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GEOMETRY OF FERMAT ADELES

ALEXANDRU BUIUM

ABsTRACT. If L(a,s) := ), c(n,a)n™" is a family of “geometric” L—functions
depending on a parameter a, then the function (p,a) — c(p,a), where p runs
through the set of prime integers, is not a rational function and hence is not a
function belonging to algebraic geometry. The aim of the paper is to show that
if one enlarges algebraic geometry by “adjoining a Fermat quotient operation”,
then the functions ¢(p, a) become functions in the enlarged geometry at least
for L—functions of curves and Abelian varieties.

1. INTRODUCTION

Our starting point is the following formula for the Legendre symbol (%) as a
function of p and a (cf. [§]):

a Pt — 1 (2k=2)p* _
(11) (5) =a 2 1+;(—1)k 1%(6;,&)’%1 pk

Here a is any integer, p is an odd prime number not dividing a, dya := (@ — a?)/p
is the “Fermat quotient of a with respect to p”, and the right-hand side of (1)
is viewed as an element of Z,, the ring of p—adic numbers. The proof of (L)
is, of course, trivial: the right-hand side is = a”= mod p and its square equals
a?~1(1 + p(6,a)a~P) = 1. Note that the right-hand side of (ILT)) continues to make
sense if the integer a is replaced by any element in a finite unramified extension of
Z,, (provided the Fermat quotient d,a is defined by the formula §,a := (¢p(a)—a?)/p,
where ¢ is the Frobenius automorphism); we would like to interpret this property
by saying that the right-hand side of (I.I)) has a “geometric” character.

Now is the formula ([I) a mere curious fact or is it an instance of a broader
principle? One (easy) way to generalize (L)) is to consider arbitrary power residue
symbols (Kummer theory), as we shall see. Another way to generalize ([ is to
recall that the Legendre symbol belongs, of course, to the arithmetic of conics, and
to then pass from conics to more general varieties. The main results of the present
paper can be viewed as analogues of ([ILT]) for curves (of arbitrary genus) and for
Abelian varieties. The broader picture that we propose is the following. Let P
denote the set of prime numbers. Then the “interesting” functions

(1.2) f:PxXZ"—Z, (p,a)— f(p,a)
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a

appearing in number theory (of which the Legendre symbol f(p,a) := (5) is the

prototype) are not polynomials in p and a; the language of algebraic geometry,
which is the language of polynomials, does not cover the “truly arithmetic” func-
tions (2). (More general examples of functions f that we would like to keep
in mind are given by p—coefficients of L—functions of various algebraic-geometric
objects depending on parameters a.) What we shall do, in this paper, will be to
enlarge usual algebraic geometry by essentially “adjoining” to it one new operation,
the “Fermat quotient operation”; then we propose a “conjectural principle” accord-
ing to which the ring of functions F of this extended geometry “covers” many of the
“interesting” functions (L2). The ring F will be called the ring of Fermat adeles.
Strictly speaking, as we shall see, in performing this “adjunction” process, two of
the basic old operations on polynomials (composition of polynomials and princi-
pal parts of Laurent polynomials) cease to be defined and need to be re-postulated.
However, unlike the Fermat quotient operator, these two operations belong to “clas-
sical calculus” and have nothing to do with arithmetic. So the moral of our work
should be that all the arithmetic complexity of the “interesting” functions (L2)
should come from the Fermat quotient operation. By the way, the Fermat quotient
operation, for a fixed p, was used in [5] as a substitute for a “derivation in the
p—direction”. The main idea, as well as the main difficulty, of the present paper is
to vary p in the theory developed in [5].

The plan of the paper is the following. In Section 2 we will introduce our basic
ring F of Fermat adeles and we will state our main results on Abelian varieties,
curves, and power residue symbols. The strategy of our proofs will be the following.
In Section 3, we shall develop, up to a convenient point, a “geometry” whose objects
are families (X,) (where X, are formal schemes over Z, and p runs through the
set of all, except finitely many, primes) equipped with “Fermat structure”; such
a structure will simply be a way of controlling all the p’s at the same time, via
the ring F. Then, for any fixed scheme of finite type X over Z, we will consider,
in Section 4, the family (J"(X™")) of its p—jet spaces of order r introduced in [B]
and we shall equip this family with a natural Fermat structure. In [5] p was fixed,;
we will show, in Sections 4 and 5, that one can make p vary while “staying in the
Fermat category”. Now it will turn out (and this will help us conclude) that the
characteristic polynomials of Frobenii on an Abelian variety E are encoded into
the second p—jet spaces J2(EP) of E; the strategy to prove this will be explained
in Section 6. The actual proofs will be carried out in Sections 7 and 8. They will
draw on the theory of differential characters [5], [7] and differential modular forms
[8], [2] which will be quickly reviewed in Section 6.

2. FERMAT ADELES AND STATEMENT OF THE MAIN RESULTS

In order to define our ring F of Fermat adeles we will start with the ring of poly-
nomials, P, with integer coefficients (in infinitely many variables), we will consider
its “adelization”, A, we shall define some basic operations on A and, finally, we
shall define F as the smallest subring of A closed under these operations.

2.1. The rings P and A. Let © = {1, 22,23,...} be variables and consider the
ring of polynomials

Pi=2Z] = | Zlay, .., 2]

n>0

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



GEOMETRY OF FERMAT ADELES 903

and its “adelization”
A= U H Zy[z1,....20]"7,
n>0pgs

where S is a fixed finite set of rational primes and, for each prime p ¢ S, the
superscript P denotes “p—adic completion”. The elements of A will be referred
to as adeles (outside S). The elements of the ring A will be typically viewed as
families (fp), fp € Zp[z1, ..., zn]"F, for some n that does not depend on p. Note that
there is a natural (diagonal) embedding P C A. Also, A contains a distinguished
element p := (p), the adele whose p—component is p. One can view A with its
p—adic topology. (Note that the “adelic” topology is, of course, “much” weaker
than the p—adic topology.) More generally one can consider, for all k& > 1, the
“divided powers” p*/k! := (p¥/k!) € A. Denote by P{p} the P—subalgebra of A
generated by all divided powers p*/k!, for k > 1.

2.2. Operations on A. We will consider a few basic operations on the ring P.
These will induce corresponding operations on A.
1) First, for each p, there is the Fermat quotient operator

6p:P =P, b,f = 7f(xp);f(x)p.

2) Next, for k > 1, there are composition maps

Ve : PXP =P, v(f,g9):=f(x1, s Th1,0, Tht1,.-)-

3) Finally, consider the principal part operator

0 d
P[]}l_l] — P, h = Z aka',‘]f — h7 = Za_kxlf,
k=—d k=0

where ay, € Z[xo,x3,...]. We have an induced principal part operator

B:P =P, B(f(z1,09,m3,..)) = (flay ', 22,..)) "

Now the maps d,, vk, 5 preserve Z[zq, ..., xy,] for each n so, extending these maps
by continuity to Z,[z1, ..., z,]|"?, taking products for p € S, and letting n — oo, one
gets maps

1) 0p: A— A,

2) Yk : AxA— .A,

3)8: A— A

2.3. The ring F. Let us consider the intermediate rings P{p} C F C A satisfying
the following conditions:

1) Fermat quotient aziom. dp(F) C F.

2) Composition aziom. i (F x F) C F for all k > 1.

3) Principal part axiom. B(F) C F.

Any intersection of rings satisfying axioms 1)-3) obviously still satisfies these
axioms. Moreover, the p—adic closure in 4 of any ring that satisfies axioms 1)-3)

will satisfy axioms 1)-3) and in addition satisfies the following axiom:

4) p-adic closure axiom. F is p—adically closed in A.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



904 ALEXANDRU BUIUM

Definition 2.1. The ring of Fermat adeles outside S is the smallest subring of A
that satisfies axioms 1)-4). It will be denoted from now on by F. Alternatively F
is the p—adic closure in A of the smallest subring Fy of A that satisfies axioms
1)-3). A family (f,) € A will be called a Fermat family if it belongs to F.

It is interesting to examine what happens if we remove the Fermat quotient
axiom from our axioms. Indeed, the smallest subring of A containing P{p} and
satisfying axioms 2)-4) is the p—adic closure of P{p}. So the operation dy, is, in this
sense, the only “new” one. On the other hand, for evidence that F is reasonably
“small” we refer to Remark below.

We close our discussion of Fermat adeles by attaching (formal) L—functions to
them. Let Witt, denote the class of all complete discrete valuation rings with
maximal ideal generated by p and perfect residue field k¥ = R/pR. For any R €
Witt, let ¢ : R — R be the unique automorphism that lifts the p—power Frobenius
on k and let 6 : R — R be the map defined by the formula da = (¢(a) — a?)/p.
For any g € F, any p € S, any R € Witt,, and any P € AV (R), with coordinates
a € RN, we write

g(P) = g(a) == g,(a,da,8%a,...) € R.
Finally, for any square matrix f with coefficients in F, any g € F, any p ¢ S, any
R € Witt,, with residue field of size p?, and any P € AN (R) such that g(P) € R*
we may consider the matrix, with coefficients in R,
_ [P
TP
and define the (formal) L—function

Lp(f/g,s) = [det(I —p=® - (6" 1yp) - (67 2vp) - (67 Pvp) - (dp) - vp)]
The above expression is viewed as a formal power series in the symbol p~°, with
coefficients in R.

All our definitions above were relative to a fixed finite set of primes S. To
emphasize this dependence write, for one moment, F°, A% in place of F, A. Then
if §” is a finite set of primes containing S and pr : A5 — A5 is the natural
projection, it is trivial to see that pr(F°%) Cc F " Unless otherwise stated, S will

be fixed in what follows; there will be, however, instances in which we will have to
modify S.

2.4. Main conjecture and results. Let us describe, in what follows, the arith-
metic functions that we want to “represent” with the help of the elements of F.
The following will be referred to as the standard situation. Assume we are given
a finite set S of rational primes and a number field K with ring of integers Ok.
Assume also that we are given an affine scheme of finite type Y/Ok and a scheme
of finite type X/Y. Assume finally that for each closed point y € Y we are given
a “local L—function” L,(X/Y,s) = [det(I — N(y)~*-T,)]!, where N(y) = pdes)
is the size of the residue field x(y) and I’y is some square matrix with coefficients
in a field extension of K, whose characteristic polynomial has coefficients in Ok

We have in mind the following two basic examples:

1) (Hasse-Weil situation) We assume Y/Og is smooth, Y is connected, X/Y is
smooth, projective, with connected geometric fibers, and I'y, is the matrix, with
respect to some basis, of the N (y)—power Frobenius acting on H'(X,). Here i is a
fixed integer, X, := X ® r(y), and H' is either the etale (I—adic, [ prime to N(y))
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GEOMETRY OF FERMAT ADELES 905

or the crystalline cohomology tensored with Q. (The etale and crystalline theories
give the same L—functions by [18].)

2) (Artin situation) We assume X/Y is a finite Galois cover of integral normal
schemes, with Galois group G, and we assume we are given a finite-dimensional
complex vector space V and a representation p : G — GL(V) such that p is inte-
gral over K (i.e. the characteristic polynomials of the elements in its image have
coefficients in the ring of integers Ok ). The matrices T'y are defined as follows.
For any closed point y € Y let x € X be a closed point above y, consider the
N (y)—power Frobenius as an element in G(k(x)/k(y)), lift this element to an ele-
ment o in the decomposition subgroup G, C G of z (cf. [17], p. 15), map o into
GL(V) via p and let T'y be the matrix, with respect to some basis, of p(c) acting
on the invariants V'’ of the inertia group of z.

To state our conjecture we need one more notation. For any scheme of finite
type Y over Z and any R € Witt, we let Y(R): denote the set of all R—points of
Y such that the image y(P) € Y of the closed point of Spec R is a closed point in
Y, and such that the residue field k(y) equals the residue field k = R/pR.

Conjecture. Assume X/Y is either in the Hasse-Weil situation or in the Artin
situation. Then there exists an embedding Y C AN, there exists a square matriz f
with coefficients in F and there exists g € F such that for any p & S which splits
completely in K the following hold:

1) There exists R € Witt, and P € Y(R): such that g(P) € R*.

2) For any R € Witt, and P € Y(R) such that g(P) € R*, we have

Lyp)(X/Y,s) = Lp(f/9g,5)-

In the above statement Lp(f/g,s) is formed by identifying Y (R) with a subset
of AN (R). Part 1) says, roughly speaking, that part 2) is a non-empty (and hence,
in some sense, valid “generically”) statement. In order to check part 2) in the
Hasse-Weil situation it is enough, by crystalline theory, to show that % coincides
with the matrix, with respect to some basis, of the p—power Frobenius acting
on the crystalline cohomology (tensored with Q) group H i(Xy( p))- In the Artin
situation there is no general analogue of this crystalline picture, but an analogue
of this exists in some interesting situations (e.g. in the “Kummer situation”, as
we shall see presently). Also, the conjectural picture offered above should actually
be extended to include Artin L—functions of Galois representations that are not
necessarily integral over K.

As a matter of terminology, each time we will say that the Conjecture holds
for some X/Y it will be clear what situation (Hasse-Weil or Artin) we are placing
ourselves in: if the fibers of X/Y are connected we are placing ourselves in the
Hasse-Weil situation while if the fibers of X /Y are finite we are placing ourselves
in the Artin situation.

Here are our main results for the Hasse-Weil situation. In the case of curves and
Abelian varieties we prove the Conjecture holds “generically” on the moduli space:

Theorem 2.2. Let K = Q. For each g there exists a finite set of primes S and a
curve X/Y of genus g such that the classifying map from Y to the moduli scheme
of curves is etale, and such that the Conjecture holds for X/Y .

Theorem 2.3. Let K = Q. For each natural number m there exists a finite set
of primes S and a principally polarized Abelian scheme X/Y of relative dimension
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m such that the classifying map from Y to the moduli stack of principally polarized
Abelian schemes is etale, and such that the Conjecture holds for X/Y .

In the case of elliptic curves we can be more specific.

Theorem 2.4. Let K = Q. There exists a finite set of primes S such that if
N is the product of the primes in S, Y = Z[1/N]|as,as, A™1] (where ay,ae are
indeterminates, A = 4aj +27a2), and X/Y is the Weierstrass elliptic curve

yzz =23+ a4x22 + a623,

then the Conjecture holds for X/Y .

The above theorem will not cover the case of CM elliptic curves: the Fermat
adele g in the Conjecture will vanish, in the case of Theorem[2.4] on all CM elliptic
curves. However one can prove a separate result for CM elliptic curves/Hecke
characters:

Theorem 2.5. Let K be the Hilbert class field of an imaginary quadratic field
Ko. Let X/Y be elliptic curve equipped with an invertible 1—form and with an
isomorphism Ok, ~ End(X/Y). Then, for a suitable finite set of primes S, the
Conjecture holds for X/Y .

The families X/Y in the above Theorem are, of course, isotrivial; but this does
not make them uninteresting: a typical example for the above theorem can be
obtained by letting Ko = K = Q((3), letting Y be the multiplicative group G, z =
Spec Z[(3][t, 1] over Z[(3], and letting X be the elliptic curve

y?r =% — 25,

In the Artin situation we can successfully deal with “power residue symbols”
(Kummer theory):

Theorem 2.6. Let K = Q((,) and let S be the set of all primes dividing n. Let
X/Y be the multiplication by n isogeny of the multiplicative group

Gm.zicn1/n) = Gm 2z(6a1/n)
over Z[(n,1/n]. Consider the identification p of the Galois group G of X/Y with
the group of n—th roots of unity in K> C C*. Then the Conjecture holds for X/Y .

