation over 9, (n). Assume that r = 2. For r > 2, the material below has not
been carried out. Only recently Pink has constructed compactifications of the moduli spaces M, (n) with good
properties, cf. [40] (and also [41]).

Let
f: 9. (n) — Spec A[1/n] (4)

denote the structure morphism and define
Sn(n) := R' fi Sym" (j1.F).

(For i # 1 one has R’ f; Sym" (ji.F) = 0.) Here are some basic facts on S, (n):
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(a) By general theory, since F is flat as a crystal, we deduce that S, (n) is flat as an A-crystal. This implies
that on an open subscheme of A[1/n] it has a free representative. However one has better representability
results:

(b) Since F is of pullback type (it is a 7-sheaf on an affine scheme), R’ f, Sym”™(ji.F) = 0 is of pullback type.
From this one can deduce that it has a free representative as a 7-sheaf. This representative does have,
however, the disadvantage that the action of 7 may be highly nilpotent.

(¢) Using Gardeyn’s theory of maximal extensions, one can also construct a representing 7-sheaf whose un-
derlying sheaf is locally free and on which 71" is injective. We denote it by S, (n)™a.

Our first aim is to give an interpretation for the analytic realization of S, (n). For this fix a homomorphism
k[t] — A such that Im(¢) € A \ k. Denote by K {t} the entire power series over K. Define

S (n) = (Sn(n)/Koo) @) Koot} and M7 (n) := (83" (n))”

where by (S, (n)/K.) we mean the base change of S,,(n) under Spec Ko, — Spec A(1/n). In the simplest case
A = k[t], the pair defining S?»(n) is a free sheaf on the rigid analytic A! and 7 defines a semilinear endomorphism
on it of which one could think of as a system of differential equations. Then M (n) is the solution set of this
system. It is not hard to see that M (n) is independent of the chosen representative of the crystal S,,(n). From
this it is not hard to see that it is free over A of rank at most the rank of S, (n)™ma*.

Denote by S, (I'(n)) the space of Drinfeld modular forms of full level n and by F, the ray class group of F' with
conductor n. One of the central results of [4] is the following:

Theorem 12.11. There is a Hecke-equivariant isomorphism
(MP ()" ©4 Coo = 8, (D)) /5,

In the above theorem the cardinality of Gal(Fy,/F') describes the number of connected components of My(n) over
the algebraically closure of K. In an adelic description of Drinfeld modular forms no such exponent is necessary.

We recall for the convenience of the reader the definition of the Hecke action on the crystal S,,(n). (This induces
the action on MP(n).) The action on S, (I'(n))%2(F/F) can be similarly defined. In the case where A does
not have class number one, this definition should only be given adelically. Since we have not developed the
corresponding language, we will not give the definition and simply refer to [4]. To define the Hecke action, let
for any prime p not dividing n denote by M (n, p) the moduli scheme for quadruples (L, ¢, 1, C') where (L, ¢, 1)
is a Drinfeld A-module of rank r with full level n-structure and C' is a cyclic p-torsion subscheme of L. (in the
sense of Drinfeld if p is the characteristic of the base scheme). Consider

Ma(n) <—— Ma(n, p) > 9My(n)

with 71 ((L, ¢, ¢, C)) = (L, p,¢) and ma((L, ¢, ¥, C)) = (L/C,9/C,9/C). Denote by G the T-sheaf Sym” F and
by G, the n-th symmetric power of the A-motive on Ma(n, p) associated to its tautological Drinfeld module. By
the universal property of Ma(n) it follows that there are canonical isomorphisms

G =Go =g (5)
Adjunction yields a natural homomorphism
G — m.mig. (6)
Since 7y is finite flat of degree degp + 1 there also is a trace homomorphism
Tr: mo.msG — G. (7)

The above isomorphisms and homomorphisms extend to Mz (n) for 51G and j: My (n) — Ma(n) a compactification
over Spec A(1/n). In analogy to (4), we denote the structure homomorphism 9z (n, p) by f,. Then the following
chain of homomorphisms then defines the Hecke-operator T:

R £G O R G ™ RUp g D R fumiG ™ R i, niG D RUAG
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This is the standard way to make a correspondence act on a cohomology. It is also applies to the definition of
Drinfeld modular forms as global sections of a suitable line bundle (which depends on the weight) and agrees
there with other common definitions of the Hecke operator T},.

Sketch of proof of Theorem 12.11. The proof given in [4] has its basic structure modeled at the classical proof
by Shimura. Some details seem to be quite different however. Here we shall only give a rough sketch of the
individual steps of the proof:

(a)

By a theorem of Teitelbaum, the right hand side of the isomorphism in Theorem 12.11 is isomorphic
to the space of harmonic cochains on the Bruhat-Tits tree for PGLy C" (I'(n), M, (Cs)). These are
I'(n)-equivariant function on the edges of this tree into a certain Coo[I'(n)]-module M, (F). In fact, the
T'(n)-module can be naturally obtained by coefficient change from a F(T'(n))-module M,,(F') defined already
over F. Bet even more is true: One can define a local system M, (A) of free A-modules on the edges of the
tree that naturally carries a I'(n)-action, such that this local system is an A-structure from the local system
given by M, (F). Concretely, for every edge of the tree, the local system M, (A) is given by a projective A-
submodule of M, (F) of rank equal to dimp M, (F) and such that under the action of I'(n) on the tree there
is a corresponding compatible action on these A-submodules of M, (F). An M, (A)-valued T'(n)-invariant
harmonic cochain is now a map which to any edge of the tree assigns a value in the A-module defined for this
edge and such that the values are I'(n)-equivariant. Thus we have S, (I'(n)) 2 Char(T'(n), M, (A)) @4 Coo.
It this suffices to prove that there is a natural Hecke-equivariant isomorphism

(1\45?('1))v =5 Char(T(n), M, (A)) Gl En/F)