Let us note that in the hypothesis of Theorem 2.6 the L —functions can be de-
scribed as follows. If R € Witt, and P € Y(R): corresponding to a € R*, then

take any extension R’ of R in Witt, containing an n—th root a/™ of a and we will
have
d(,1/n
a
Lyp) = %ﬂ
a n

where p? is the size of the residue field of R. Note that our Theorem 28 follows if
we can find f, g € F such that, for p=1 (n), and a € R*, we have g(a) € R* and

fla) _ g(at/m)

gla)  at/m
Of course the right-hand side of the above equality, call it -, is not a root of unity
in general! One can characterize v as the unique element in R whose n—th power

@ and which is = mod p to a

is
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The proof of Theorem [2.6] is easy and entirely explicit; it will be completed at
the end of the present section. The proofs of the rest of the theorems will occupy
Sections 6-8, and will require a considerable amount of preparation, in Sections 2-5.

2.5. Elementary consequences of the axioms and further remarks. In what
follows we derive a number of completely elementary consequences of the axioms
defining the ring F and we also make a number of remarks. In particular, for a
comparison with Thara’s viewpoint on Fermat quotients [16] we refer to Remark
2.15 below. For remarks on why various naive approaches to generalizing (.I) do
not fit into our “Fermat paradigm”, and should be viewed as “non-geometric”, we
refer to Remarks[2.20, 2271 2.22 below. For a comment on the relationship between
Dwork’s approach [10] and ours we refer to Remark 2:23 below.

Remark 2.7. Tt will be useful to introduce the following notations:

P(n) = Zlz1, ..., Tnl,
hence P(n)? = Zp[z1,...,z,]"?, and also

A(n) := [ P(n)?,

pgS

F(n) :=FnNAn).
In what follows we provide some evidence that our ring F is “reasonably small”.
Obviously, one can construct Fy as an ascending union | fém) where Féo) = P{p}

™+ s generated by

Fo™ 5o (Fe ™) (Fo™ x F), B,
This description implies that Fy is countable. Note also that
Fo C U H Zyy[ry, .o ).
n pgS
Now for any n and any v there is a surjection
Fo(n) := FonA(n) — F(n)/p” A(n) N F(n).

Since Fy(n) is countable so is F(n)/p”A(n)NF(n). Since A(n)/p.A(n) is uncount-
able it follows, in particular, that F(n) # A(n) for all n. This observation can be
refined as follows. Let g = (gp) € F(n) be such that ord,g, = 0 for infinitely many
p’s. (Here ord,g, is the supremum of the set of all integers m such that p™ divides
gp in the ring P(n)?.) We claim that F(n)[g~!] # A(n)[g']. Indeed, we have a
surjective map

and, for m > 0, each ring ]:é

Fo(m)lg™] — Fn)lg~'I/pAm)lg~ 1N F(n)lg™"]
so if we assume F(n)[g~!] = A(n)[g~!] we get that the map
1

Fo(n)lg™] — (A(n)/pA(n))lg™"]

is surjective hence (A(n)/p.A(n))[g~"] is countable. Let T be the set of all p & S
such that ord,g, = 0 and let U := [ ,.,(P(n)/pP(n)). Then U is uncountable and
Ulg~!] is countable, where g is the image of g in U. By our assumption, however,
g is a non-zero divisor in U so U embeds into U[g~!], a contradiction.

The following remark is in order. Let us say that an element (g,) € A is infinitely
small if ord,g, — 0o as p — o0o. Let A, be the set of infinitely small elements
of A; it is an ideal in A. We will see later that A, C F. Then, clearly, for any
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g € Ao N A(n) we have F(n)[g~!] = A(n)[g~']. Hence expressing an element of A
as a quotient f/g of elements of F is only significant if we restrict g, for instance,
if ordy,g, = 0 for infinitely many p’s. On the other hand note that if g = (g,) is the
Fermat adele in our Conjecture, then, by part 1) of the Conjecture, ord,g, = 0 for
all p € S that splits completely in K, hence for infinitely many p’s.

Also, we will see later that p.4(0) NF(0) = pF(0); hence F(0)/p”F(0) is count-
able for all v.

Remark 2.8. Using the construction of Fj as a union U]—'ém) (cf. Remark 2.7)), one
can easily check that any element (f,) € Fy has the property that there exists an
integer p > 0 such that, for all p € S, f,, is a polynomial with Z,)—coefficients, of
degree < p*. Consequently, any element (f,) € F(n) has the following property:
for any integer v > 0 there exists an integer p > 0 such that, for all p & S, f, is
congruent mod p” in P(n)? to a polynomial with Z,—coeflicients, of degree < p*.

Remark 2.9. Let us note that the Composition axiom trivially implies that for any
(fp) € F(n) and any (g;), - (gl’}) € F(m) we have (fp(g}), ...,gl’})) € F(m). Now
for any polynomial u € P monic, of degree d, in x; we define
GusTy P — P
by letting ¢, (f),r.(f) be the quotient and the remainder when f is divided by
u. In other words ¢, (f),r.(f) are defined by the relations f = uq.(f) + ru(f),
deg., (ru(f)) < d. By continuity gy, 7, induce maps g, r, : A — A. We claim that
Gz, Tz, Send F into itself. By the Composition axiom it is enough to check this for
0z, - Let (fp(z1,...,20)) € F(n), u € P(n). By the Composition axiom
(fo(x1, 23, s Tpi1)22) € F.
By the Principal part axiom
(fplayt w2, oy wp)z1) ") € F.

But the latter family coincides with the family (g4, (fp)) and we are done. An
immediate consequence of this is that if (f,) € F(n), f, = > apri, ai €
P(n —1)7, then, for all i, we have (a;,) € F(n — 1).

Remark 2.10. Next, for £ > 1, we consider the usual partial derivative operators
Oy : P =P, Og.fi=7—.

By continuity we have induced maps
0z, t A— A

We claim that each d,, sends F into itself. (We call this the Differentiability
axiom.) It is sufficient to check this for kK = 1. Let (fp(z1,...,2n)) € F. Then by
the Composition axiom

((fp(m?) + X2, T4, "'71‘”-‘1—2) - fp(x37x47 ...,$n+2))$1) eF.
By the Principal part axiom
((fo(zo + 21,23, oy Ty 1) — FolT2, T3, ooy Tny1))y 1)) € F.

But the latter equals
((6371 fp)(x% T3y ey xn-}-l))
and we conclude by the Composition axiom again.

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



GEOMETRY OF FERMAT ADELES 909

Remark 2.11. For any n set

n

Bt 4t — (w1 + @)
5 .
Note that (Cp(z1,22)) € F because of the Fermat quotient axiom and the equality

Cp(l‘l, 1‘2) = (5;,;(331 + 332).
It follows, by the Differentiability axiom (Remark 2:10]above), that
(@57 = (w2 + 21)" ") = (62, (Cp(w2, 1)) € F.

Setting x5 = 0, by the Composition axiom, we get (x’ffl) € F, hence, in particular,

Cpn (:L'l, LEQ) =

(%) € F. By the Composition axiom we get (1:’1’) € F for all n. Also, in particular,
since (z) € F we obtain, using the last property in Remark 229 that the adele
which is 1 at one prime and 0 at all other primes belongs to F. (Indeed, if [ is a
fixed prime and ay, is the coefficient of 2! in 27, then ay, is either 1 or 0 according
as p = [ or p # l; on the other hand, by the last property in Remark 29, we
have (a;p) € F.) In particular any element in A with finite support is in F. This
immediately implies that the ideal A, of infinitely small adeles is contained in F.
As a consequence we claim that pA(0) N F(0) = pF(0). Indeed, if (f,) € A(0) and
(1) € F(0), then (5,(p,)) € F(0). But

— P P

5,(pf,) = PP

p
However (pP~!fP) is infinitely small, so (f,) € F(0). As a consequence of the
equality p.A(0) N F(0) = pF(0) one gets that if a > 0 and b > 1 are integers
such that p®/b € Z,) for all p ¢ S, then p®/b € F. In particular if s := qus q,
then Zg := Z[s~1] C F. Indeed we have p®*®/(a + b)! € F(0), hence p®(p?/b) =
p®*t?/b e F(0). Since p®/b € A(0) we conclude that p®/b € F(0).

Remark 2.12. We claim that (Cpn(x1,22)) € F for all n. Indeed this follows by
induction from the formula

Conts (21, 22) = "1 (Cplar, 22)"" + Cpr (ah + b, —(21 + 12)?) + Cpr (a4, 75

Ip —pp_lf}f-

together with Remark [ZTT] above. As one more consequence note that

pr—1

( Z i) e F.

i=0
Indeed, by the Composition axiom, it is enough to show that
(((x1 +1)P" =)yt € F.
The latter equals
(@ (w1 + 1P = 1))

and we conclude by Remarks [ZTT] and

Remark 2.13. Consider the multiplicative system 3(n) C P(n) of all elements in
P(n) which become invertible in the ring of Laurent series

Z[zy, ..., wn)((21)) = Llwa, ooy wn[[21]]for '],

Also set 3 := |JX(n). Then the ring of fractions R(n) := X(n)~!P(n) is a subring
of Z[za,...,x,]((x1)). Similarly R := S7'P is a subring of | Z[z2, ..., z,]((z1)).
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Note that ¥(n) is generated, as monoid, by x1, —1, and all polynomials of the form
1 —21Q, with @ € P(n). Consider the “principal part” operator h +— h~
R(n) — P(n)

that maps any h = > po_,axz} € R(n), where aj, € Z[za, ..., z,] into

d
h™ = Z a_ph.
k=0
Then, for any integer 1 < k < n, we have an induced “principal part” operator
Br : P(n) x R(n)* — P(n),

Bie(fyriy ooy mi) = (F(r1y ooy Thy Tkt 1y ooy Tn)) -
By continuity we get an operator
ﬂk : A X Rk — A

We claim that Bx(F x RF) C F. (We call this the generalized Principal part
axiom.) It is enough to check that G,(Fo(n) x R™) C F. Let (fp) € Fo(n) and
ri = Pay™(1 — 21Q;)7 Y, P, Q; € P(n). By Remark L8, there exists an integer
w such that deg(f,) < p*. Let v be an integer such that p” > m(p" + 1) and let
ri = Px{™s;, where

v

p
S; = Z(le")]
=0
Then it is easy to see that

(fp(rlv ey rn))i = (fp(rlla [x3) T:z))i'
The right-hand side of the above equality equals, however,

B(fp(eors Pi(w2, 23, .oy Ty 1) 27" 8i(22, T3, o0, Tg1), o))
and we conclude by the Principal part axiom, plus the last part of Remark
Remark 2.14. Assume u € P(n) is a monic polynomial, as in Remark Z3. Note
that we have the following link between ¢, : P(n) — P(n) and the principal part
operator 3 from Remark[2.13] Let u = xil—i—alfc‘f*l—i—...—i—ad, a1y .y @ € L[xa, ..., Ty
and set g = 1 + a121 + ... + agz?. Let f € P(n). Then we have

0u(f) = (“x“)

u(zyt, o, .y )

_ (f(xl_17x25 71"”)‘2:(11
g

We claim that the following “Euclidean division axiom” is satisfied: ¢,(F) C F
and r,(F) C F. Indeed, if (f,) € F(n), then

(FP) = (fp(xlv ~'~7xn)xn+1xn+2) S f(n + 2)

By continuity we still have

1 _
) :Bn+2(f(x1,...,xn)xn+1xn+2,x1 aan--memx(liag 1)'

qu(fp) = BYH-Q(Fpa xl_la T2y eeey Ty xtlia gil)
and we conclude by the generalized Principal part axiom in Remark[ZT3l This can
be slightly generalized as follows. For any polynomial v € Zg[zy, ..., 2,] monic in
x1 we denote by ¢y, 7, : A — A the maps induced by taking the quotient and the

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



GEOMETRY OF FERMAT ADELES 911

remainder in the division by u. It is an easy consequence of the Composition axiom
and the Euclidean division axiom above that if (f,) € F, then (qu(fp)), (ru(fp)) €
F. (A similar statement holds with « monic in any other variable.) Indeed the
Euclidean division axiom says our claim is true for the “generic case” when all
coefficients of u except the top one are indeterminates; then one specializes using
the composition axiom.

Remark 2.15. Let ¢ : A(m) — A(2m) be the ring homomorphism such that ¢(xy) =
(2} + papym) for all k = 1,...,m. By the Composition axiom and Remark 2.11]
¢(F) C F. We claim that for any n

<7¢n(m) — xfﬂ') ¥
p

For n = 1 this is trivial. In general we apply induction; if we apply ¢ to the latter
family we get
1 prtl prtl » n
¢ (1) — af ) — (2] +pr2)?
P p '
So it is enough, by the induction hypothesis and by the Composition axiom, to

show that
(x’f — (1 +p$2)p7L> € F.

p
But the latter equals

Cpn (21, pr2) — pp"*lxg’"

and we are done by Remarks 211l and
Remark 2.16. Consider the operator
Ziwy, 27t 2o, o tn1] — L1, 02,y oy 1], h R,
m m
3 st = Yot
k=—d k=0
(where ay, € Z[xa, ..., Zp—1]). By continuity we have an induced operator
Zplrvr, o7t 2oy oy 2 1]? — Zylxr, 22,y oy 21| P, b BT
We claim that if (f,(21, 29, 23, ..., ) is Fermat, then ((f,(z1 ", 21,22, ..., 2n_1))")
is also Fermat. Indeed
-1 -1 _
(fp(xl , L1, L2, "'7xn71))+ - (fp(xlvxl , L2, "'7xn71))

and we use the Principal part axiom.
Furthermore, assume (f,) € F(n). Then, we claim that for any positive integer

s
(xZV)LH fp(xla vy Tn—1, x;l))Jr
belongs to F(n). Indeed, by the Composition axiom and Remark 211l we get
(mgufp(m?ﬂ vy Tnt1,21)) € F(n+1)

and we conclude by applying the remark we just made and, again, the Composition
axiom.
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Remark 2.17. For any non-negative integer p let Qs Tyt A — A be the opera-
tors that send a family (f,) into the family of quotients (respectively remainders)
when f, is divided by x’l’“. We claim that these operators map F into itself. By
Remark 2.6 it is enough to check that this is so for the quotient operator Gyt - But

it (fp) € F(n), then, by Remark 2TT] (l‘]l)ufp(l‘g,l‘g, vy Tpy1)) € F. Now we are
done by Remark 2.16] noting that

qmi”"(fp(xh ,J?n)) = (xl_p“fp(xla "'7mn))+ = (gp(xl_lwxlal‘Q; "'7mn))+7

where g, (21, T2, T3, ..., Tpi1) i= :c’fﬂfp(:cg, ey Tl )-
In a similar way the corresponding operators Qurt s Tyt - A — A map F into F.
We claim now that, for any positive integers n and pu, and for any prime p, one
can find polynomials with integer coeflicients Ayp, ..., Anp in the variables x4, ..., zy
such that the families (A1p),...,(Anp) are Fermat, and such that

(21 4 oo+ 20)"" = Azt 4 .+ Ayt

Indeed, by Remark 111, ((x1 + ... + x,)™") is a Fermat family; divide it by x’fuy
with a remainder. Call the quotient A;, and divide the remainder by J;’Q’“. Continue
in this way; after n divisions one gets a remainder which is homogeneous of degree
np* and has degree < p* in each of the variables. So this remainder is zero and we
are done.

Remark 2.18. We shall repeatedly need the following fact which is a trivial conse-
quence of the p—adic closure axiom and of Remark 211} if 2 € S, then for any
sequence (agp), (asp), ... € F(m) we have

<Z anp]%) € F(m).
n=2 !

As one of the (many) applications of this, let ¢ : A(m) — A(2m) be as in Remark
2180 We claim that for any (f,) € F(m) we have

o(fp) — I3
— ] € 7.
< p : ) d

Indeed, if u is the m—tuple x1, ..., €, and y is the m—tuple x,, 41, ..., T2m, the p—th
component of the above equals

So(uP + py) = fp(w)? plI=t oty
p( p) p( ) _ pfp+ Z |[|! %ij(up)yl'
[7]>1
Here I are m—tuples of natural numbers, I! is the product of the factorials of the
components of I, and |I] is the sum of the components of I. We conclude by the
Fermat quotient axiom, the Differentiability axiom (Remark210Q), the Composition
axiom, and Remark 2.17]

Remark 2.19. One comment on the operator

dp + A(0) = H Zy, — H Zy, (ap) — (6pap), dpap =
pgS pgS

—aP
ap — ab
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considered above is in order. Thara [16] proposed to see the map

_aP
cl:Z—>1_[Fp7 a»—><a pa modp)

pgsS

as an analogue of diffentiation for integers and he proposed a series of conjectures
concerning the “zeroes” of the differential of an integer; these conjectures are com-
pletely open. The main difference between Ihara’s viewpoint and ours is that we
do not consider the reduction mod p of the Fermat quotients but the Fermat quo-
tients themselves. This allows the possibility of iterating our dp which leads to
the possibility of considering higher order “differential equations”; and indeed the
“differential equations” relevant to our theory will have order two! On the other
hand Thara’s operator d cannot be “a priori iterated”, at least if we accept a stan-
dard conjecture about Mersenne primes. Indeed Voloch proved [26] that if there
are infinitely many Mersenne primes, then there is no operator D : Z — Z which,
composed with the canonical projection Z — ng g Fp, yields Ihara’s operator d.

Remark 2.20. The analogue, for elliptic curves, of Euler’s congruence

(2.1) (%) =a"T mod (p)

is the formula

(2.2) N(p,a,b) = —Ap(a,b) mod (p),

where N(p,a,b) is the number of F,—points of the affine elliptic curve y? = 23
-1

ax +b (a,b € Z) and Apy(a,b) € Z is the coefficient of 27! in (2% + ax +b)"> .
Our main result on elliptic curves should be viewed as a lifting of congruence (2.2
to an equality in characteristic zero in same way in which our formula for the
Legendre symbol ([]) in the Introduction is a lifting of Euler’s congruence (2.1I)
to characteristic zero. Our formula for elliptic curves will be, however, far more
complex and far less explicit. Note also that our formula will be “geometric” in the
sense that it will hold for a, b integers in an arbitrary finite unramified extension of
Z,.

Remark 2.21. One could try, of course, a naive approach by first expressing N (p, a, b)
in Remark as

p—1 3
(2.3) N(pab)=p+1+3 (%ﬁ“’)

x=0

and then expressing (%) with the help of (IT)) in the Introduction. The re-
sulting expression for N(p, a,b) is not a priori a Fermat adele because, for instance,
the summation “symbol” Eg;(l) is not allowed in our “Fermat adelic language” and,
even “more importantly”, because formula (1) for (%) involves denomina-
tors which are powers of 2% + ax + b; for each a and b, there will be infinitely many
p’s such that these denominators will vanish for some x between 0 and p — 1. This

is something that we do not allow in our theory, and also makes this naive approach
“non-geometric”.
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Remark 2.22. Another naive approach to N(p, a,b) might be based on the formula
p—1 p—1
(24) N(p, a, b) =p +p71 Z Z C;)(yQ,z?)fasz)’
t=1 z,y=0
where (, is a primitive p—th root of unity. The right-hand side of this formula,
again, is not a priori a Fermat adele; both the summation symbol and actually ¢,
itself are not part of our “Fermat adelic language”, and, again, make this formula
“non-geometric”.

Remark 2.23. Tt is interesting to compare our theory with Dwork’s [10]; a discussion
on this subject is contained in the Appendix to [§]. One aspect, not mentioned in
[8], is the following. Dwork’s p—adic analytic “formula” for the trace of Frobenius
of an elliptic curve requires ordinary reduction; so if one keeps an elliptic curve
over Q fixed and one varies p, then Dwork’s “formula” only makes sense outside
the supersingular primes (which are infinitely many, by Elkies). On the contrary,
our “Fermat formula” will make sense for all (but finitely many) p’s. This is an
interesting contrast between Dwork’s theory and ours which deserves being under-
stood. Another interesting contrast is provided by the fact that the Teichmuller
liftt map appearing in Dwork’s formula is a “differential operator of order one” on
Z, (with respect to d,), whereas our “Fermat formula” in Theorem [24] below will
a priori have order two. On the other hand the Teichmuller lift operator, viewed as
a map on the completion of the maximum unramified extension of Z,, has “infinite
order” (it is a “pseudo differential operator”) so it will “transcend” the “Fermat
paradigm”.

Remark 2.24. Here is some preparation for the proof of Theorem 8. Let n > 2
be an integer, and let (¢p) € A(0), (Fp) € A(1) be defined as follows:

(p—1)!
(E5)!(p — 224!
¢p=01if p#£1 mod (n),

cp = if p=1 mod (n),

Fp:cpxlpT if p=1 mod (n),
F,=0if p#£1 mod (n).

We claim that (F},) is Fermat (and, hence, (c,) is also Fermat, by the Composition
axiom). This can be seen as follows. Set

i (p—1)!
cp,i o= (—1) h,

0<i<p.
Then
p—1 ‘
(3 cpalaz +m)'at ™) € F(2).
=1

Indeed the latter adele equals

(v al —d et n)ly (e m)

and the latter is in F(2) by Remark ZT1l By Remark one can divide by x; so

p—1
(Z Cp,i(w2 + xl)ixf“> € F(2).
i=1
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By the Composition axiom, replacing xo by m§71x3 — 1 we get

p—1
(Z cp,ix;("_l)xgx’flﬁ e F(3).
i=1

By Remark 216 the adele obtained from the previous adele by substituting x; —
xfl, To +— T1, T3 — T2, and dropping the monomials with negative exponents must

be in F(2); in other words
p—1
in—(p—=1) 4
Cp,iTy xy | € F(2).
i>p=1
Now by the Composition axiom we can set z; = 0 and then replace x2 by 21 to get
(Fp) € F(1).

Proof of Theorem Let F,, and ¢, be as in Remark 2:24] consider the standard
embedding Y = G,,, C A% a — (a,a™1), let g = (g9p) = (cp) and let f = (f,) €
A(3) be defined by
o0 pm
fo(w1, w9, 3) = Fp(an) | 1+ Z{l/n}mﬁxlﬁ zg' |,
m=1

where {2}, := z(x — 1)...(x —m +1). By Remarks 2:24]and 2.11], we have f,g € F
and clearly ¢, € Z) for all p=1 mod (n). On the other hand, for any R € Witt,
and any P € R* with coordinates (a,a~!) the quotient

fp(aa a_la 50’)
9p

is = mod (p) to a" and the n—power of this quotient clearly equals ¢(a)/a. This
concludes our proof.

3. FERMAT STRUCTURES: GENERAL THEORY

3.1. A family of ring homomorphisms (P(n)”? — P(m)T), p ¢ S, will be called a
Fermat family if the product map A(n) — A(m) maps F(n) into F(m). In order
for this to happen, it is enough (by the Composition axiom) that the variables
Z1, ..., T, be mapped into F(m).

Assume we are given a family (A,) of rings, indexed by p ¢ S; by a Fermat
structure on this family we shall understand a family of surjective ring homomor-
phisms (P(n)* — A,) (where n does not vary with p). Here F does not play any
role but it is convenient, for simplicity, to still call this structure Fermat. If we are
given a Fermat structure as above, then an element (a,) € [ ;5 Ap Will be called
a Fermat family if it lies in the image of

F(n) C A(n) — H Ap.
pES
Note that the image of the above ring homomorphism is not, a priori, p—adically
closed. A family in Hpg g Ap will be called formally Fermat if it is a p—adic limit
of Fermat families. Assume we are given two families of rings (A,) and (B,) each
equipped with Fermat structures, say (P(n)? — A,) and (P(m)"? — B,). A family
of ring homomorphisms (4, — B,) will be called Fermat (with respect to our

Fermat structures) if it is induced by a Fermat family of homomorphisms (P (n)* —
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P(m)?). (An important remark is here in order: if (A, — B,) is Fermat, and, for
each p, A, — B, is an isomorphism, it does not follow a priori that the family of
the inverses (B, — Ap) is Fermat.) Let FAlg denote the category whose objects
are families of rings (A,) equipped with a Fermat structure and whose morphisms
(Ap) — (Bp) are the Fermat families (4, — B,) of homomorphisms. Note that
if (4,), (Bp) and (Cp) have Fermat structures (P(n)? — A,), (P(m)" — By),
and (P(r)"? — Cp) respectively, and if (C, — A,), (C, — Bp) are Fermat families
of homomorphisms, then (Ap®chp) has a naturally induced Fermat structure
(P(m+n)? — Ay&c, By) called the product Fermat structure. Also if (4, — A7),
(B, — By), and (Cp, — C})) are Fermat families, so is (A,&¢, By — A;@C;Bé)). A
(trivial) example of objects of FAlg is the following. Let Alg denote the category
of finitely generated Zg—algebras. If A is an object of Alg and p ¢ S, then we
denote by AP the p—adic completion of A. For any A as above consider the family
(A"P). Any surjective homomorphism 7 : Zg[z1, ..., z,] — A induces, by passing to
p—adic completions, a Fermat structure on (A™?) hence an object of FAlg. Such
a Fermat structure will be called standard. If we replace m by another surjection,
then we obtain another object of FAlg, isomorphic in FAlg to the first one. (Note
that if an element (a,) € [[,45 A is a Fermat family with respect to a standard
Fermat structure, it is a Fermat family with respect to any other standard Fermat
structure.) On the other hand if we fix, for each A in Alg, a surjection 7 as above,
then we get a functor Alg — FAlg.

Non-trivial examples will appear when we consider p—jet spaces in the next
section.

In what follows we want to globalize the above notions. One could do this in a
“ringed space theoretic style” but this would introduce unnecessary complications;
we prefer to present the theory in a more ad hoc manner, for this is enough for all
applications we have in mind and is definitely more economical.

3.2. In what follows a formal scheme over Z, will always mean a formal scheme
locally isomorphic to the p—adic completion of a scheme of finite type over Z,. Let
(Xp) be a family indexed by p ¢ S, where each X, is a formal scheme over Z,.
Giving a Fermat structure on (X,) will mean, by definition, that:

1) One is given a partially ordered set (I, <).

2) For each p ¢ S one is given an affine open covering (X;()l))iel of X, such that
X,(,i) C X,gj) whenever ¢ < j.

3) For each i € I one is given a Fermat structure on the family ((’)(X,gz)))7 such
that for all ¢+ < j the family of restriction maps (O(X,gj)) — (’)(X,gi))) is Fermat
(i.e. it is a morphism in FAlg).

By abuse, we shall say that ((X,E”)ief) is a Fermat structure on (X,).

If I consists of one element only we say the Fermat structure is coarse. A coarse
structure can only exist, of course, if all the X,,’s are affine.

Assume now we are given two families of formal schemes (X,) and (Y,) with

Fermat structures ((Xz(f))ie]) and ((Yp(j))jej), respectively. Let
(mp : Xp — Yp)

be a family of morphisms of formal schemes. We say that this family is a Fermat
family if for any j € J there exists a subset I(j) C I with the property that for all
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p we have

w0 = U )
i€l(y)

and for all ¢ € I(j) the induced family of maps
(O(,7) = O(X)

is Fermat (i.e. it is a morphism in FAlg). A composition of two Fermat families
of morphisms is Fermat. We shall denote by FSch the category whose objects
are families (X,,) of formal schemes with Fermat structures and whose morphisms
(Xp) — (Y,) are Fermat families (X, — Y},) of morphisms.

Here are some (trivial but useful) examples/definitions. Non-trivial examples
will appear when we consider p—jet spaces in the next section.

First, let FScheoarse be the full subcategory of FSch whose objects are those
with coarse Fermat structure. Then there is a functor FAlg — FScheyqrse; it
associates to any object (A,) in FAlg the family (Spf A,) with the coarse Fermat
structure.

Another example can be constructed as follows. Let Sch denote the category of
schemes of finite type over Zg. Let X be an object of Sch. On the family (X7)
of the p—adic completions of X one can put the following Fermat structure called
the full Fermat structure. We take the index set I to be in bijection with the set
of all affine open subsets of X (for i € I we denote by X; C X the corresponding
open set), we let ¢ < j iff X; C X, we set Xz(f) := X,;"?, we choose isomorphisms
o;: Zs[T)/(f) =~ O(X;) (where T is a tuple of indeterminates and f is a tuple of
polynomials), and we put on (O(X;?)) = (O(X;)"?) the standard Fermat structure
defined by the surjection Zg[T] — O(X;). In this way (X"?) becomes an object
(Xp) fun in FSch. If we change the collection of isomorphisms (¢;) the new object
of FSch will be isomorphic to the original one. On the other hand, if for any X
we fix such a collection (o;), then we obtain a functor Sch — FSch.

(N.B. We have previously defined a functor Alg — FAlg and we also have
an obvious functor Alg — Sch; note however that the functor Alg — FAlg —
FSchipqrse — FSch is not isomorphic to Alg — Sch — FSch.)

Finally, another more general example that will play a role later is obtained by
considering an affine morphism of Zg—schemes of finite type 7 : X — Y’; put on
(X"P) the Fermat structure whose index set is the set J of all affine open sets Y;

of Y and whose open sets are XZ(,j ) = 7~1(Y;)P, with standard Fermat structure
on (O(r~1(Y;)?)). We get an object of FSch denoted by (X?);,q whose Fermat
structure we call induced from'Y via 7.

3.3. Let (Y},) be an object of FSch, i.e. a family of formal schemes equipped with
a Fermat structure ((Yp(]))jEJ); moreover, for each j, let (P(n;)* — O(Y}fj))) be

the defining Fermat structure on (O(Yp(j ))) Now let (X,) be a family of formal
schemes. We say that (X)) is closed in (Y}) if each X, is a closed formal subscheme
of Y,. If this is the case, then we can define the deduced Fermat structure on (X,)

by taking the same index set J and setting XZ(,j )= Yp(j ) NX, with Fermat structure
on (O(Yp(j) N X,)) defined by the surjections P(n,;)? — O(Yp(])) — (’)(Yp(]) NnX,).
Clearly, the family of embeddings (X, — Y,) is Fermat.
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Proposition 3.1. Assume that (Z,) and (Y},) are objects of FSch and (Z, — Y,)
is a morphism in FSch. Assume (Xp) is closed in (Y,) and view (X,) with its
deduced Fermat structure. Assume that for each p the morphism of formal schemes
Z, — 'Y, factors through a morphism of formal schemes Z, — X,,. Then (Z, — X))
is a Fermat family.

Proof. A trivial exercise. O
The next proposition deals with the “local character” of Fermat families.

Proposition 3.2. Let U be an integral affine scheme of finite type over Spec Zg,
with integral fibers, and dominating Spec Zg, and let (U;) be an affine open covering
of U. Then there exists a finite set of places S" containing S satisfying the following

property: if a family

(ay) € [T OW™)
PES
is such that for each i the image of (ap) in [],45 O(U;™") is a formally Fermat
family, then the image of (ap) in Hpng' O(U"?) is formally Fermat.

(Here (O(U;"P)) and (O(U"?)) are viewed with their standard Fermat structure.)
We stress the fact that S’ depends only on U and U; and not on (ap). It is not
clear if in the above proposition we may replace “formally Fermat” by “Fermat”.