Let us now consider the right hand side M2 (n). It was obtained by base change of the crystal S,(n) to
K, passing to analytic coefficients and then taking 7-invariants. Now parallel to the algebraic theory of
A-crystals over an algebraic base including the functors defined there, one can develop a theory of crystals
over rigid analytic spaces and with analytic coefficients. Moreover one can define a natural rigidification
functor from the algebraic to the rigid analytic setting which is compatible with all functors. This allows
one to recover Sy, (n)/Foo @5 1] Foo{t} as follows: Denote by 9y (n)?r}m the rigidification of the scheme
Mo (n) after base change from A[l/n] to Fu. This rigid analytic space is (after finite extensions of the
base, e.g. from F to Fy o, isomorphic to ['(n)\QEF/F) where Q is the Drinfeld symmetric space of
dimension one over Fi.. In particular this rigid analytic curve has a module interpretation. Let Sym™ F2"
denote the rigid T-sheaf on I'(n)\Q with F..{t}-coefficients associated to Sym™ F. The sheaf F" can also
be obtained purely from the universal analytic Drinfeld-module over T'(n)\§2. Extension by zero leads to
an extension by zero in the rigid setting where however it is important that one rigidified an algebraic
compactification. Let us denote by H! . the cohomology with compact support on this rigid analytic site

an,c
of 7-sheaves (or crystals). Then there is a natural isomorphism

M5 (n) 2 HY, (Da(n))p_,jr Sym™ F*2)7.

an,c

Thus it now suffices to construct a natural isomorphism

(Han, oD\ Q7 Sym™ F*)7) " = Chaa (T (n), M (4)) (8)
where Q* = Q U P!(F) ("suitably topologized”) and where the base of £ on the left is sufficiently large
and lies between F' and C,,. Moreover one needs to prove the Hecke-compatibility of this isomorphism if
extended in a natural way to its # Gal(F,/F)-fold sum.

To prove the isomorphism (8), one compute the left hand side using an explicit Cech cover of I'(n)\Q*:
The cover is obtained as follows: There is a well-known reduction map €2 — 7 where 7 is the Bruhat-Tits
tree for PGLg(Fw ). The cover is equivariant with respect to an action of I'(n), and there is an induced
reduction map

Fn)\Q = T(n)\T.

66



There is a finite number of orbits of vertices I'(n)v;, i = 1,...,n, as well as of edges I'(n)e;, j € {1,...,m},
in T'\'7T on which the action of I'(n) is free. If these orbits are removed the remaining graph becomes a
disjoint union of subgraphs ¢, which contain no loops and are in a 1-1 correspondence with the cusps of
(T(n)\ Q. The preimage of a closed e-neighborhood of any I'(n)v; is an affinoid subset {; C T'(n)\Q, a
disc minus ¢ open subdiscs. The preimage of a closed e-neighborhood of any ¢, after adding one puncture
is an affinoid subset 20, C I'(n)\Q* of the cusp. The preimage of any edge orbit I'(n)e; minus closed
¢/2-neighborhoods at each end is an annulus U; C I'(n)\Q. Using the uniformizability of the universal
Drinfeld module over the 4; and the 2, and the fact that Sym™ F*" is extended by zero to the cusps one
finds
HY, (35, Sym” F)7 2 M (A)¥.,,  HO, (2, j: Sym™ F*)7 =0

an,c

and if ej is any edge neighboring v;, then HQ, (8, ji Sym™ Fa")T = M, (A)Y]c, . The Cech complex is
particularly simple, since any triple intersections of distinct sets of the covering are empty and any non-
empty double intersections are given by a small annulus on some 2U; where the double intersection is
by intersecting U, and some adjacent il;. By explicit inspection, one can show that the Cech complex is
dual to the stable complex given by Teitelbaum to compute harmonic cochains. This yields the asserted

isomorphism (8).

(d) Finally one verifies the Hecke-equivariance by comparing explicit formulas for Hecke operators on the Cech
cover and on harmonic cochains.

4 Galois representations associated to Drinfeld modular forms

One can also study the étale realizations of the crystal S, (n). For this we fix a maximal ideal p of the coefficient
ring A. The functor € yields the following inverse system of étale sheaves

{e(én(n) @4 A/pm)}

meN

on Spec A(n). The resulting inverse limit is an étale Ay,-sheaf S,,(n)es,, Over Spec A[1/n]. We shall discuss later
that it can be ramified at a finite number of places of Spec A[1/n]. However we have the following result:

Theorem 12.12. The étale sheaf e(én(n) ®af/njea (F @ A/pm)) has rank s,(n) ;= dim S, (n) - # Gal(F,/F).

Sketch of proof: Recall that the functor from crystals to étale sheaves is compatible with all functors. Thus the
sheaf given in the theorem is isomorphic to
Hg; o(M2(n)/F,Sym™ F @4 Afp™) 2= Hg; ,(Ma(n)/F, Sym™ p[p™]")

where ¢ is the universal Drinfeld module on 9t3(n)/F. By a result of Gekeler, [16], the modular curve My (n)/F
is ordinary for any n. By a result of Pink, [39], there is Grothendieck-Ogg-Shafarevich type formula for the
F,-dimension of the cohomology of étale IF,-sheaves on curves, provided the curve has an ordinary cover over
which the monodromy of the étale sheaf is unipotent. In the case at hand, by Gekeler’s result we can take the
cover My (np™). The formula of Pink shows

dim]]Tp e(én(n) ®A[1/n0A (F® A/pm)) = dim]Fp A/]F;"sn(n)

for any m. From this the theorem easily follows — the proof is essentially the same as the proof that the n-torsion
of a Drinfeld module away from the characteristic is equal to A/n". O

It follows that S, (n)es,p/F defines a continuous homomorphism

PAmn: Gal(Fsep/F) — GLSn(n) (Ap)
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Moreover Sy, (n)et,p carries the Hecke action induced from S,,(n).

In [4] the following result is proved:

Theorem 12.13. For any prime q different from n and p, the actions of Ty and of Froby are the same on the
reduction of S, (n)et,p from Spec A[1/p] to Spec A/q agree.

Since the Hecke-operators commute among each other and since the Frob, where ¢ runs through all maximal
ideal prime ideals of Spec A[1/up] are dense in Gal(F®*P/F) we deduce:

Corollary 12.14. The image of pan is abelian.

The crystal S, (n) has given rise to two realizations, an analytic one and for each maximal ideal of A an étale
one:

(Sn(W)3 )T < = = Su(n) = — > Su(W)ep

In each case, the realizations inherited a Hecke action. As examples show, cf. [33], the Hecke action may not
be semisimple. So we pass in both cases to the semisimplification and decompose S,,(n) into Hecke eigenspaces
(if necessary after inverting some elements in the coefficient ring A.). This yields a correspondence between
Hecke-eigensystems of Drinfeld modular forms and simple abelian Galois representations. Before we give the
precise statement from [4], we recall the following classical theorem due to Goss:

Theorem 12.15 (Goss). Let f be a Hecke eigenform of weight n and level n with Hecke eigenvalues ay(f) for all
p not dividing n. Then all ay(f) are integral over A and the field Fy := F(ay(f) | p € Spec A[1/n]) is a finite
extension of F'. Denote by Oy the ring of integers of Fy.