To prove Proposition 3.2 we need the following lemma in commutative algebra:

Lemma 3.3. Let A be an integral domain, let p € A be a prime element, let
I C A be a prime ideal, not containing p, such that (I,p) is also prime, and let
g€ A, g& (I,p). Then, for any positive integer n, the map A/p"A — (A/p"A),
is injective and

I(A/p"A)g N (A/p"A) = I(A/p"A).

Proof. The injectivity of A/p"A — (A/p™A), is trivial. Now assume a € A is such
that its image in A/p™A belongs to I(A/p™A)y N (A/p"A) and let us prove that
the image of a in A/p™A lies in I(A/p™A). One can write

ag® = b+ p'c
with b € I, c € A, k > 0. In particular ag® € (I,p). Hence a € (I,p). Write
a=d+ pay,

del,a €A We get pajgh = (b— dg"*) + p™c. Tt follows that p divides b — dg*
which is in I. Since I is prime and does not contain p we have b — dg* = pb; with
by € I. Dividing by p we get

arg® = b +p" e
Now we can repeat the argument and find a sequence ao, ..., a,, such that
a1 =dy +pag,...;0p—1 =dp—1+DP0n, di,...,dp—1 € 1.
Hence we compute
a=d+pdy +p’dy+ ...+ p" ",y +p"a, € (I,p")
which closes the proof. O
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Proof of Proposition 3.2. Write U = Spec Zg[z]/I, x a tuple of indeterminates;
then I is prime and for each p ¢ S, we have p € IZ,[x], and (I, p)Z,)[z] is prime.
Cover each U; by affine open sets W which are principal in U; since the image of
(ap) in J[,zs O(W™) will be a formally Fermat family, we may assume that our
covering (U;) is finite (i € {1,...,m}) and all U; are principal in U. So we can write
U; = Spec (Zs[x]/I)gL = Zs[xayi]/(Ivgiyi - 1); where g1,..., gm € Zs[x] are such
that h1g1 + ... + hyngm = 1 — b with h; € Zg[z], b€ I. Set g = g1...9m € Zgz]. Let
S’ be a finite set of primes such that g & (I,p)Z,)[z] for all p ¢ S’. At this point
we may replace S by S’

Let a, be the image of some F,, = F,(x)
By hypothesis there exist Fip, Kip € Zplz, y;
for each ¢ and such that

(31) Fp(x) - zp CL‘ yz Z buczg glyi - 1)01 +pVKip(xa yz)

€ Z,[x]"" and fix a positive integer v.
I"? such that (Fjp) is a Fermat family

in the ring Z, [z, y;]"?, where b;j € I, ¢ij,¢; € Zp[z,y;]F. Set y; — 1/g; € (Zy[x]y)?
in equation (3.1); we get an equality in the ring (Z,[z],)"
(3:2) Fy(z) = Fiplw,9;") = Y bigéis + 0" Kip(, 9,71),

J
where &; € (Zp[z]y)"P. By Remark X8 there exists a positive integer p such that
each Fj, is congruent modulo p” to a polynomial in Z, [z, y;] of degree < p*. Hence
we can write, in the ring Z,[z, 2, 271]"? (where z is a variable),
(3.3) 2 By, 271) = 2700 (@, 271) 4 pr ),
where @Ez)

Applying the operator f — fT “with respect to z” (cf. Remark B.16]) to equation
(3.3) we get

(3.4) (27" Fyp(, 2 )T = 27" @ (2, 271) + p" ()T

is a polynomial of degree < p* in Z,[x, 2] and \I/i;) € Zpz,z, 271"

Set 1*:‘1-(;) = (2P Fip(x, 271)) 5 by Remark( ) is a Fermat family. Subtract-
ing equation (3.4) from equation (3.3) we get

(3.5) o (w27 = By +p 0,

where \i'gg) € Zplw, 2z, 27 1'P. Setting z — g; in the last equality we get an equation

yn

(3.6) ¢ Fopla,g7Y) = FY) 4 pr oy

in the ring (Z,[z]y)*, where Fi(py) € Z,[z]?, (Fz(;)) is a Fermat family (by the

Composition axiom), and \Ilg';) € (Zp[z]4)™?. Combining equations (3.1) and (3.6)
we get

(3.7) 3 Fy = FY 4+ p 0 + 3 el
J

where CE;), @(”) € (Zy[z]y)P. Let Ayp, ..., Ayp be as in the Remark [ZI7l In partic-
ular they are polynomlals in n variables with integer coefficients, they form Fermat
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families, and
n n

(3.8) 1 =0)"" = (O hig)™ =>_ Hipg?",
i=1 i=1

where H;p := A;p(haga, ...,hngn)hf“ € Zy)[z]. Clearly, (Hy,) are Fermat families.
Multiplying equation (3.7) by H;, and taking the sum over all i we get

(3.9) F, = F;EV) +pV@§JV) + Z ()],c§l’)7
J

where F,S”) € Z,[z]"? form a Fermat family, @é”) € (Zy[z]y)?, bj € I, and cgy) €
(Z,]x]4)"?. Consider the image of equation (3.9) via the surjection

(Zlel)” = (Zylala) "/ () = (%)

and denote by F), and F,ﬁ”) the images of F}, and F,g”) via this surjection. By Lemma
3.3 applied to A = Z,[z] we have

Z) 2] C( Zy) 2] ) |

P L [x] — \pYZL)lz]
F,,—Fé”e[( Zy) 2] ) m( Zp)[x] ):I< Zy) 2] )
p”Z(p)[:L'] g p”Z(p)[iL'] p”Z(p)[{E]
Consequently

Fy, - F;SV) € 1Zy[a]” + p"Zpla]™
and we are done since the image ag/) of FIEV) in O(U"?) is congruent modulo p” to
ap.
Proposition 3.4. Let u € Zg[x1, ..., z,] be a polynomial and let
U = Spec Zg[z1, ..., xn]/(u)

be the “hypersurface defined by w”. Then there exists a finite set of primes S’,
containing S, such that any formally Fermat family in [],q5 O(U™) is Fermat.

Proof. After a linear change of variables and after enlarging S to some S’ we may
assume v is monic in x,,. Now let (fp) € [[ 25 O(U™”) be a p—adic limit of Fermat

families (f{")) in this ring. Let (Fp), (F) e [1,¢s P(n)* be liftings of (f,), ( (1))
with (F{")) Fermat. We may write

F, =F") +p"H") +uG

for some H,S"’, Gé”) € P(n)?. To conclude apply, to the above equality, the endo-
morphism r, of P(n)"? that takes the remainder when a series is divided by u. By
Remark 2.14] we get that (r,,(F})) is Fermat, hence (f,) is Fermat. O

Next we will be concerned with residues of “Fermat” families of 1—forms. We
need some preparation.
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3.4. Let M be a Noetherian ring and let C'//M be a curve (by which we will mean
here a smooth projective morphism C — B = Spec M, of relative dimension one,
with connected fibers). Let I' C C' be a closed subscheme in C, and let V' C C be
an affine open subset containing I". Then V' will be called a prepared neighborhood
of I if it has the form V = Spec((M|[z,y]/(g))n), where g € Mlz,y], h € M|z],
such that, upon denoting W := Spec(M|z]p), the following conditions are satisfied:
1. g is monic in y (in particular V is finite over W), and
2. V is etale over W.
If I' = P above is the image of an M —point P € C(M) and if O € W (M) denotes
the M —point of W defined by x +— 0, we may, and will, assume that, in the
definition above, P — O via V(M) — W (M) and h(0) = 1; indeed, if P — O, then
h(0) is automatically invertible in M.

Lemma 3.5. Let C/M be a curve, where M =k is a field of characteristic zero,
let ' C C be a closed subscheme, and let U C C be an affine neighborhood of T in
C. Then there exists a prepared neighborhood V' of T contained in U.

Proof. This is a simple fact of projective geometry. Embed k into an algebraic
closure k of k and replace all schemes with their sets of k—rational points. Set
T = C\U. Embed C into a projective space and let 7 : C — C’ C P? be a
succession of projections with centers k—rational points. Let 7" be the union of
m(T) with the singular locus of C’. Then, upon choosing the projection points
suitably, we may assume that for any P € T" we have P’ := 7(P) ¢ T’ and C' — '
is birational. Choose projective coordinates X,Y, Z in P2, defined over k, such that,
denoting by Lx, Ly, Lz the lines defined by the vanishing of the corresponding
coordinates, we have m(I') N Lz = . Consider the affine coordinates z = X/Z,
y=Y/Z, and let g(x,y) = 0 be the affine equation of C’ in these coordinates, with
g having coefficients in k. For A\ € k set X3 = X — AY, 1 = £ — A\y. Then we can
write

9(x,y) = g(z1 + My, y) = g1(z1,9)

where g1 € k[x1,y]. Consider the projection ¢p: : C' — Lz of center P’ and let
Qx = (A:1:0). Also, for any morphism f between (possibly singular) curves
denote by Ram(f) the set of all k—rational points in the source curve where f is
not etale. Then for all except finitely many values of A the following conditions
hold:
1) The polynomlal g1 is monic in y,
2) Ram(p) N@p' (Qy) =0, for any P €T,
3) @) is not on the tangent to C’ at the point P’, for any P € T,
4) @) is not on any of the lines P’'Q’ for any P € T, Q' € T’ and
5) Qx is not on C".
Now consider the projection ¢ : C’ — Ly of center Q. The above properties imply
that:
a) P HY(P))NT =0 for any P €T, and
b) Ram () N~ t((P")) = 0 for any P € T.
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Define the following sets:
T" =y (Ram()UTHYU{(1:0:0)} C Ly,

W = Ly\T",
Vl _ C/\,lpfl(T/l) c C/,
V =xYV").

Note that the morphism V’ — W is finite and etale, while V' — V' is an isomor-
phism (because V' is non-singular). Finally note that ' C V C U. Now ¢ is given
in projective coordinates by (X,Y, Z) — (X — AY, Z) hence, in affine coordinates
by (z,y) — x — Ay = x1. Therefore V.~ V' — W is given by taking the tensor
product with & of an inclusion of rings k[z1]n, — (k[x1,]/(91))n, where h € k[x1]
is the polynomial whose roots in k are the z; —coordinates of the points in 7”. O

Corollary 3.6. Let C/M be a curve, let T' C C be a closed subscheme, and let U be
an affine neighborhood of T in C. Assume M is an integral domain of characteristic
zero. Then, after replacing Spec M by a Zariski open set of it, one can find a
prepared neighborhood of T' contained in U.

3.5. Let C/B be a curve, B = Spec M, let P € C(M) be an M—point on
it, assume V is a prepared neighborhood of P and assume M is an integral do-
main of characteristic zero. Let w € HO(V,Q¢ ) and n € O(V\P). Consider
Resp(nw), the residue of nw at P, which is a priori an element of the fraction
field of M. It will be important later to compute this residue as follows. Let
V = Spec(Mlz,y]/(9))n) and W := Spec(M][z]y) be as in Section 3.4 above;
hence V\P = Spec((M|z,y]/(g))zn). Assume 7 is given as the image, modulo g, of
an element f € (M|x], )[ ]. Since g is monic (say, of degree d) in y we can consider
the remainder r,(f) when f is divided by ¢ and write it in the form

ro(f) = fo+ fiy+ . + fao1y® L,

where f; € M[x]zn. Since V. — W is etale we may write w = udz, where u € M[z].
Let Tr: (M[z,y]/(9))xh — M|x].r be the trace map. Then

d—1
Tr(nw) =Tr(u Zfzyldx Zszr ))dx € Mx]zndx C M((x))dz.

The coefficient of 27 'dz in the above expression equals the usual residue
Reso(Tr(nw)). Since ¢ : V' — W is finite, by [23], p. 22, we have

Reso(Tr(nw)) Z Resg(nw),
Y(Q)=0

where Q runs through the set of all k—points of V mapped to O by 1, where k is
the algebraic closure of the fraction field k of M. However, since nw is regular on
VAP, the right-hand side of the above equality reduces to Resp(nw). Consequently
Resp(nw) is simply the coefficient of =1 in the sum

d—1
UZ fiTr(y") € M[x]en
=0

Note in particular that Resp(nw) belongs to M (and not merely to k).
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The above discussion generalizes, in an obvious way, to the case when M is a
product of integral domains (rather than an integral domain). This is the case, for
instance, when M is a smooth Z—algebra or some p—adic completion of a smooth
Z—algebra.

The construction above allows one to define Resp(iw) € M™ for any 7 €
O(V\P)?. (Here P denotes, as usual, the p—adic completion, and note that
such an 7 can have an “essential singularity” at P.) Indeed one takes a sequence
n¥) € O(V\P) converging p—adically to 7 and one defines Resp(fjw) as the p—adic
limit of the Resp(n“)w)’s. This definition is, of course, independent of the choice
of V.

Lemma 3.7. Assume M is a smooth Z—algebra, S is a finite set of primes, C/M
is a curve, P € C(M) is a point, V is a prepared neighborhood of P in C, w €
HO(V, Qcyar) is a regular 1—form on 'V and

(1) € [T oV \P)™”
PES

is a formally Fermat family outside S (with respect to the standard structure). Then
the family of residues

Resp(fjpw) € H M™P
pgS
is formally Fermat outside S.

Proof. Represent M as Z[t]/(v), where t is a tuple of indeterminates and v is a
tuple of polynomials. Also, let us borrow our notations from Section 3.5 above. By
hypothesis there exists a sequence of Fermat families

(5 € [T Zolt ey, 21
PES
whose image in [, O(V\P)"? (via the map z — (xh)~1) converges p—adically
to (np). Let 771(,'/) € O(V\P)? be the image of F,S”). Let rg : Zplt,z,y, 2" —
Z,[t,z,y, z]"" be the operator that takes the remainder in the division by ¢ (where

polynomials are viewed in the variable y). By Remark B.14], the family (rg(F,gV)))

is Fermat. Write
d—1

ro(FS) = Dy
i=0
where Fi(p") € Zy[t,z,z]"?. By Remark 29, the families (Fi(;)) are Fermat. Write
w = udz, with u the image of some U € Z[t, z,w] via w — h~1. Also let Tr(y’) €
M{z]p be images of ©; € Z[t, z, w]. Then, for each v, the family

d—1
(G (12,2, 0)) = (Ut 2,0) Y OF (1,2,2)00) € [] Zlt 2,2, 0]

i=0 pES
is Fermat. Let H € Z[t,z] be a lifting of h with H(t,0) = 1. Then, by Re-
marks and 213, the coefficient of 2! in (G,(f’) (t,z,(xH)™ 1, H=1)) is a Fer-
mat family in Hpes Z,[t]"P. By Section 3.5 above the latter family projects into
(ResP(ﬁ,(,y)w)) € Jl,gs M, hence this latter family is Fermat. It follows that
(Resp(ipw)) € [1,26 M is formally Fermat and our lemma is proved. O
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3.6. Let M be a Noetherian ring, let C/M be a curve, and let U = (U;);er be an
affine open covering. We say that U is prepared if:

1) For each ¢ € I the open set C\U; is the union of the images of a finite set
Z; C C(M) of M—points of C' and the points in Z := | J Z; are disjoint.

2) For any P € Z there exists a prepared neighborhood Vp of P contained in
(C\Z)U{P}.

In 1) above by the points of Z being disjoint we mean, of course, that the
images of the corresponding maps Spec M — C are disjoint. This being the case,
(C\Z)U{P} = C\(Z\{P}) is then an open set containing P. Corollary 3.6 implies
the following:

Corollary 3.8. Let C/M be a curve where M is an integral domain of character-
istic zero, and let U be an affine open covering of C. Then, after replacing Spec M
by a dense etale open set of it, U becomes prepared.