Theorem 12.16 (B.). Let f be as above and suppose f is cuspidal. Then there exists a system of Galois repre-
sentations R
pryp: Gal(F**P/F) — GL1(O%)qpemax(o;)

uniquely characterized by the condition that for each fixed B, one has for almost all q prime to Pn the equation

pr.as(Frobg) = aq(f),

so that the right hand side is independent of the prime 3.

Remark 12.17.  (a) It is not clear whether there is a theory of old new forms for Drinfeld modular forms. So
one cannot proceed as in the classical case.

(b) There are various counterexamples to a strong multiplicity one theorem, by Gekeler and Gekeler-Reversat,
e.g. [18, Ex. 9.7.4] for an example in weight 2.

(c) As far as we know there are no counterexamples to multiplicity one for S,,(I'o(p)) for fixed n and a prime
p of Spec A.

(d) Despite the results of the following section, the ramification locus of the system (ps q)pemax(o;) is rather
mysterious.

5 Ramification or Galois representations associated to Drinfeld modular

forms

Theorem 12.18. Let S,,(n)™®* be the mazximal extension in the sense of Gardeyn representing the same-named
crystal. Define D as the support of the cokernel of the injective homomorphism 710 : (o x id)*S,(n)™a* —
Sn(M)™2*. Then from a result of Katz, [30] one easily deduces the following.
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Let f be a Drinfeld modular form of level n and weight n. Let*B be a mazimal ideal of Of and p its contraction
to A. Then py s is unramified at all primes q of A such that (q,p) is not in D. Moreover for such q one has

det(1 — Tpysyp(Frobg)) = 1 — Taq(f),

det(1 — Tpan(Frobg)) = det(1 — TT®[S,(n)),

where T3® is the semisimplification of Ty acting on the analytic space of modular forms Sn(n) of weight n and
level n.

Remark 12.19. After replacing the coefficient ring A by a larger ring A’ which is a localization of A at a
suitable element, one can in fact decompose S, (n) into components corresponding to generalized eigenforms
under the Hecke action. By enlarging A’ to a ring A”, one may furthermore assume that A” contains all the
Hecke eigenvalues of all eigenforms. Then over A”, to any eigenform f one has a corresponding subcrystal of
Sy of §,,(n) ®4 A”. Katz’ criterion then applies to the Gardeyn maximal model of Sy. This gives, in theory, a
precise description of the ramification locus of ps sy — provided that 9 is in Max(A”) -, given by a divisor Dy
on Spec A x Spec A”. The definition of D in the previous theorem is coarser. It gives a bound on ramification
for all eigenforms f simultaneously.

While Galois representations pr s for eigenforms f of level n tend to be ramified at the places above n, it is
not clear to me how the additional places of ramification are linked to . In an abstract sense, the answer is
that this link is given by D — or, more precisely, by D. Concretely, we do not know how to determine Dy from
f or D from n and n. Below some explicit examples are given. One clue to the ramification locus is given by
Theorems 12.21 and 12.22 given below. They describe a link between places of bad reduction of modular curves
and the ramification of modular forms. The following result might serve as a motivation:

Let K be a local field of characteristic p with ring of integers O and residue field k. Let A/O be an abelian
scheme with generic fiber A/K of dimension g and special fiber A/k. The p™-torsion subscheme of A (or A) is
denoted by A[p"] (or A[p"], respectively,) and for any field L D K, we write A[p™](L) for the group of L-valued
points of A[p"]. Consider the p-adic Tate module

Tate, A := lim A[p"](K™P)

—
n

of A. The module underlying Tate, A is free over Z,. One defines the p-rank of A as rank, A := rankz, Tate, A.
It satisfies 0 < rank, A < g. The action of Gk := Gal(K*P/K) on Tate, A is Z,-linear and thus with respect to
some Zjy-basis yields a Galois representation

PAp: Gk — Autzp (Tatep A) = GLrankp A(Zp).
By Hensel’s Lemma any p"-torsion point of A/k will lift to a unique p™-torsion point of A/K. Thus
rank, A/k < rank, A,

i.e., the p-rank can only decrease under reduction. The following result from [6] links the ramification of p4., to
the p-rank:

Theorem 12.20. The p-rank is invariant under reduction if and only if the action of Gk on Tate, A is unramified.

Let us, after this short interlude come back to the ramification of Drinfeld modular forms: Let f is a doubly
cuspidal Drinfeld Hecke eigenform of weight 2 and level n. Let J,, ; denote the maximal abelian quotient of the
Jacobian of the Drinfeld modular curve for level n such that the semisimplification of the Hecke action on the
p-torsionJ, r[p] has the same Hecke eigenvalues as f. Then the following theorem is shown in [6]:

Theorem 12.21. Suppose f is a doubly cuspidal Drinfeld Hecke eigenform of weight 2 and level n. Then for a
prime q not dividing n, the following are equivalent:
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(a) For any (or for all) P € Max(Oy) the representation ps s is ramified at q.
(b) The Hecke-eigenvalue aq(f) of f at q is zero.

(¢) The abelian variety Jy 5 has supersingular reduction modulo q.

Note that in the case of weight 2, there is a representation py from Gk into GL; over a finite field IF contained
in O such that ps g = ps ®r Oy for all f € Max(Oy). Hence the set of primes ramified outside n is independent
of the choice of B.

Suppose now that f has weight larger than two. and consider a representation ps sy for P € Max(Oy) over
p € Max(A). As pyqp is associated to a Hecke character, see 12.25, and because it is known that such have
square free levels, it follows that ps s is ramified at g if and only if its reduction mod ‘B is so. As in the case of
classical modular forms the reduction mod ‘B is congruent to the representation of a form of weight 2 and level
np. To the latter one can apply the previous result. This yields:

Theorem 12.22. Suppose f is a doubly cuspidal Drinfeld Hecke eigenform of weight n > 3 and level n. Let 3 be
in Max(Oy) with contraction p € Max(A). Then for a prime q not dividing nq, the following are equivalent:

(a) The representation pysp is ramified at q.
(b) The representation prq (mod P) is ramified at q.
(¢) The Hecke-eigenvalue aq(f) of f at q is zero modulo B.

(d) The abelian variety Juy, ¢ has supersingular reduction modulo q.

Note that in known examples, e.g. [6], the places of ramification of ps s which are prime to the level n do typically
depend on P unlike in the case of weight 2.

Question 12.23. For classical modular forms it is simple to list all the primes which are ramified for the associated
Galois representations. By the theory of new forms these primes are those dividing the minimal level associated to
the modular form together with the place p (or the places above p) if one considers p-adic Galois representations.

Because of this simplicity one wonders if there is also a simple recipe in the case of Drinfeld modular forms.
The numerical data seems too little to make any predictions. This deserves to be studied more systematically.
Because of Theorem 12.21 this question is directly linked to the reduction behavior of Drinfeld modular curves
(at primes of good reduction!) and their associated Jacobians.

6 Drinfeld modular forms and Hecke characters

In [7] we introduce a notion of Hecke character that was more general than previous definitions due to Gross
[25] and others. Our motivation was a question of Serre and independently Goss which asked whether Drinfeld
modular forms are linked to Hecke characters. In [6] this question was answered in the affirmative. We will briefly
indicate this result.

Definition 12.24. Let F' be a global function field over F,. A homomorphism

X: A&*F — Fp(t) )

where A% denotes the ideles of F' and F,(t) is discretely topologized, is a Hecke character (of type X) if

(a) x is continuous (i.e., trivial on a compact open subgroup of A}.) and

(b) there exists a finite subset ¥ = {01,...,0,} of field homomorphisms o; : F — F,(t) and n; € Z for
t=1,...,7, such that

x(a,a,...,a)=0c1(a)™ ... -op(a)"".
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Note that for any compact open subgroup U C A%, the coset space F*\A% /U admits a surjective degree map to
Z whose kernel is finite and may be interpreted as a class group. It is an easy consequence of the above definition,
noted first by Goss [21], that Hecke characters as above have square free conductors.

The main result on Hecke characters and modular forms is the following.

Theorem 12.25. For any cuspidal Drinfeld Hecke eigenform f with eigenvalues (ap(f))pemax(a) there evists a
unique Hecke character
Xf: A} — K}
such that
ap(f) =xs(1,...,1, wp ,1,...,1)  for almost all p € Max(Oy).
—

atp

Unfortunately, the set 3¢ in Definition 12.24 for the Hecke character xs remains completely mysterious. The
proof of the theorem sheds no light on it. What is however not so hard to see is that the ramification divisor Dy

introduced in 12.19 is equal to Uaezf Graph(o) where the o € ¥ are viewed as morphisms of algebraic curves.

Example 12.26. The following Hecke characters are taken from [6]. The are associated to Drinfeld modular forms.
Let FF=T,(0), let n be in {2,...,p} and consider o: F,(8) — F,(¢) : 0 — (1 — k)t. . Define

U= (105, 00) x [ 05 xFu((5)"
v}0,00

Then the natural homomorphism
F,(0)* — Ap/U

is an isomorphism. Hence there exists a unique Hecke character

—_%

Xn: Ap — Fy(t)
such that x,, is trivial on U and such that it agrees with o on F,(6).

Remark 12.27. The Hecke character x; provides a compact way of storing essential information about the
cuspidal Drinfeld Hecke eigenform f. To explain this, suppose that A = [F,[¢], that the weight of f is n and that
we have computed its Hecke eigenvalues ay(t) for many primes p not dividing n. The conductor of x s consists
of those primes p fn for which T}, acts as zero and some primes dividing n. Having computed many eigenvalues,
we may thus hope to know the prime to n-part of the conductor of x; and thus a lower bound for the conductor
my C A of x; by which we mean the largest square-free ideal such that x; is trivial on the group U of all
ideles congruent to 1 modulo m;. Suppose furthermore that we know the coefficient field K¢ of f. For theoretical
reasons the character x is trivial on F% (the image of the decomposition group at co of any py s is trivial).

If the weight n is 2, then x is of finite order and in particular X is empty. Knowing a bound on m; and that
X is trivial on F7, by computing sufficiently many Hecke eigenvalues, we can completely determine x; as a
function on F*\A%} /U F%.

If the weight n is larger than 2, it is necessary to find the embeddings o;: Fg(0) — K¢, ¢ = 1,...,r and their
exponents n,;. Denote by b; € K the image of 6 under o;. If g is any element of A = F,[6] which is congruent to 1
modulo my, then Ty acts on f as [[; g(b;)"™. At the same time, if (f) = [], p™» for exponents m;, = ord,(g) € No,

then we have the equation
H(ap(f))m’j = Hg(bz)n
p i

The number 7, the exponents n; and the b; can be determined by the following algorithm: Let n run through the
positive integers, let (n;) run through all (unordered) partitions of n. For each partition determine the solution

set of
H(ap(f))m” = HQ(%)”
p i
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while g runs through many polynomials congruent to 1 modulo my. The algorithm terminates if a solution is
found. The algorithm will terminate because of the above theorem. If it terminates and if sufficiently many g
have been tested, the solution can assumed to be correct. In all explicitly known case one has r =1 and n; =1
— but this may be due to the fact that not so many examples are known.

7 An extended example

In this section we will carry out the explicit computation of the cohomology of certain crystals associated to
Drinfeld cusp forms of low weight and level T';(t). We consider R, = k[#*', u*!] as an algebra over A[1/6] =
k[0*'] as in Proposition 12.10 and let f be the morphism of the corresponding schemes. Let furthermore f :
Pz[l /) — Spec A[1/6] be its relative compactification. We consider the -sheaf

F- (Ru[t]2,7' - < 2 G5 L™ ) (oh, x idt))

and wish to compute R!f, of
Sym" juF := Sym" (OE‘?E (=1 [o0]), T)
A[1/6)
as a crystal. Abbreviating b := (t/0 — 1)u?"! and ¢ := 1 + u?~!, the endomorphism Sym” 7 on Sym" R,[t]> =
R,[t)"*! is given by

b'fL
an(o xid) where «, = b3 . p3cn—3 n
3 n— n
Pa Tl o M)
bobe(y) be(y) o be"TH(Y)
1 ¢ ¢ c3 e c"
The corresponding basis of R[u]"! we denote by e;,j =0,...,n.

Next recall that we can compute the cohomology of a coherent sheaf G on Pk (over any affine base S) as follows:
Let Ag C P} be the standard affine line contained in P'. Let O« g be the affine coordinate ring of the completion
of IE”!S along the section oo x S at co and let K g be the ring obtained from Oy g by inverting the section at
oo . Then one has the short exact sequence

0 — HPY,G) — H(AY,G) @ Glo. s — Gx.. s — H(P5,G) — 0.