3.7. Let M be a smooth Z—algebra, let C/M be a curve, let U be an affine open
covering of C, and let w € H'(C, Qc/n) be a global 1—form. We need to review
the construction of the map

(,w): H(C® M Ocgnrr) — M
induced by Serre duality and to consider a similar map
(,w): H(U,Oc») — MP

in case we have a prepared covering i = (U;) of C' (which we also view as a covering
of C ® M and of C'?). Let Z and Vp be as in Section 3.6 above. Let us fix an
index jo. Moreover, for any point P € Z choose an index ip such that P € U;,,.

For any cocycle (n;;) € Z'(U, Ocgm-r), nij € O(U;j) @ MP, representing a class
n€ HYC ® M, Ocgarr) one defines the Serre pairing

(n,w) = Z Resp(Nipjow) € MP.
Pez

Of course, changing jo, as well as changing the choice P — ip, does not change the
value of the above expression.

Similarly assume (7;;) € Z*(U,Oc») is a cocycle, 7;; € O(U;;)"F; we define,
using Section 3.5,

((ij),w) = > Resp(iipjow) € MP.
Pez

We claim that the two definitions are compatible in the following sense. First

there is a canonical homomorphism

(%) Z*U,Oc») — HY(C @ M, Ocgnr)

which can be described as follows. If (7;;) € Z*(U,Oc»), then (7;;) induces a
compatible system of cocycles in Z1(U, Ocenr /(»)), hence a compatible system of
classes in HY(C'® M/(p”),0), hence, a class n € H'(C @ M"?,0). Our claim is
that

(n,w) = ((7i5), w)-
Indeed, if 7 is represented by 7;; € Z'(U, Ocgn-r), then for all v we must have

Nij — Nij = fi(u) - f;u) +pygz(;)
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in O(U;;)?, where fi(") € O(U;) and gl(;) € O(U;;)P. We conclude that

(n,w) = ((9ij),w) € pP"M""
for all v and our claim is checked. By the way, the kernel of the homomorphism

(%) above is the group of coboundaries B! (U, Oc-r); to see this use the surjectivity
of the maps

HO(C® M/(p"*"),0) — H(C ® M/(p"),0).

The following is an immediate consequence of Section 3.7 and Lemma 3.7:

Corollary 3.9. Let S be a finite set of primes and let M be a smooth Zg— algebra.
Let C/M be a curve, let U = (U;) be a prepared affine open covering of C, and let
w e H(C, Q¢ ) be a global 1—form. For eachp & S let (fiijp)i; € Z' (U, Oc-r) be
a cocycle and let n, € HY(C @ M, Ocgn-») be its image. Assume that for each
i,j the family
(ijp)p € H o))"
pgS
is formally Fermat. Then the family

((np,w)) € T[] M7

pgsS

is formally Fermat.

Sometimes, upon enlarging S, we may conclude that ((r,,w)) is Fermat. One
such case is given by Proposition 3.4. Another useful instance is given by the
following:

Proposition 3.10. Let S be a finite set of primes and let U and V' be affine smooth
schemes over Z. Let V. — U be a dominant, generically finite morphism and let
t be a finite family of indeterminates. Then there exists a finite set of primes S’
containing S and a non-empty Zariski open set U' C U with the following property.
Let (fp) € Il,gs OW)[H™" be such that the image of (fy) in [[,qs O(V)[t] is
formally Fermat; then the image of (fy) in [[,¢5 OU")[H]™" in Fermat.

Proof. Case 1: V. = U. We may assume M := OU) = (Zg[zr,y]/(9))n =
Zslx,y,w]/(g,wh — 1), where x = {x1,...,2n}, g € Zg[z,y] is monic in y, and
h € Zg|x]. By enlarging S we may assume, by Proposition 3.4, that any formally
Fermat family in [],o5(Zs[z,t]n)™" is Fermat. Now let

(fp) € [T MmH?
pES
be formally Fermat. So if F, € Z,[z,y,w,t|"" are liftings of f,,, then there ex-
ist Fermat families (F,EV)) € [l,¢s Zplz,y, w,1]"" and elements Hpu), [(,V),Lg,") €
Z,|z,y,w,t]"? such that
EY) —F,=H g+ K" (wh — 1)+ p”L.

Applying the operator rg : Z,[z,y, w,t]'”? — Zp[z,y, w,t]”? induced by taking re-
mainders when division by g is performed (where g is viewed as polynomial in y)
we obtain

(+) rg(ES)) = 14(Fy) = rg(K{) (wh — 1) + p*rg (L),
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By Remark 2:14] (rg(F,gV))) is still Fermat. Write

d—1
F(” Zawp (z,w, b)Yy, rg(Fp) = Zaip(x,w,t)y
i=0

By Remark[2Z14] again, we get that, for each ¢, the family (ayip(z,w,t)) is Fermat.
Picking out coefficients of 4 in (x) and then setting w +— 1/h we get that the family
(aip(z,1/h,t)) € [1,g5(Z[z,t]n)"" is formally Fermat, hence Fermat. We conclude

that f, = Zf;ol aip(z, 1/h, t)yt € [L,¢s((Z]z,y,t]/(g))n)” is Fermat and we are
done.

Case 2: V arbitrary. We may assume U = Spec M, V = Spec N, N :=
M]{z]/(f), where f € M]z] is a monic polynomial of degree d in one variable z.
Write M = Z[s]/I, N = Z[s,z]/(I, F), where s is a tuple of variables, I is some
ideal, and F is a monic polynomial in z of degree d mapping to f. Let (f,) be as
in the statement of the proposition. We will show that (f,) is a formally Fermat
family in HpgSM [t]"P; in view of Case 1 in our proof this will close the proof
of our proposition. Now we know that (f,) is a p—adic limit of families ( ZS”)),

1(,”) € N[t]"" with f,S”’ the image of some FZEV) € Zy[s, z,t]"?, such that (FZEV))
is a Fermat family. By Remark B-T4l we may assume FZEV) = Z?:_()l Fﬁzi, where
F('f) € Z,[s,t]"?. By Remark [2.9 the families (Fé:)) are Fermat, for all 4 and v.

Let f(y) € M[t]"? be the image of FZEZ). We claim that, for each v, (f;()uo)) converge
P— adlcally to ( fp) and this will close our proof. To check our claim note that

1(,”) = Z f(”) Since

d—1
(7 = 1) = (o = )+ Q137 =)
i=1
converges p—adically to (0) and N[t]'P is a free M[t]"" —module with basis 1, z, ...,
2471 it follows that ( f ") — fp) converges p—adically to (0). O

4. FERMAT STRUCTURE ON FAMILIES OF p—JET SPACES

4.1. Let us quickly review the theory of p—jet spaces, as developed in [5], [8]. In
what follows p is any prime integer. By a p—derivation § : A — B from a ring A
into an A—algebra B we understand a map satisfying

5(z +y) = bz + 0y + Cp(x,y),
d(zy) = 2Pdy + yPdx + pdxdy,

where Cp(X,Y) := (XP+Y? —(X+Y)P)/p € Z[X,Y]. If 0 is a p—derivation, then
the map ¢ : A — B, ¢(z) := 2P + pdz is a ring homomorphism. By a prolongation
sequence we understand a sequence of rings M™, n = 1,2, 3, ..., such that each M"*!
is a M™—algebra and such that one is given p—derivations §, : M™ — M"*+! each
0, prolonging the previous d,_1. (By abuse we denote all §,, by J.) Prolongation
sequences form, in an obvious way, a category. Denote by Prol, the full subcategory
whose objects are the prolongation sequences M* for which M™ are Noetherian,
p—adically complete, and flat over Z,. An example of an object in Prol, that will
play a key role later is the following.
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Recall that for any prime p we denoted by Witt,, the class of all complete discrete
valuation rings whose maximal ideal is generated by p and whose residue field is
perfect; for any R € Witt, we denoted by ¢ : R — R the unique lifting of the
p—power Frobenius on the residue field and we defined 6 : R — R by the formula
dz := (¢(x) — aP)/p, € R. The sequence R* with R™ := R and p—derivations as
above is a prolongation sequence R* € Prol,,.

For any p—adically complete ring M? let FSchjo be the full subcategory of
the category of formal schemes over Spf M whose objects are the formal schemes
which are locally p—adic completions of schemes of finite type over M°. Given any
M* € Prol,, the theory in [5], [8] provides functors

FSchj0 — FSchyr, X — J7(X,M*),

where J"(X, M*) is the “p—jet space of X of order r” relative to M*. Let us
briefly recall their construction. First, if T is the set of variables T1,..., Ty, and
T',T",..,T") ... are new sets of N variables, one defines operators

¢,6: MT[T,T', ... TV — M T, T, TP
by the formulae

o(f) = fO(TP + pT’,(T")? + pT”, ..., TP 4 pT ),

e
p
where f? is obtained from f by acting with ¢ on the coefficients. (N.B. If M® = Z,,,
then this J is entirely different from the J,, defined in Section 2.2; on the other hand
§ can be expressed in terms of 6,7y, 077,07y, ... as in Remark 2.18)
Now if X is affine, equal, say, to Spf MO°[T]"?/(f) for some tuple f of elements
of MO[T]"?, then one sets

JN(X, M*) = Spf M"[T,T', ... TV /(f,6f, ... 0" f).

The latter affine formal scheme depends “functorially” on X and the construction
X — J"(X,M*), for affine X, behaves “well” under localization to the effect that
this construction extends to a functor FSchj;0 — FSchjs~. This functor commutes
(in the obvious sense) with open immersions and products. If = 0 this functor is
the identity.

A special case of this construction is the following. We let R € Witt,, let
R* € Prol, be the associated prolongation sequence, let B be a smooth affine
scheme over R, and let M" := O(J"(B)). Then M* has a natural structure of
prolongation sequence in Prol, and, for any smooth scheme X/B, we have natural
identifications

JN(X, M*) ~ J"(X,R").
Also, if X = Xpg is an object in FSchr we simply write J*(Xg) instead of
J*(Xg, RY).
Finally, note that for any morphism R — R’ in Witt,, any Xp € FSchy and

any morphism P : Spf R’ — Xg over R, there are natural liftings P, : Spf R —
J"(XR); in affine coordinates, if P is defined by T; +— a;, then P, will be defined

by Ti(j) — (5jai.
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4.2. For a quick, but systematic, discussion of the functorial aspects of Section
4.1 above we refer to the first section of [8]. (It is shown there that all constructed
objects represent appropriate functors.) All we need to know here is that if we have
a morphism

X = Spf MO[TT?/(f) — X = Spf M°[T)?/(f)
sending the tuple 7 mod (f) into a tuple F mod (f), where F is a tuple of elements
in MO[T]"”, then the induced map J"(X) — J"(X) sends the tuples

T,.., T mod (f)

into the tuples
8F,....6"F mod (f,0f,....6"f).

In particular we have the following specialization principle. Let R — R’ be a
morphism in Witt, and let f : Xp — Yr be a morphisms in FSchgr and P :
Spf R’ — Yg be a point; let Zr := Xg Xy, Spf R’ be the pull back of Xg via P,
let P : Spf R’ — J"(YR) be the natural lifting of P, and let f, : J"(Xg) — J"(YR)
be the map induced by f. Then J"(Zg/) is isomorphic to the pull back of J"(Xg)
via P,.

From now on, until the end of the paper, we shall assume that S is a finite set
of primes containing 2. In Section 6 we shall actually strengthen this condition by
insisting that S also contains 3.

4.3. Let X be any scheme of finite type over Zg, i.e. an object of Sch. We can
consider the family of its p—jet spaces of a given order (J"(X?)). We put on this
family a Fermat structure, called the full Fermat structure, as follows. First we
let the index set I be in bijection with the set of all affine open subsets of X (as
before, for i € I, we denote by X; C X the corresponding open set and we let i < j
iff X; € X;). Then, for each p, we set J" (X)) := J"(X;"?) (by compatibility
of p—jets with open immersions, the latter is simply the pull-back of X;* via
the projection J"(X?) — XP). Finally, for each i, we choose an isomorphism
o Zg[T)/(f) ~ O(X;) (where T is an N— tuple of indeterminates and f is a tuple
of polynomials), and we put on (O(J"(X;"?))) the Fermat structure defined by the
surjections

P(N(r+1)? ~ Z,[T,T',....TM]? = OJ"(X;"P))

induced from Section 4.1. We get in this way an object of FSch. If one changes
the collection of isomorphisms (o;) one obtains a new object of FSch, isomorphic
to the original one.

Note that by Remark (here we are using the fact that 2 € S) and by the
Composition axiom, if (f,) € F(N(r + 1)), then (6fp) € F(N(r + 2)) and so we
also have (¢fp) € F(N(r + 2)).

If we are given a morphism of Zg—schemes of finite type X — Y, then one
checks immediately, using Section 4.2, that the induced family

(J"(XP) = J"(YP))
is a Fermat family, hence it gives a morphism in FSch. Note also that the natural
families of projections (J"t1(X?) — J"(X?)) are morphisms in FSch.
Once we fix, for each X in Sch, a collection of isomorphisms (o;) as above one

gets a functor
Sch — FSch, X — (J"(X?)) fuu-
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For r = 0 this is the functor in Section 3.2. The index full indicates that we
are considering the full Fermat structures. On the other hand if X is affine, then
the construction above gives a Fermat structure on O(J"(X ")), hence an object
(Jr (XAp))coarse of -T'.SChcoarse“

We will often consider the following situation. Let X — B be a morphism in
Sch with B affine. Then, on the family (Y, = X? xp-» J"(B")) we may consider
the following Fermat structure (called induced from X and denoted by (Yp)ind,x)-
The index set I is in bijection with the set of all open affine subsets X; of X, and
for all i € I we let Yp(z) = X;"? xp~» J"(B"P) have its ring of functions be equipped
with the product Fermat structure. (Of course, if B = Spec Zg, then Y, = XT.)
More generally, in a similar way, if Z is an affine scheme in Sch one can consider
the Fermat structure (Y, X Z);nq,x induced from X.

Recall from [5] that for any r and any formal scheme Xpg, smooth over R €
Witt,, the projection J"(Xgr) — Xpg is locally, in the Zariski topology, a trivial
bundle with fiber (A™")*?, the completion of the affine space of dimension nr, where
n is the relative dimension of Xr/R. (Here a formal scheme over R is called smooth
if it is locally obtained by p—adically completing a smooth scheme over R. More
generally a morphism of formal schemes will be called smooth if it is the p—adic
completion of a smooth morphism of schemes of finite type over R.) Moreover these
bundles for various r’s are compatible with each other in the obvious sense.

The following more precise statement follows from [5], p. 317, and will be needed.
Assume M* € Prol, and let U be a smooth scheme over M°. By etale coordinates
on U/M?° we understand here an m—tuple of elements of O(U) such that the induced
map U — AT, is etale. Then the following holds: if U/M 9 admits etale coordinates
1y, then JT(T]', M*) is naturally isomorphic to U Xspf mo Spf M" x A™ such that
the coordinates on A™" are given by dy, ..., y.

In what follows we want to show that the above “local trivialisations” can be
made “Fermat”.

Let U — B be a smooth morphism of smooth affine schemes over Zg. We say
that U/B has special etale coordinates if

O(B) = Zs[T1, ..., Tw]/(9),
OW) = (Zs[T1, s Tns1l/(9, [))or/0T0s1)0

where g is a tuple of polynomials in Zg[Ty,...,T),], and f,G are polynomials in
Zg[Ty,...,Thy1]. The images of Tyyq1, ..., Ty, in the ring above will be called the
special etale coordinates in this representation. (Our special etale coordinates are,
of course, directly related to the special affine varieties of Monski-Washnitzer [21].)