The sequence is obtained as the direct limit over U over the sequences for the computation of Cech cohomology
where P! is covered A! and a second affine set U containing co x S. We apply this to the base Spec.A with
A = Ek[#*", 1] and the sheaf Sym™ F. Disregarding 7 we obtain the short exact sequence

0 —s A" @ (%)"n[[%” o AT k((%)) 2 A s Cloker, — 0.

This show that Coker,, = H'(P', Sym" j.F) is a free A-module with basis {u~"e; | i=1,...,n—1;5 =0,...,n}.
Let us write the elements of the cokernel as

w4 ut T,

where the v, are column vectors over A of length n + 1. (We can write them in the basis eq, ..., e,.) Applying
T to the summands u™"v; yields

T(u™ ;) = u o = (u_l(q_l)an)u_lvi.
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Now observe that a,, lies in A[u9~']. Thus u~*4~1) shifts the pole order at u = 0 (and u = co) by multiples of
(g —1). We define matrices a, ; € M(n41)x (n+1)(A) so that

o, = Zanﬁiui(q*”.
i>0
Assumption 12.28. We now assume that the weight n lies in the interval {0,...,q}.

Because i lies in {—1,...,1 — n}, the absolute value of the difference of two such i is at most ¢ — 2. Therefore
all but at most one summand in

T(u"";) = ( Z u(i/fi)(qfl)an,i/)u%vi
>0

is non-zero in Coker,,, namely that for ¢/ =i. Let 5 = (% — 1) and abbreviate z = u?~!. We enumerate the rows
and columns by r, s € {0,...,n}. We let 7 :=n — r, so that this variable counts rows from the bottom starting
at zero.Then the (r, s)-coefficient of a, is

r+s—nin—r s s—pr [ S s—7 7S = (47 o (ST S
() e ()-Eon (1))

The (s, r)-coefficient of a, ; is the coefficient of z* in the previous line. Thus it is the summand for £ =i —7, i.e.,

BF(TQ (2) - ﬁ?(i <j;(:! ) (s ji’ i 5?(1' Z;:')m (s S!i)!i! - BF(Z' i ?) (j>

Let w; be the transpose of the row vector ((), ...,0, (é)ﬂi, (DB, (2)50) and let z; be the row vector
(O, 0, (), (Y (’Z)) Then ay,; = w; ® z; and so

% %
T(u™y) = u”tw; - (z40;).

We deduce the following: As a 7-sheaf Coker,, is the direct sum of the sub-A-modules W; spanned by u~"e;,
j=0,...,n. The T-submodule W; contains itself the 7 submodule Au""w;, and because the image of W; under
T is contained in Au"*w;, it is nil-isomorphic to W;. Thus we find that

@?:_11 (Au™"w;, T) gy-iw,;) — (Cokery,7)
is a nil-isomorphism. We compute the T-action on uw;:

) = (o) = o) 3 () (7

£=0
with 5 = (& = 1). Set 7,5 := Yo"~ (1) ("79) 8¢ and

L

=ni

= (k[@il,t],’ynﬂ-(a x id)).

Then (Au™"w;i, T aw,;) = 0*L,, ;

;, and we have thus shown that as A-crystals we have

Proposition 12.29. Suppose 0 < n < q. Then
B n—1
Snt2(T1(t) = R f. Sym" juF = P L, ,.
i=1

Moreover L, ; = L,, ,_; and Sp12(T'1(t)) =0 for n =0,1.

73



In Remark 12.33 we shall compare the above formula for 7, ; to a similar expression in [33, Formula (7.3)].

Example 12.30. For i =1 and 2 < n < g one has v, ; = ((1)) (T)BO + (}) (”Il)ﬂ =14(n— 1)5. The corresponding
ramification divisor in the sense of Remark 12.19 is defined by @ = (1 — n)t on Spec k[#*!,t]. This leads to the
Hecke character described in Example 12.26.

Example 12.31. Next we compute the local L-factors of £,, ;. The base scheme is X := A;,\ {0} in the coordinate
0. Let p be a place of X defined by the irreducible polynomial h(0) € k[f], We normalize it so that h(0) = 1.
This is possible because p # 0. The residue field at p is kg = k[6]/(h(0)) = k[6] with 6 a root of h over k. In k,[t]

we have ; ; y
0= (1-3) (1) (1 )
Thus
det(1 — 7z, \T98P) = det(1—(1+(n—1)%)-(1+(n—1)9iq)-...-(1+(n—1)@1®%):ﬁdegh)

= 1—h((1—n)t)Te"

Thus, if we denote by g, 1 the cuspidal Drinfeld Hecke eigenform corresponding to £,, ;, then it eigenvalue at
p = (h) is h((1 —n)t). A similar but more involved computation yields the eigenvalue system for the form g, ;
corresponding to Ln,i and any 1 <i<n—1.

Example 12.32. For classical as well as Drinfeld modular forms their automorphic weight, say n, is the exponent
of the automorphy factor in the transformation formulas for the action of the congruence subgroup defined by
the level of the form. In the classical case there is naturally a weight attached to the motive associated with a
cuspidal Hecke eigenform. This motivic weight is the exponent of the complex absolute values of the roots of the
characteristic polynomials defined by Hecke action. By the proof of the Ramanujan Peterson conjecture due to
Deligne this weight is (n — 1)/2. This weight occurs in the formula for the absolute values of the p-the Hecke
eigenvalue of a classical modular form f:

lap()le < 2p™ D72,

It is therefore natural to also ask for a motivic weight of a cuspidal Drinfeld Hecke eigenform. Does it exist and
how is it related to the weight that occurs in the exponent of the automorphy factor in the transformation law
of the form? In the Drinfeld modular case, the characteristic polynomial arising from Hecke operators at p is
1-dimensional. Therefore the motivic weight of a Drinfeld Hecke eigenform f is (if it exists) the exponent ¢ € Q
such that

Vso(ap(f)]) = —gdegp for almost all p € Max(A).

This weight is modeled after Anderson’s definitions of purity and weights for t-motives, [1, 1.9 and 1.10].

The 7-sheaves L, ; defined in Proposition 12.29 posses a motivic weight. It is equal to deg; v, ; since by compu-
tations as in the previous example one shows that vee(ap(gn,i)|) = —degyn,; - degp. For ¢ = p the formulas in
Remark 12.33 yield deg,, ; = min{n — 4,4}. Thus, for a given n, any weight in {1,2,...,|5 ]} occurs. For q # p,
the possible weights are more difficult to analyze because the expression (;n) (";l) can vanish m = min{i,n — i}
(and also for many values less than this minimum — see Lemma 10.30.