If B is integral and X/B is any smooth scheme over B, then, after replacing B
by a non-empty affine open set of it, X can be covered with affine open sets X; such
that, for each 4, X;/B has special etale coordinates. (This follows, for instance, by
combining the various results in [4], Chapter 2.)

We will prove the following:

Proposition 4.1. Let U/B have special etale coordinates as above. Let'Y, =
UP xp» J(B?). Then we have the following isomorphisms in FSch:

1) (J7(UP)) pun = (Yp x (A7) Ping i over (Yy)ina,u-

2) (JT(UA;D))coarse = (Yp X (Ar(nim))Ap)coarse over (Y;o)coarse-
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To prove the proposition we need some preparation.
Lemma 4.2. Let xq, ..., x4, u, w,v be indeterminates and consider the polynomial
O(z,u,v) = xo + 21U + vr2u® + ... + vEgud € Lz, U, 0],

where x is the d + 1—tuple xq,...,xq. Then there exists a power series Wy =
U(z,w,v) € Zxz,w][[v]] such that

Oz, Uz, 27", v),v) =0
in the ring Zlz, 1 ][[v]].
Proof. Standard, in the style of Hensel’s Lemma. O

Lemma 4.3. For any f € Z,[T], where T is a tuple of variables (T;), the following

formula holds in the ring Z,[T,T’, ...,T(T)]:
0w _ < af )
or") IT;
Proof. An easy exercise; or use Lemma 2.3 in [6], p.361, plus induction. O

Proof of Proposition 4.1. Write

OW) =Zs[Th, ..., i1, Tnt2]/(9, [, 1 = Tnt2G(Of /0T 41))

(cf. the paragraph before the statement of Proposition 4.1). Let ¢ denote the tuple
Ti1,...,T,. Then, for ¢ > 1, one can check by induction that one can write

d
0 f =3 ayp TP, aip € Zolt,t ot Ty Th g, TV,
§=0

where d is the degree of f in T,.1. Since, for each i, (6'f) is a Fermat family, it
follows that for each i, (aiop) is a Fermat family. By Lemma 4.3 we have

s
ilp — aTnJrl ‘Tysﬁl:() .

On the other hand we claim that we have

(0 N [ oF N\
¢ <8Tn+1> B (8Tn+1> +Psz,

where (D;p) is a Fermat family. Indeed, it follows from Remark that we can
write an equation as above where D;), is obtained from a Fermat family in F by
substituting the variables by

of s(_9f si( 97\,
aTnJrl, aTnJrl T aTnJrl 7

this proves our claim. Setting Tr(gl = 0 in the last equation and using the Compo-
sition axiom we get that

ar \"
ilp = d;
i (8Tn+1 ) e
with (d;,) a Fermat family. On the other hand one sees by induction on ¢ that for
all > 1 and all j > 2 we have that a;;, = pb;jp with (b;jp) a Fermat family.
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The same arguments as above applied to 1 — Ty, 12(df /dT,+1)G in place of f and
T, +2 in place of T}, 1 show that

(1 = T2 (0f /0T 41)G) = iy + [(0f /0T 31)? G¥ + pBip| T,

where «;;,, Bip do not depend on T,(QQ and form Fermat families.

Let T denote the tuple 11, ..., T,,+1 and T denote the tuple T, ..., T, +2. We shall
define a Fermat family of isomorphisms between the family of rings

OF Z,[T, ..., TP /(5g, 6 f,6°(1 — Tpi2(df /0T ns1)G)
and the family of rings
(**)G Z;D[Ta t/a '~'7t(r)]Ap/(5igv fv 1- Tn+2(af/aTn+1)G)a

where 7 above runs through 0, ..., 7. This will, of course, close the proof of statement
2) in the proposition.

There is an obvious Fermat family of morphisms (x%)g — (%)g given by T—T,
t(® — ¢ and it is easy to see that these are ring isomorphisms. What is not clear
a priori is that the inverse morphisms (x)g — (**)g form a Fermat family. We
shall explicitly provide a Fermat inverse. Let ¥ be the series in Lemma 4.2. Then
we define morphisms from (x)g — (¥%)g by sending T +— T, Tj, 12 — Ty 42 and, for

> 1:
0 .
. it
Ty —aip Y (=1Yp 3, TG,
=0
T,(fll = W(aiop, Gi1ps bizp, - Didps Nip, D)
where
) ) )
o = S T
j=0

(Of course these formulae are obtained by “solving the equations §°f = 0 and
§'(1 — T42(0f /0T, +1)G) = 07 for the variables T,(L:)_l and TY(L:)FQ, respectively.)
Obviously the homomorphisms we defined form Fermat families, and our proof of
assertion 2) in Proposition 4.1 is concluded.

To check assertion 1) in Proposition 4.1 we need to prove that the induced family
of morphisms (J"(U™?) — (Y, x (A"™=™))"P) as well as their inverses are Fermat
families, when one considers the full Fermat structures. It is enough to check
that for any H € ZS[T] we have an isomorphism between the corresponding rings
(*)em and (#%)gm compatible with ()¢ ~ (#*)g. Since G in our discussion was
completely arbitrary we could replace G by GH everywhere and get the desired
isomorphism. Compatibility with (%) =~ (%) is also clear. This closes the proof
of Proposition 4.1.

4.4. As the proof of Proposition 4.1 shows, if 7 = (T},41, ..., T1,) give special etale
coordinates on U in some representation, then the isomorphism (x)g in Proposition
4.1 can be arranged to send 7/, ..., 7(") into the coordinate functions on (A"(”*m))Ap.
There is, of course, only one family of isomorphisms as in Proposition 4.1 satisfying
this additional property; we call this unique family the canonical trivialisation of
(J"(U?)) attached to the special etale coordinates on U. On the other hand the
isomorphisms in Proposition 4.1 constructed for various r’s will be compatible with
each other in the obvious sense.
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The statement of Proposition 4.1 immediately suggests the following general
questions. First: does an isomorphism in FSch between objects with full Fer-
mat structures imply (under certain conditions) an isomorphism for coarse Fermat
structures? Second: is the converse (sometimes) true? Proposition 3.2 should be
viewed as dealing, in a quite special case, with the first question, for Proposition
3.2 is really about Fermat families of morphisms to ((A!)?). As to the second
question one can also prove results in special cases which will play a role later; this
will be explained in what follows.

Let U = Spec A be an affine scheme of finite type over Zg and assume we are
given a morphism (m,) : (X,) — (U?) in FSch where all X, are affine and (U"?)
is viewed with its full Fermat structure. We say that (X,,) is affine over (U'?) if
the index set for (X,,) coincides as an ordered set with the index set I for (U"P)
(i.e. with the set of affine open sets of U), and for any affine open set U; C U we

have X,gi) = 7, '(U;""). Note that if this is the case, then (O(X})) comes with a
Fermat structure, so we can also equip (X,) with a coarse Fermat structure to get
an object (X,)coarse I FScheogrse-

Now assume (X,,) is affine over (U?). Then for any principal open set U; =
Spec Ay of U we have a natural isomorphism
(%) O(X") = O(m,  (U™)) — (O(Xp)f)"
Now (O(X,gi))) comes with a Fermat structure (by the definition of a Fermat struc-
ture on (X,)). On the other hand ((O(X,)¢)”) has a Fermat structure naturally
induced from the Fermat structure

() P(n)" — O(X,)
by considering the lifting of (xx) to surjections
(% %) Pn+1)" = (O(Xp)f)™", ant1—1/f.

We will say that (X,) is principal over (U'P) if (it is affine over (U'?) and) the
family of isomorphisms (%) as well as the family of their inverses are Fermat (with
respect to the two Fermat structures described above).

Note that if X — U is an affine morphism in Sch, then (X?);,q (where ind
means “Fermat structure induced from U”) is principal over (U™P).

Proposition 4.4. Assume U — V is a morphism in Sch. Assume (X,) and (Y})
are principal over (U'P) and (V'P), respectively, and assume we have a morphism

(Xp)coarse - (Yp)coarse

in FScheogrse, compatible with U — V. Then we have induced morphisms
(Xlgi))coarse - (Yp(j))coarse

in FScheoarse for all principal open subsets Uy C U, V; C V' such that U; is mapped
into V. Consequently we have an induced morphism in FSch

(Xp) = (Yp).
Proof. A trivial exercise. O

Proposition 4.5. 1) Let U be an affine scheme of finite type over Zg. Then
(J™(U"P)) is principal over (UP).
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2) Let U — B be a morphism of affine schemes in Sch. Then
(UP xg» J(B?))ind.u
is principal over (UP).
Proof. Assertion 2) is trivial. To prove assertion 1 write U = Spec Zg[T]/(f),

where T = {T1,...,Tn } is an N—tuple of variables and f is a tuple of polynomials.
Let U; be the principal open set of U defined by some G € Zg[T], hence

OU;) = Zs[T, Ty 1]/ (f, Tn+1G = 1).
We must prove that there is a Fermat family of isomorphisms (o) from
Zp[Ta ey T(T)v TNJrl; ey T](\ZQJ)rl]Ap/((sifa 51(TN+1G - 1), 0<:< T)

to
Zy[T, .., T Ty ] 7/ (6f, Ty n G = 1,0 < i <)
with respect to the Fermat structures obtained by mapping the numerators of the

rings above into those rings such that the family (o 1) is also Fermat. This can

be done by looking back at the proof of Proposition 4.1 were the necessary Fermat
families of series were actually already constructed. O

By the last two propositions we get:

Corollary 4.6. Let U — B be a morphism of affine schemes in Sch and assume
one has a section

(UP xp» J(B7"))coarse = (J"(U™))coarse
i FScheoarse of the natural projection. Then there is an induced morphism
(U xpe J(B*))ina,u — (J"(U™)) pun
in FSch and also morphisms
(Ui xg» J"(B™?))coarse = (J"(Ui™))coarse
in FScheoarse for all affine principal open sets U; C U.

4.5. Here is a consequence of Corollary 4.6. Let U — B be as in Corollary 4.6 and
let

(ap)a (ﬁp) : (UAp XBp JT(BAP))coarse - (JT(UAP))coarse
be sections in FSch “over B”. Then, by the discussion in Section 3.1 about tensor
products, there is an induced morphism

(ap X Bp) : (UP xp» U? xp» J(B?"))coarse = (J (U)X yrgry J(U?))coarse-

Since J"(U™") X jrgry JTI(U™?) = J"((U xp U)™?), it follows from Corollary 4.6
that we get an induced morphism

(U xpU)? xpr J(B?))inauxzu = (J* (U x5 U)™")) fun-
We will need the following variant of Proposition 4.1:

Proposition 4.7. Let M be a finitely generated Zs—algebra and
B = Spec M, U = Spec M[z,y]/(f),

where [ is a polynomial in two variables, of degree d, such that

af af\
(50 5) -
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Then, for any r, there is a section in FSch
(UAp XB-p JT(BAP))coarse - (JT(UAP))coarse
of the natural projection.
Note that, unlike in Proposition 4.1, we do not assume there are special etale
coordinates on U. The existence, for each p, of a section was noted by Hurlburt [15];

what Proposition 4.7 says is that one can choose these sections to form “Fermat
families”. We need the following:

Lemma 4.8. Let xg, %1, T2, Tij, U1, Uz, S1, S2, W, v be indeterminates (where 2 <
i1+ 7 <d, i,j >0) and consider the polynomial
d . .
D(x,u,v) = g + z1u1 + To2us + v - Z zijuiud € Zlz, u,v)
i+j=0
(where x is the tuple (xo, 21,2, xi;) and u = (u1,u2)). Then there exists a pair
U = (P14, Vaq) of series
Vg = \I/id(xvsla SQ,U),U) € Z[{E, 51, SQ,U)][[UH, 1=1,2,
such that
@({E, \I/(xv S1, S2, (slxl + ngg)_l, ’U), ’U) =0
in the ring Z[z, s1, 82, (s121 + s2x2) "] [[v]].

Proof. Standard, in the style of Hensel’s lemma. O

Proof of Proposition 4.7. Let M = Zg][t]/(g), where t is a tuple of variables and g
is a tuple of polynomials. If d is the degree of f, then, as in the proof of Proposition
4.1, one can write, for all k < r,

d
8% f = aorp + arrpr™ + azpy™ +p Z ijp () (yB))7
i+j=2

with aokp, G1kp, A2kp, Cijkp € Zplt, x, Y, ey t 1) g (b=1) Ly (B=1) 4 (0)]°P forming, as p
varies, Fermat families. As in Proposition 4.1 one finds that

ar\"
alkp:<%> + pdigp,

a p
Akp = <8_£> + pdagp,

where (dixp) and (dagp) are Fermat families. Write

of of
hi=—+ho=—+hf=1
15, + h2 2y +hf
with hi, ho, h € Zg[t, z,y]. By Remark [ZT7 there exist Fermat families (A1x,) and
(Azgp) of polynomials in x1, ze with Z—coeflicients such that

2 k k k
(:L'l + {EQ) P = Alkpxilf + Agkpxg .

. p* p*
(1—hf)?r = Hipyp (%) + Hopp (%) ,

We then have
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where

oA OF 5 Of vk
H'Lkp - Azkp(hl 8x7h2 8y)hz , = 172a

are obviously Fermat families. Denote by ay, the tuple

(aOkp; Q1kp, A2kp, aijkp)-

Let U; be the series defined in Lemma 4.8. Then we may consider the Fermat
family of ring homomorphisms

Zp[t’ x?y7 "'7t(r)7x(r)’ y(r)]/\p/(g7 697 A 6”’97 f7 6f7 A 5rf)
— Zplt,z,y,t', ...,t(”")]Ap/(g,(Sg7 s 0"g, )
defined by t®) — t0) | z+— z, y — y and
2 ®) s U4 (arp, Hikp, Horp, Okps D),
y®) s Woy(any, Hikp, Hokps Okp, D),

where
oo

Orp = Z(—l)npn(prdwp + Hoppdarp)”,

n=0

and we are done.

5. FERMAT FAMILIES ARISING FROM FORMAL GROUPS

5.1. Let B = Spec M, where M is either a smooth Zg—algebra, where S is a
finite set of primes, or M is any Noetherian, flat Z,—algebra. In the first situation
we say we are in the global case whereas in the second situation we say we are
in the local case. We will later need to consider both cases. Let z be a g—tuple
of variables and consider g—tuples of variables 2, 2", ..., z("), ... In the global case
set M = O(J"(B")) (where p varies outside S); so, for each p, M € Prol,. In
the local case assume we are given a prolongation sequence M, € Prol, such that

Mz? = M. There are unique ring homomorphisms
M) 5 My, 2] S M2, 2, 2]
P pll® pll= <>

such that ¢(t) = t* + pdt for t € M, and such that #(2)) = (2P 4 pz(r+1) | As
a notational rule, if f € M [[z,2/, ..., 2(M]], then f¢" will mean the series obtained
from f by “acting its coefficients with ¢*”. Now define maps

MO S MMz, 2] S M2[z, 2, 2" S ..

by the formula §(f) := (¢(f) — f7)/p. Note that ¢ and § commute.

Here is one more useful notation: if F,gq,...,g, € (Mg[[z,z’,...,z(r)]])g are
g—tuples of series and either F' € (M ]z, oy 2PV or all g; € (2, ..., 2(7)9, then
we denote by [F]o[go, ..., g] € (M}[[z,7, ..., 2("]])¥ the result obtained by replacing
2,2, ...,2") in F by go, ..., g,; in other words [F] o [go, ..., 9] := F(go, ..., gr). With
this convention it is trivial to check, by induction, that for any G € M|[z]]¢9 we have

(%) (67 (2)] 0 [G,6G, ..., 6"G] = ¢"(G).
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Also, by induction, one sees that the components of the vector ¢ (z)—2zP" —10(2’)”7'71

belong to the ideal (pz,p?); consequently we have

(%) [67(2)] 0 (0,2, ...,z =0 mod (p),
%[qﬁr(z)] 0[0,2,...,207] = (z')”ri1 mod (p).

Next we claim that if F' € M[[z]]?, F'(0) = 0, then

(x * %) [6"F]o[0,2,...,20] e (My[Z, ..., ZM]Py9

i.e. the components of the above vector are restricted power series (rather than
merely formal power series). Indeed (as one can check by induction) the i—th
component of p"é"F belongs to the ring generated by the i—th components of
F,¢(F),...,¢"(F) so it is enough to check that the components of

(9" (F)] (0,2, ..., 2]

are restricted power series. But

[¢"(F)] 0[0,2, ..., 2] = [F®" ] 0 [¢7(2)] 0 [0, 2/, ..., 2]
and we are done by (xx) above.

We will also need the following formula, valid for any invertible element A € M *:
(% % * %) [0"(2)] 0 [0, 2, ..., 2] 0 [§(A712), ..., 6" (A7 2)] 0 [0, 2, ..., 2]
=["A D¢ ()] 0 0,2, .., 2],
Indeed, the left-hand side of the above equation equals
[¢7(2)] 0 [0,6( A" 2), ..., 6" (A" 2)] o [0, 2/, ..., 2]

=[¢"(2)] o A1z, 6N 12), .., 6" (AT 2)] 0 [0, 2, ., 2]

By (x) above the latter equals
[0"(A"12)] 0 [0,2/, ..., 2] = ¢" (A1) [#"(2)] © [0, 2/, ..., (7).

5.2. Let ®(z1,22) € (M[[#1,22]])? be a commutative formal group in g variables
(so here z1, zo are g—tuples of variables) and consider the associated logarithm

I(z)= Z anz",

In|>1
where n are g—tuples of non-negative integers with sum |n|, and ay, € (M ® Q)¢
are viewed as column vectors. We then have

D(z1,22) = e(l(21) + U(22)),
where e(z) € ((Q ® M)[[z]])? is the exponential, i.e. the compositional inverse
of I(z). Then the (r + 1)g—tuple of formal series (®,d®,...,0"®) in the variables
z=(21,22), 2 = (2}, 2}),..., 2") = (zi”, zér)) is a (commutative) formal group law
in (r + 1)g variables. Let us set z = 0 in this tuple, in other words consider the
rg—tuple
([6®] 0 0,2, ...,27], ..., [67®] 0 [0, 2, ...,z]).

By (* * %) in Section 5.1 the components of the latter tuple are restricted power

series (rather than mere formal power series) i.e. belong to M}z, ey 2P In
particular this rg—tuple makes the completed affine space (A™)" into a group
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object in the category FSchM;. Denote by [+] the addition on this completed
affine space.
Now define, for each p, and each r > 1, the following g—tuple of series

T T )\ . 1 " T T
L, = Lp(z', vy 2 )) = }—j[W Jo[¢"(2)]o][0,2, vy 2 )].

(Division by p in unambiguous because M is flat over Z,.) By (+*) in Section 5.1
the components of this tuple belong to M][2', ..., 2P,

Proposition 5.1. In the global case (L;) are Fermat. Also, in both the global and
the local case, Ly = (""" mod (p), in particular L7, = (Lrl))pr_1 mod (p).

Here a family of vectors is called Fermat if, for each index i, the family of the
i—th components is Fermat.

Proof. Since
1 " _ p"
—W@hm%mﬁﬂzﬁﬁLiﬁomamwn
p p

and since, by Remark [2.18 plus the Composition axiom, the right-hand side of the

above equality is, in the global case, Fermat, it follows that so is the left-hand side.
Call this left-hand side Gj,. Then we have

Ly= > ¢ (an)p™ " (G})™
[n|>1
By [14], p. 64, (11.1.3) and (11.1.4), we can write
Apla---,pt
an = -
X
21 p1...p¢||n|

where A,, ., € MY and p1, ..., p; run through the set of all (not necessarily dis-
tinct) primes such that the product p;...p; divides |n|. Let v, be the valuation at
p # 2 on the rationals. We have

p\n\fl
:u‘p(nvplv "'7pr) = Up <p1“.pt) 2 |n| —1- t,,
where ¢/ = t — 1 if at least one of the p;’s equals 2 and ¢’ = ¢ if no p; equals

2. In the first case t < llofT‘Qn‘ and in the second case t < llogT‘Bn‘. So in both

cases [n| — 1 — 1t is > 0, and it is > 1 for |n| > 2. Moreover, in both cases
In|—1—# > |n|—1—"2212 _, & as |n| — oo so, by Remark P-TT and the p—adic

log 2
closure axiom, (Lj) is Fermat. Also note that, since 19" (2) = z mod (2)2, we get
that L7 = (z/)*""" mod (p). O

Proposition 5.2. In both the global and the local case, the g—tuple Ly, defines a
group homomorphism

((A™)P, [+]) — (((A)P)7, +);
in other words, the following formula holds:

L (25 ooy 2N [ (s ey 257)) = L0 (2 vy 237) 4 LD (2, ey 257).
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Proof.
L5240 27) @ (2, ey 257))
= L;([(s(b] o [0, 7z, ...,Z(T)]7 vy [07®] 0 [O,Z’, ...,Z(T)])

= %[W"} o[¢"(2)] 0 [0, [6®] 0 (0,2, ...,2)], ..., [6"®] 0 [0, 2, ..., 2]
= %[W"} o[¢"(2)] o [®,8D,...,6"®] 0 (0,2, ...,2"]
_ 1 " o lh" ° 7 z(r)
= p[l Jo[o"(®@)]o[0,2,...,2"]
= %[W"’] 0[] o [¢"(2)] 0 (0,2, ...,z
= ]13[21 + z9]0 [lw] o[¢"(z)] 00,2, ...,z(r)]

= Ly(2), .., zy)) + Ly (2, ..., zy)).
O

5.3. Here is one more remark that will be useful later. Assume we are in the global
case. Let @, [, and e be a commutative formal group law over M in g variables,
its logarithm, and its exponential, respectively. We claim that, for each p & S,
p~Le(pz) belongs to (M][z]P)? and that

(p~'e(pz)) € [ (M[2]?)?
pEsS
are Fermat with respect to the standard Fermat structure. Indeed, by the proof of
Proposition 5.1, we can write

p~H(pz) = 2 + phy(2),
where
(hp(2)) € [T (M)
pES
are Fermat. Now (p~le(pz)) is the p—adic limit of the sequence

(ep”(2) € [T (M[]7)

pES
defined inductively by eg,o)(z) := z and
e T (2) = 2 = hylef) (2)

P
which immediately implies our claim.

6. DIFFERENTIAL CHARACTERS AND DIFFERENTIAL MODULAR FORMS

The plan of this section is the following. We will first review some of the results
in [5], [7] on differential characters, and results in [8], [1], [2] on (Siegel) differential
modular forms. Next we will give two constructions, a crystalline one and a p—jet
theoretical one of Siegel differential modular forms which we call f7,, , and [T,
respectively. Due to a “multiplicity one theorem” in [2] which we shall recall here
these forms are “proportional”. On the other hand it turns out (easy) that f7,
for n = 1,2 contain all relevant information as to the crystalline cohomology of our
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Abelian schemes while (and this is harder to see) fJ;, , form Fermat families. The
above facts can then be easily combined to conclude the proof of the conjecture for
curves and Abelian varieties. Note that we will defer to Section 7 the verification of
the fact that the construction we give here for f;  indeed leads to a Siegel differ-
ential modular form with the desired properties for each fixed p. The verification
that f7, ,, as p varies, form a Fermat family will be deferred to Section 8.

6.1. d-characters ([b], [7]). Start with a prime integer p # 2,3 and let R €
Witt, have an algebraically closed field. Recall that there is a canonical operator
§ : R — R defined by the formula 6z := (¢(x)—2P)/p, x € R, and call 6z, 6%z, ... the
p—derivatives of order 1,2, ... of z. Let Gr be a smooth commutative group scheme
over R. In [5] we introduced the notion of §—character of Gg of order < r; by defi-
nition this means a group homomorphism ¢ : Gg(R) — R that can be represented,
on each of the sets of an affine open Zariski cover, as a p—adic limit of polynomials
with R—coefficients in the affine coordinates and their p—derivatives up to order r.
Any such d—character is induced by a unique homomorphism J"(Gg?) — Gg g™
in FSchpg, where G, g™" := Spf R[z]? is the p—adic completion of the additive
group over R. By abuse we also write ¢ : G — Gy.

Let us assume now Gr = FEg is an elliptic curve (i.e. an Abelian scheme of
relative dimension one) over R.

By [5], Proposition (3.2), there exists a non-zero d—character ¢ : Er — G, of
order < 2; moreover there exists a d—character of order 1 if and only if the p—th
power Frobenius of the closed fiber Ej lifts to a ¢—linear endomorphism of Eg.
Assume 9 above has minimum possible order. Then by [5], (2.10), 9 is uniquely
determined up to multiplication by an element in the quotient field of R. Let w be
a generator of the R—module of invariant 1—forms on Er. Then by [B], (2.9), we
have the following local expression for 1 around the origin:

(6.1) W(P) = Ay(p~" -log,P), P € Er(pR),

for a unique Ay = X2p? + M1 + Ao € R[¢], where Eg(pR) is the kernel of the
reduction map Eg(R) — Ei(k) and log,, : Er(pR) — pR is the formal logarithm
map associated to w. In [5] Ay was called the Picard-Fuchs operator associated to
1. Actually by [B], (3.2), (3.3), (4.5), one can choose 1 such that either Ay =1, or
Ao =0 and A\; = 1. If this holds, then we shall say v is normalized with respect to
w. Such a normalized 1 is uniquely determined by the pair (Eg,w).

More generally, if Gg = ERr is an Abelian scheme of relative dimension g > 1
over R, 1 is a g—tuple of d—characters Er — G, of order < 2 and w is an R—basis
for the module of 1—forms on Ep, then, by the theory in [5], the formula (E1)
holds again for a unique operator

Ay = X0d® + Mo+ Ao, Ao, A, A2 € gly(R).

(Here, for any ring A we denote by gl,(A) the set of all g X g matrices with co-
efficients in A.) The operator Ay will be called, again, the Picard-Fuchs operator
associated to .

Going back to the one-dimensional case define the following set:

M(R) = {(a,b) € R*; A(a,b) € R*},
where A(a,b) := 4a® + 27b%.
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Assume Ep = E,; is an elliptic curve in Weierstrass form y? = 2° + ax + b
with (a,b) € M(R). Then we set Aqp := Ay, where ¢ is the unique normalized
d—character associated to the pair (E,dx/y).

The following was proved in [7], Theorem (1.10), and will be used later:

Theorem 6.1 ([7]). Assume a,b € Z, and let Ez, be the elliptic curve over Z,
corresponding to (a,b). Assume the p—power Frobenius on Ez, @ F), does not lift
to an endomorphism of Ez,. Then A, = $? — 7, + p, where T, is the trace of the
p—power Frobenius on Ez, @ Fy.

We need the following complement to the above theorem.

Theorem 6.2. Assume R € Witt, has finite residue field k of size p? and let
(a,b) € M(R) be such that the elliptic curve Egr corresponding to (a,b) has or-
dinary reduction. Assume the p—power Frobenius on FEy = Er ® k lifts to an
endomorphism of Er. Then Agp = ¢ —pu, u € R, and the characteristic poly-
nomial of the p® power Frobenius acting on Ej coincides with the characteristic
polynomial of the matriz ¢~y - - - ¢y - ~, where

| 1/u 0
T o0 pu |
Proof. The case d = 1 was proved in [7]. The general case can be proved in a

similar way. Indeed, if [(z) € R[1/p][[z]] is the logarithm of the formal group of ER,
then, exactly as in [7], we get

1%(2) = pu-1(2) € pR|[2]]-
By induction one gets, for all 7,
1 (z”i) —pdu- - pu-u-1(2) € pR[[2]].

In particular, for i = d we have l¢d(z) = 1(z) and v := ¢ tu - pu-u € Z,.
As in [7] we obtain that the p? power Frobenius of the formal group of Eg is just
the multiplication [p?v] on the Formal group. But on the other hand the p? power
Frobenius on the formal group must be a root of 2 — 7z + p?, where 7 is the trace
of the p? power Frobenius on Ej. In particular p%v and v~! are the roots of the
above quadratic polynomial and the conclusion follows. O

6.2. Siegel é-modular forms ([2]). For any Noetherian ring S we let Mg(S)
denote the set of all triples (F,0,w), where E/S is an Abelian scheme of relative
dimension g, 0 : E — F is a principal polarization, and w = (w1, .., wy)" is a column
vector whose entries are a basis of the S—module of 1—forms H°(E, Q}E/S); so the
latter is supposed, by our very definition, to be free. (Also M;(R) coincides with
the set M(R) defined previously.)

By a Siegel §—modular function of genus g, size m, and order < n we understand
a rule, call it f, that associates to any prolongation sequence S* € Prol, and to
any triple (E,0,w) € M,(S°) an m x m matrix

f(E,0,w,S8") € gl(S™)

satisfying the following properties:

6.2.1. f(F,0,w,S*) depends on S* and the isomorphism class of (E,§,w) only.
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6.2.2. The formation of f(FE,6,w,S*) is functorial in S* in the sense that if 7 :
S* — 8* is a morphism of prolongation sequences in Prol, and 7* denotes “pull
back via 7”7, then

f(Tr*E7 7-[-*97 Tr*w’ S*) = ’/T(f(E7 97 w? S*))'
Sometimes, when no confusion arises, we will write f(E,0,w) in place of
F(E.6,0,5%).

Let G and G’ be group schemes over Z,. By a §—homomorphism x : G — G’ of
order < n we mean a rule that associates to any prolongation sequence S* € Prol,
a group homomorphism

X G(S%) = G/(5™)
which is “functorial in S*” in the obvious sense. By a Siegel §—weight of genus g,
size m, and order < n we mean a pair (x;, X,) of §—homomorphisms of order < n:
X1 Xr * GLg - GLm;

each of them commuting with transposition of matrices v — ~*. (The indices [ and
r stand here for “left” and “right”.) Examples of Siegel j—weights of size g that
will play a role later are pairs (¢%, ¢*), where

o GLg(SO) — GLy(5%)

are induced by the iterates a times of the ring homomorphisms ¢ : % — Si+1,
o(x) = zP + pdx. A Siegel 6—modular function f as above will be called a Siegel
d—modular form of Siegel d—weight (x, x») if the following condition is satisfied:

6.2.3. The formation of f(FE,#,w,S*) has the following covariance with respect to
w; if (B, 0,w) € My(S?) and A € GL,4(S?), then
B0, 00,8%) = xi(\) - f(E,0,0,57) - xr(\).
To introduce our next concept we need more notation. Let
(Er,01,w1), (E2,02,w2) € My(S)

and let u : E1 — Es be an isogeny (which is not assumed to be compatible with
the forms or the polarizations). We let

ut 129;10ﬂ0922E2—>E2—>E1—>E1

denote its transpose and we let [u] be the unique g x g matrix with S—coeflicients
such that u*ws = [u]-w;. (Recall that u'* = u. Also recall that [u’] # [u]’ in general.
Moreover, it is easy to check that deg(u)? = det([u o u'])? = det([u])? - det([u']).
Hence, if S is a Z,—algebra, then deg(u) is prime to p if and only if v and @ are
etale; in this case, [u], [u'] € GL4(S).)