We expect but have no proof that the motives for all cuspidal Drinfeld Hecke eigenforms are pure, i.e., that they
have a motivic weight. If this is true, it can be shown from the cohomological formalism in [8] that this weight
lies, for given n, in the interval {0, ...,[5]}. That the range is optimal is shown by the above examples. Moreover
the example shows that it is not possible to compute the motivic from the automorphic weight.

Remark 12.33. In [33, Formula (7.3)] a differently looking formula is given from which their the Hecke eigenvalue
systems in for the forms g, ; are computed (for primes of degree one). From the following claim it follows that
the formulas given there agree with those here (and thus with those given in [4]). Claim:

=3 () ()G
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where we recall that v, ; := ?;ig{i’n_i} (z,) (”;e

series in a standard fashion. The key steps are

e - B (o 5, (1

) B¢ with 8 = 5 — 1. The proof follows by the use of generating

n>0 £>0 n>itl
_ i 01 yy—iyi _ (LEBXNE
= (e < (TR x

B <1+1§—XX>iXi - Z_: (7:1
-y (O (L

m>0
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Appendix A

Further results on Drinfeld modules

In this appendix we collect as a reference some further results on Drinfeld modules which were used in parts of
the lecture notes. Throughout the appendix we denote by ¢ the canonical embedding A — C...

1 Drinfeld A-modules over C,,

Important examples of Drinfeld A-modules are obtainable over Co, via a uniformization theory modeled after
that of elliptic curves.

For Drinfeld modules over X = Spec C, one has the following result of Drinfeld [12]

Theorem A.1 (Drinfeld). Let ¢ be a Drinfeld module over Co, with dp: A — C equal to v. Then there exists
a unique entire function _
ep: Coo = Coo: xb—>x+2aiqu (a; € Co)
i>1

such that for all a € A the following diagram is commutative:

Coo —2—>Coy (1)

Moreover e, is a k-linear epimorphism and its kernel is a projective A-module of rank equal to the rank of the
Drinfeld A-module which is discrete in Coo.

Conversely to any discrete projective A-submodule A C Co, of rank r one can associate a unique exponential
function
i x
en@) =z + 3 ag" (:x I1 (kx)),
i>1 AeAN{0}

whose set of roots is the divisor A, and a unique Drinfeld A-module o5 of rank r over C, such that (1) commutes
for o = @ and e, = ex. The characteristic of o is the canonical inclusion A — C.

Moreover Drinfeld A-modules o5 and par are isomorphic (over Cy ) if and only if there is a scalar A € C%_ such
that AA = A'. They are isogenous if there exists A € C5, and a € A\ {0} such that aA’ C AA C A,

In particular there exist Drinfeld A-modules of all ranks r € N = {1,2,3,...}. For any rank r > 2 there
exist infinitely many non-isomorphic Drinfeld A-modules of rank r over C,,. In the rank 1 case, the number of
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isomorphism classes of Drinfeld A-modules (over C,) is equal to the number of projective A-modules of rank
1, i.e., to the cardinality of the class group Cl(A) = Pic(A) of A. In fact within each isomorphism class there is
one representative which is defined over the class field H of K with respect to co. There will be more on this in
Appendix 3.

Indication of proof of Theorem A.1. Let  be given and fix a € ANk and write ¢, = a+2§.:1 u; 79 (t =rdega).
Then (1) yields the recursion

t .
ai(a? —a) = Zujagj_j
j=1

for the coefficients of e, where we set a; = 0 for i < 0. Let v denote the valuation on Co, such that v(7) =1 for
7 a uniformizer m of F at co. Let C := min;—; _,v(u;). Then from v(a) < 0 one deduces

v(ai—;)
gt

C .
E — v(a)) +j:nlun

Choose 0 < 6 < v(a) so that for 4 > 0 one has v(a) — % > 0. Setting A; := min;j—; % it follows that
there is some iy > 0 such that for all i > iy one has

Biy1 > Bi, and By > B; + 0.
Thus (B;) converges to co and hence lim;_, % = oo. This shows that e, has infinite radius of convergence,
i.e., that it is entire. (The uniqueness of e, for a follows from the initial condition de, = 1.)

To show that e, is independent of a write e, = >, a;7" as a formal power series in 7 over Co,. Then for any
b € A the expression e;lgob% is again such a power series. Since the image of A under ¢ is commutative, it
follows that e;lgobeq, commutes with a = e;lgoaew as an element in the formal non-commutative power series
ring C[[7]] over 7. One deduces that e;lcpbeg, is a constant and by taking derivatives that b = e;lgobe@. Hence
(1) commutes for any b € A.

That Ker(e,) is an A-module is immediate from the commutativity of (1). The discreteness follows as in complex
analysis from the entireness and non-constancy. That the roots have multiplicity one is deduced from the root
at 0 having multiplicity one. The rank of Ker(e,) as an A-module is obtained by considering torsion points
(introduced in the following section) and exploiting their relation to the rank. All further assertions are rather
straight forward. 0

2 Torsion points and isogenies of Drinfeld modules

Theorem A.1 indicates that Drinfeld modules are characteristic p analogs of elliptic curves. This suggests that
torsion points of Drinfeld modules carry an interesting Galois action. Formally one defines modules of torsion
points (or torsion schemes) as follows:

Fix a non-zero ideal a C A and a Drinfeld A-module ¢ on X. For any a € A \ {0} the kernel of ¢,: L — Lis a
finite flat group scheme over X of rank equal to ¢"9° . (Passing to local coordinates it suffices to verify this for
Drinfeld modules of standard type — where it is rather easy.) From this one deduces that the a-torsion scheme
of ¢, defined as

¢la] := Naca Ker(pa)

is a finite flat A-module scheme over X of rank ¢"4°8(%)_ If @ is prime to the characteristic of ¢, then ¢[a] is finite

étale over X. In the case X = Spec F for a field F, the finite group scheme ¢[a] becomes trivial over a finite
Galois extension L of F. As an A-module, the group ¢[a](L) is isomorphic to (A/a)" provided that a is prime
to the characteristic of p. The Galois and the A-action commute on @[a]. This yields the following first result:
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Theorem A.2. Let ¢ be a Drinfeld A-module of rank r on Spec F' for a field F with algebraic closure F. Suppose
a is prime to the characteristic of w. Then the action of Gal(F'/F) on @la](F') induces a representation

Gal(F/F) — GL,(A/a).

We now turn to the relation between isogenies from a Drinfeld A-module (L, ) and subschemes of ¢[a]: If
i (L) — (L', ¢) is an isogeny then its kernel is finite. Hence there exists a € A \ k which annihilates this
kernel. One deduces that Ker(y)) C ¢[(a)] is a finite flat subscheme whose connected component agrees with
that of ¢[q"] for some n € Ny and q the characteristic of ¢. Conversely given any flat A-module subscheme of
p[a] satisfying the latter condition on its connected component, Drinfeld shows that there is up to isomorphism
a unique Drinfeld A-module (L, ¢’) and an isogeny (L, ») — (L, ¢’) whose kernel is that subscheme, cf. [12, §5
D, p. 577]. We indicate a proof for the finite flat subgroup scheme ¢[a] C L under the simplifying hypothesis
that X = Spec R for an integrally closed domain R and that L is isomorphic to Spec R[z]. (In particular this
proves the assertion for all integral normal schemes X over A.)

Since R is a domain, ¢ is automatically in standard form. Let E be the fraction field of R and denote by E a
fixed algebraic closure. The ring E[7] is left Euclidian and thus there exists a monic generator ¢, of the left E[r]
ideal J generated by {p, | a € a}. The roots of pq(z) in E are precisely the common roots of all the ¢,, a € a. If
h is the height of ¢ (over E), then ¢, is a multiple of a power of 7" times an element in R[r] with non-vanishing
constant term; i.e., the multiplicity of the roots is a power of ¢. By the definition of g, its coefficients lie in E.
Let R’ be the ring obtained from R by adjoining all these roots. As these are roots of all the polynomials ¢,
a € a, the ring R’ is finite over R. Clearly the polynomial ¢, has its coefficients in R’. Using that R is integrally
closed, it follows that ¢q lies in fact in R[7].

Note that because pq () € R[x] is monic (of degree ¢4°8~ ©«) it defines a finite flat subscheme Spec R[z]/(pq(7)) =
©la] of L = Spec R[x]. The A-module structure on L induces an A-module structure on ¢[a].

Next, let b € A be arbitrary. Then ¢4 o ¢ lies in J because it annihilates all elements of ¢[a]. It can thus be
written in the form ¢} ¢, for some ¢ € E[7]. But again, the roots of ¢4 are integral over R and thus so are the
coefficients of ¢j. By normality of R it follows that ¢, € R[7]. Using the equation ¢4 0 ¢ = ¢} 0 @4 it is easy to
extract the constant coefficient of ¢j. It is the constant coeflicient of ¢, raised to a certain power. It is here where
the size of the connected component of the scheme ¢[a] is important, as it determines the height of 4. In the
case at hand this implies that the constant coefficients of ¢} and ¢ agree, so that ¢’ defines a Drinfeld A-module
(in standard form) over Spec R of the same characteristic as . Therefore ¢, defines an isogeny ¢ — ¢'. We
depict this in the following diagrams on the ring and on scheme levels, writing G, g for Spec R[z]:

R[I‘] ? R[l‘] Ga,R & Ga,R
S
Rlz] —— Rla] Ga,r <2~ Ga,r-

We denote the Drinfeld A-module (G4 g, ¢’) also by (ax L, axp) (or simply ax¢). If a is principal and generated
by a € A~ {0}, then
P(a) = Hp(a) Tpa  for p,(a) the leading coefficient of . (2)

A short computation yields the following formula for the leading term of (a) * ¢:

1— deg b

H(ayrp (D) = pp(B) - prp (@) Vb e A (3)
Using the explicit form of the action for principal ideals, it is easy to extend the x-operation to all fractional
ideal a of A. It also shows that (a) * ¢ is isomorphic to ¢ — the isomorphism is given by p,(a) € R* C R[r]. It
follows that CI(A) acts on the isomorphism classes of Drinfeld A-modules of fixed rank r (over any fixed base).

In the particular case where the base is Spec C,, the characteristic is the canonical embedding ¢: A — C
and r = 1, one can say more. By Theorem A.1 any such module is given by a rank 1 A-lattice in C,,. Homo-
theties induce isomorphisms of Drinfeld modules and any two lattices are isogenous up to rescaling. Making all
identifications explicit, one obtains the following result
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Proposition A.3 (Drinfeld, Hayes). The set of isomorphism classes of Drinfeld A-modules of rank 1 over C
with dp = ¢ is a principal homogeneous space under the x-operation of Cl(A).

3 Drinfeld Hayes modules

In this section we collect some results on Drinfeld-Hayes modules. The reader is advised to recall the definitions
of a sign-function and the corresponding strict class group from Definitions 10.1 and 10.3. As in (2), the leading
term of a Drinfeld module ¢ is denoted p,. We fix a sign-function sign throughout this section.

Definition A.4. A rank 1 sign-normalized Drinfeld module or simply a Drinfeld-Hayes module (for sign) is a
rank 1 Drinfeld-module ¢ over C, with dy = ¢ whose leading term p, agree with the restriction of a twisted
sign function (sign) to A C K.

A good reference of the following result is [23, Thm. 7.2.15].

Theorem A.5 (Hayes). Every rank 1 Drinfeld-module over Co, with characteristic v is isomorphic to a Drinfeld-
Hayes module.

Indication of proof. Define the Z-graded ring gr(K.,) = @iezM?/M?~1 using the filtration M* := {z € K, :
Voo(x) > —i}. Let L be a subfield of C, and let ¢: A — L{7} be a rank 1-Drinfeld module with dy = «.

Sublemma A.6. There exists a unique map A\, : gr(Ko) — L* with the following properties
(a) For all a € A with image @ in MV>=(®) /MV>=(@~1 C or(K,.) one has \,(a) = pi,(a).

Ao (B)-

deg

(b) For all o, f € gr(Ko) one has Ag(af) = Ap(ar)?
One first observes that p,(ab) = uw(a)qdegbugo(b) for any a,b € A. Then one uses property (b) to extend the
definition of A, on the images a for a € A to all of gr(K ). One also observes that X, is the identity on k and
a Galois automorphism when restricted to ko,. The details are left to the reader.

The next result, whose proof we leave again to the reader, describes the change of A\, under isomorphism:

Sublemma A.7. Suppose o' = apa™! for some a € L*. Then Ay (z) = \y(z)at =7 ),

Now given ¢, choose a € C* such that a?=! = A\, (), so that ¢’ = apa™! satisfies A\, (m) = 1. Because A\, is
given by some o € Gal(koo/k) when restricted to koo, one deduces that ¢’ is sign-normalized. O

Denote by /\/l;ign(Coo) the set of sign-normalized rank 1-modules over Co, Since the number of isomorphism
classes of Drinfeld A-modules of rank 1 over C,, with characteristic ¢ is finite and equal to the class number of
A and since the number of choices for o in the previous proof is finite, the set M;ign (C) is finite. Recall the
action of fractional ideals a on Drinfeld modules from the paragraphs above Proposition A.3. The following is

from [23, §7.2]:

Theorem A.8. The action of Ta on rank 1-Drinfeld A-modules preserves the sign-normalization and thus defines
a well-defined action

IA X M;ign((coo) - M;ign((coo) : (av 90) = axp.
The action of P is trivial. Under the induced action

Cl+(A) X M;ign«coo) - Mgign(COO) : ([Cl}, SD) =axe

the set M;ign(((foo) becomes a principal homogeneous space under C1T(A), i.e., the action is simply transitive

and the stabilizer of any element is trivial.
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Indication of proof. It is easy to see that the x-action does not affect sign-normalization: The action is of the
form y +— y? for some i € Ny on the leading coefficient.

For a principal ideal (a) the x-action on the leading term was determined in (3). It is

_ degbd

fia)p (B) = pp(b) - (@) 9 Vb € A.

Thus if ¢ is sign-normalized and if a is positive the effect on leading terms is trivial because of ui,(a) = sign(a) =
1. In particular PT acts trivially.

Next we show that Cl(A)" acts faithfully: Suppose a * ¢ = . Since this implies in particular that a * ¢ is
isomorphic to ¢ we deduce that a is principal, say equal to (a). In this case we can use the formula displayed
above. It implies that for all b € A we must have

1— deg b

frp(a) 1 =1

Since the ged of the degb is 1, it follows that pg{,(a)q*1 =1, i.e., that o := p,(a) € k*. But then aa™! is a
positive generator of a and the faithfulness of the action is shown.

Finally by determining the cardinalities of CI(A)* and of M, (C) the proof is complete: #CI(A)* = #Cl(A)-
#(P/PT). But all elements of k%, occur as signs of some « € K and principal ideals aA are positively generated
if and only if @ € k*. Hence #Cl(A)" = #CI(A) - #k* /#k*. Next we observe that all isomorphism classes of
rank 1 Drinfeld A-modules over C, of characteristic ¢ are represented in M:Slign((Coo). We count the number of
1 1

times a class occurs in ML _(Cy). If ¢ is a Drinfeld-Hayes module for sign, and if the same holds for apa™1,

sign
then one shows a € kZ,. Moreover the two are equal if and only if a € k*. Hence the cardinality of M, (Cs)
is equal to the number of isomorphism classes of rank 1 Drinfeld A-modules over C,, of characteristic ¢ times

#k* /#k*, and thus equal to #C1(A)T = #CI(A) - #k% /#k* by Theorem A.3. O

One now argues as in the case of CM elliptic curves to deduce that every ¢ € ML (C.) is defined over H*: Let

2 sign B

H C C be the field of definition of 1. Since Aut(Cu/K) preserves ML, (Cs), the extension H/K is finite.
Considering the infinite place it follows that H /K is separable. Using that the automorphisms commute with
the x-operation, one shows that the extension is abelian. The *-action also shows that H is independent of .

Next one shows that ¢ has its coefficients in O, the normal closure of A in H: The Drinfeld-module has potentially
good reduction everywhere. But the leading coefficient is a unit, and thus the Drinfeld-module can be reduced
without twist. This allows one to use reduction modulo any prime of O as a tool. It is not hard to see that to
test equality of sign-normalized rank 1 Drinfeld A-modules it suffices to test it modulo any prime of O. This
implies that the inertia group at any finite places is trivial. In particular the Artin-symbol o, is defined at any

prime of O. One deduces the following Shimura type reciprocity law:

Theorem A.9. If o; denotes the Artin-symbol of a fractional ideal I of A, then orp = I % . Thus H = H™.
Moreover every Drinfeld-Hayes module is defined over the ring of integers OV of H relative to A C K.

The reciprocity identifies the Galois action with the x-action on ./\/l;ign

type Galois action preserves sign normalization.) One easily deduces:

(Cx) (it is rather trivial to see that any

Corollary A.10. Gal(H™/H) = F*_/F* is totally and tamely ramified at co. It is unramified outside co.

Remark A.11. One can show that any rank 1 Drinfeld module with characteristic ¢ can be defined over the ring
of integers of the Hilbert class field H. However this representative within the isomorphism class is less canonical
and its leading coefficient has no simple description.

Torsion points of Drinfeld-Hayes modules

Fix ¢ a sign-normalized rank 1 Drinfeld module over Co,. For I € Z4, let 5 denote the isogeny ¢ — I % ¢.
Recall that ¢[I] denotes the A-module of I-torsion points of ¢. Denote by M}’Sign((coo) the set of isomorphism
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classes of pairs (¢, \) where ¢ € M,,,(C) and A is a primitive I-torsion point of ¢. Let Z4(I) denote the set

of fractional ideals prime to I.

Theorem A.12. Let I C A be an ideal. The action of Ta on Mj 4., (Coo) given by

(M) = (T ,05(N))

is well defined and transitive. The stabilizer of any pair (v, A) is the subgroup 77; C P* of positively generated
fractional ideals prime to I. The set M},Sign(cm) is a principal homogeneous space under the induced action of
CI(A,I) :==Ta(I)/P}. One has an exact sequence

0— (A/I)* = CI(A, 1) — CIT(A) = 0.

The field HY (p[I]) is the ray class field of K of conductor I at the finite places and which at oo is totally split
above HT. One has Gal(H™ (¢[I])/K) = CI(A,I). Let o5 denote the Galois automorphism which under the Artin
reciprocity map corresponds to J € To(I). The Shimura type reciprocity law reads: For any J € To(I):

01(p,A) = J x (¢, )

One has the following ramification properties:

Theorem A.13. Let P C A be a prime ideal and X € ¢[P] be a primitive element.

The extension H'(o[PY])/H™" is totally ramified at P unramified at all other finite places. It is Galois with
Galois group Gal(H* (p[P?])/HT) = (A/P?)*. The action of this group on [P] is given by the character

The extension H /H is totally ramified at oo and unramified at all other places. It is Galois with Gal(H /H) =
F%, /Fi. The decomposition D group at oo in Gal(H " (p[P'])/H) is isomorphic to F%,. The action of a € F}; =
Do on ¢[P] is given by

Ta(X) = py(a) T A) = a7 ).
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