A Siegel §—modular form of weight (xi, x») will be called isogeny covariant if
the following condition holds:

6.2.4. For any prolongation sequence S* € Prol,, any (E1,61,w1), (E2,02,w2) €
M, (S°), and any isogeny u : By — Es, of degree prime to p, such that [u] is the
identity (i.e. such that u*ws = wy), the following equality holds:

f(ElaelawhS*) = f(E2a927w2a S*) : XT([ut]t)'

We denote by I)'(xi,xr) the space of all isogeny covariant Siegel J—modular
forms of Siegel §—weight (xi, x»). Our definition of Siegel d—modular forms here
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agrees with the one for ¢ = 1 given in [8], [2]. Note that a Siegel —modular
form of genus g = 1, size m = 1, order < r and Siegel d—weight (xi, x») in the
sense of the present paper is the same as a §—modular form of weight XI_1X7"_ L
A = xi(A) 7 x-(A\)~! in the sense of [8]. (Note the exponent —1!) However the
definition of isogeny covariance in the present paper is slightly different from that
given in [8]: instead of asking, as here, that the isogenies under consideration have
order prime to p, we only asked in [8] that these isogenies be etale. Nevertheless
all results stated in [8] continue to hold true, with identical proofs, if the definition
of isogeny covariance given there is replaced by the definition given here.
We will need the following result proved in [2]:

Theorem 6.3 ([2]). The Zy,—module 1;(¢",$*) has rank one if n > r, n > s,
r # s, and has rank zero in all other cases.

It is also useful to keep in mind that, in case g = 1, a (Siegel) 6 —modular function
(of size one) is simply an element f of the ring

Z,laq, aq,aly, ag, ..., al", aér), AP,
where a4, ag, aly, ag, ..., ay), aér) are variables and A = 4a} +27a2; for (a,b) € M(R)
we shall use the notation

fla,b) = f(a,b,da,6b,...,67a,d"b, A™1).

Let us end the discussion here by introducing more notations that will be needed
later. Assume we are given M* € Prol, and (F,0,w) € M,y(B), where B =
Spec M°. Then welet B = B&(R/pR), M = O(B), M" = M" /pM", E = E®QpB,
and for a Siegel s—modular form f of size g we let f(E,0,w, M*) € gl,(M") be the
image of f(E,#,w, M*). Now, the polarization @ : E — E induces an isomorphism
0. : H'(E,Tg/p) — H'(E, ) at the level of Lie algebras, so if v is the basis of
H°(E,Tg/p) dual to w (we view v as a column vector), then u = 6,v is a basis
of HY(E,O). We get an induced basis 4 of H'(E,0). Then we can consider the
Hasse-Witt matrix H € gl,(M?) of E/B corresponding to the basis ; by definition
this is the matrix, with respect to @, of the semilinear map induced by the p—power
Frobenius

F*:HY(E,0) - H'(E,0);
i.e. F*u = H-u. Note that H = H(E, 0,
mod p of (E,6,w).

@) is naturally associated to the reduction

6.3. Crystalline construction. Let us recall from [2] how, for each p, one can

construct, using crystalline cohomology, a sequence of non-zero Siegel d—modular

forms fz., ., € 15 (9", #°), n > 1. The construction is done for any g and will be

compatible, in the obvious sense, with products of principally polarized schemes.
Let S* € Prol,, (4,0,w) € My(S°), and let H := H},(E/S?) be the first

DeRham module of E/S°. Crystalline theory provides ¢—linear maps:

P:H®S — H® S
(tensor products being taken over S°). We also have a canonical exact sequence

0 — HO(B, Qpy0) & Hhn(E/S") & H'(E,0) = 0
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inducing analogue exact sequences over any S%; we shall still denote by «, 3 the
corresponding morphisms; we shall view all morphisms « as inclusions. We have

SH(E, Q) /q0) Cp- H® S

We may consider the elements
p 1 w, € H® S™,

and their projections

Bp~lo"w; € HY(E,0) ® S™.
The principal polarization § : E — E induces an S°—linear isomorphism at the
level of Lie algebras

0. : H (B, Tps0) — H'(E,O).

We shall still denote by 6, the tensor product 6, ® S™. Then we can consider the
inverse image

0, Bp 10 "w; € H(B,Tg)s0) ® S™

and pair it with w; (under the natural pairing between the tangent sheaf T' and the
cotangent sheaf Q1) to get a g x g matrix with entries

(0 Bp™ 10" w;, w;) € S™.
This matrix is, by definition, our

irys,p(E,0,w,5%) € glg(S™).

crys,p
It is easy to check that f,; is indeed an element of Ij'(¢", @°).

Another way to express the definition of f”. is the following. Let H :=

H}n(E/SY). By [12], p. 81, there is a canonical bilinear pairing
(,V:HxH—S8°

induced by the Poincare bundle. Now 6 defines an isomorphism 0pr : H — H.

Define

(,Vg:HxH—S°
by the equation
(m,n2)e == (Oprm, m2)-

The pairing (, )g is perfect, antisymmetric, and H°(E, Q) is an isotropic subspace.
It induces a paring, still denoted by

(,Y:(H@S")x (H®S™) — S™
One immediately checks that

o (Evngvs*) :p—1<q)nw’wt>0.

crys,p
By the way, if E = Jac(X) is the Jacobian of a (smooth projective) curve X/SY,
S an integral domain, and 6 is induced by the theta divisor, then, under the
identification H ~ H},,(X/S°) given by the Abel-Jacobi map, the pairing ( , )o :
H x H — S° corresponds to the Poincare duality paring

(L) s HhR(X/S%) x Hhg(X/S%) — S

one can see this, for instance using the analytic picture in [I3], pp. 326-328. So if
E = Jac(X), 6 is the polarization induced from the theta divisor, and S* is the
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prolongation sequence associated to R € Witt,, then we have

(6.2) (@0, on")g =p-d((n'.1")s)

for all ', n"” € HLz(F/R); this is because the same holds for the Poicare duality
on X [II], p. 118. More generally, let us say that a principally polarized Abelian
scheme (F, ) over a ring S is complementable if there exists a principally polarized
Abelian scheme (E’,8") over S and an isogeny of degree prime to p from FE X E’ into
a Jacobian of a curve over S. The isogeny is assumed, as usual, to be defined over .S
and, as usual, is not required to preserve polarizations. Then it is trivial to check,
using the information on Jacobians, that (6.2) holds for all #',n” € Hix(E/R)
whenever (F,0) is complementable.
Finally, let us record the following easy fact that will play a key role later.

Lemma 6.4. Let R € Witt,, let (E,0,w) € My(R), and assume (E,0) is com-
plementable. Set fl... = fl..,(E,0,w) € R, i=1,2, and assume det f,;, € R*.

Then (w', ®w?) is a basis for H = HLp(E/R) and the matriz of ® : H — H with
respect to this basis is

(63) x|
where
M = ¢(foris) - (feris) )™ N = foris - (Foris) ™
Proof. The matrix of ® : H — H has the form (63) with M, N satisfying
(6.4) P*w=M- -w+ N - dw.

Taking ( ,w')s and ( ,Pw)g in ([G4) and using the antisymmetry of (, )y as well
as its compatibility with ® we derive the desired expressions for M and N. O

6.4. Jet construction. In this section we construct, for any R € Witt,, a se-
quence of maps

(65) fjret,p : MQ(R) — R.

Theorem [6.6] below will say, in particular, that these maps “extend” (uniquely) to
Siegel §—modular forms f7,, , € I} (¢", ¢°).

Let (E,0,w) € My(R). Consider the projection 7 : J"(E'?) — E? and let
N, be the kernel of 7. Then N, can be identified with the (p—adic completion of
the) affine space of dimension rg over R. Now 7 locally has sections so it induces a
1—cocycle on E? with values in the sheaf of N,—valued functions. We can consider
the group homomorphism N, — (GY)™” induced by the series L constructed in
Section 5; the image of our cocycle via this homomorphism defines a vector of
cohomology classes in H'(E, Q). Using the polarization § one can pull back these
classes to the Lie algebra H(E, T r) and one can pair the result with w to get a
matrix f., ,(E,0,w) € gly(R). (More details on this construction will be given in
Section 7.)

For g =1 it is known from [§] that the maps (6.3) extend to é—modular forms
fhetp € I1(07,¢°); if we view fj,, , as an element of Zj[a4, as, ay, ag, A7, then
its reduction mod p, viewed as an element fjlet,p € Fylaq, ag, a}, ag, A™1], was com-
puted explicitly by C. Hurlburt [I5] in the following theorem.
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Theorem 6.5 ([19]).
Flet,p = CEp1 A7 (2a}ag — 3agal) + fo,

where ¢ € Z,;, Ep_1 € F,laq, ag] is the reduction mod p of the normalized Eisenstein
form of weight p — 1 (the Hasse invariant) and fo € Fplas, as, A7), with AP fy €
F,la4,a6] a polynomial of weight 11p — 1.

For arbitrary g the following theorem will be proved in section 7:

Theorem 6.6. The maps ([6.30) extend uniquely to Siegel §—modular forms Jetp €
I (", #°) satisfying the following properties:

1. For each r and variable g, the forms fI. , are compatible with products of
principally polarized Abelian schemes.

2. If R € Witt, and (E,0,w) € My(R), then jlet,p(E,H,w) = 0 if and only if
the p—power Frobenius of E ® (R/pR) lifts to E. (By a lifting to E we mean, of
course, a ¢—linear lifting.)

3. If R € Witt, and (E,0,w) € My(R) is such that

det(fje p(E,0,w)) € R,

then there exists a (unique) g—tuple of 0—characters of E of order < 2 whose
Picard-Fuchs operator has the form

¢2 - szet,p(E7 97w)[fjlet,p(Ea 9) LU)]_1¢ + h
for some h € gly(R). B
4. Let M* € Prol,, B = Spec M°, (E,0,w) € My(B) and let H = H(E,0,®)
be the associated Hasse- Witt matriz. Then
o (B 0,w, M) = (L, (B, 0,w, M) H ... qF ..

jet,p jet,p

The upper F here means, of course, the image under the p—power Frobenius.

A by-product of our theory will be the following strengthening of one of our main
results in [5]; the theorem below plays a key role in our paper [9] where we prove
what we call an “infinitesimal Lang-Mordell” theorem.

Theorem 6.7. Let R € Witt, and let (E,0,w) € My(R), E/R with ordinary
reduction mod p. Let ¢;;(E) € 1+ pR be the Serre-Tate parameters of E, 1 <
i, < g, and assume det((qg;;(E) — 1)/p) € R*. Then det jlet’p(E,Q,w) € R*.
Moreover there exists a g—tuple of §—characters of E of order < 2 whose Picard-

Fuchs operator has the form ¢ + M1 ¢ + Ao, with det \; € R*.

This will be used in conjunction to the following easy lemma which was proved
in [9]:

Lemma 6.8 ([9]). Let W € Witt,, have an algebraically closed residue field k and
set Ry = R/p?R. Assume Cy/k is an ordinary, non-hyperelliptic curve of genus g
and let Def(Cy, Rs2) be the set of isomorphism classes of liftings of Cy, to R (the
latter has a structure of affine space over k). Then there exists a dense Zariski open
set V. .C Def(Cy, R2) such that any curve C/R whose reduction mod p? belongs to
V' has the property that its Jacobian has Serre-Tate parameters q;; € 1 + pR with

det((¢;; —1)/p) € R*.
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One more notation is needed for the statement of the following theorem. Assume
B = Spec M is a smooth affine scheme over Z. Let My := O(J"(B™")); so in
particular Mz? = M. For each p we have a prolongation sequence M, € Prol,.
Then for any (E,0,w) € M,y (B) and any prime p, which is not invertible on B, we
denote by f, (E,0,w) the matrix

FIE® M0 MS,w® M, M) € glyn (M) = gl (O(J"(B?))).
The following theorem will be proved in Section 8:

Theorem 6.9. The forms [l in Theorem [G.0 have, in addition, the following

property. For any smooth affine scheme B/Z and any (E,0,w) € My(B) there
exists a finite set of primes S and a dense affine Zariski open set B’ of B such that
the image of the family

(ffer.p(B,0,w)) € [ 9lo(O(7(B?)))
PES

in the product

[T sts(0(7(B*)))

PES

is Fermat.

Remark 6.10. In order to prove Theorem[6.9] it is enough to prove a weaker version
of it obtained by replacing, in its statement, the words “Zariski open set” by “etale
open set” and the word “Fermat” by the words “formally Fermat”. Indeed assume
we have proved this weaker version. By Proposition 4.1 we may assume that we
have an isomorphism of families with Fermat structure (O(J"(B"?))) ~ (O(B)[t]"?)
and (O(J"(B'?))) ~ (O(B)[t]"?) for some indeterminates ¢. But then Theorem
follows from its weaker version via Proposition 3.10.

In case g = 1 we will prove a more precise statement:

Theorem 6.11. Assume that g = 1. Then there exists a finite set of primes S such
that if N is the product of the primes in S, B = Z[1/N][as, as, A™], and (E,0,w)
is the standard elliptic curve in Weierstrass form over B, then the family

(fletp(E,0,w)) € H Z,la4, ag, ay, ag, ...,ay),aém,A*l]Ap
p¢sS

is Fermat.
For the Conjecture in the CM case we will need:

Theorem 6.12. There exists a finite set of primes S and a Fermat family

k= (kp) € H Z,lay, as,al, ag, AP
pgS

such that for any R € Witt, and any (a,b) € M(R) the following holds:

if fiala,b) =0, then Aup=¢— pkla,b).
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6.5. Proof of Theorems 2.2 2.3, 2.4,

6.5.1. Let us start by proving Theorem [2Z5

Proof. Let jo be the j—invariant of the geometric generic fiber of X /Y. This fiber
has complex multiplication by Ok, (i.e. its endomorphism ring is Ok,; for the
terminology of complex multiplication we are using, we refer to [25]). In particular
jo € Q. By [25], p. 122, we must have Ko ¢ Q(jo). Note that, due to the presence
of the invertible 1—form on X, we can write a Weierstrass equation for X with
coefficients in O(Y). In particular jo € O(Y). Now let £ be an elliptic curve over
Q(jo) with j—invariant jo. Then £ has complex multiplication by Ok, (i.e. its
endomorphism ring over Q is Og,). By [25], p. 184, for any place of Q(jo) that
splits in K = Ky(jo), the reduction of £ at that place is ordinary. In particular
there is a finite set S of primes such that:

Fact 1. If p ¢ S splits completely in K, then the reduction of £ at any place
above p is ordinary.

Upon enlarging S we claim the following is true:

Fact 2. For any a closed point y € Y of characteristic p with p splitting completely
in K, the reduced elliptic curve X, is ordinary.

Indeed, if v is the place of Oqj,) corresponding to the map

Oq(jo) C O(Y) — k(y),

then, by Fact 1, the image of jo in the residue field of Oqj,) at v is an ordinary
j—invariant. But then X, having the same j—invariant, is ordinary.

Next let R € Witt, and P € Y (R) be such that p splits completely in K
and let Xp be the elliptic curve over R, pull back of X via P. Let k = R/pR
and Xy = Xp ® k. Then, by Fact 2 above, X} = X, (p) is ordinary, hence its
endomorphism ring Endy(X}) is an order in the ring of integers of an imaginary
quadratic extension of the rationals [24], p. 102 and p. 137. Then the composition

OKO — EndR(XR) — Endk(Xk)

must be an isomorphism. In particular the second arrow above is an isomorphism.
Since k is finite, by [19], pp. 177-178, it follows that the p—power Frobenius on
X, lifts to Xpr. By assertion 2) in Theorem St (P) = 0. (Here we take for
coordinates of P the corresponding coefficients of the Weierstrass equation). By
Theorems[G.2] and B.12] the characteristic polynomial of the N (y)—power Frobenius
on X, coincides with the characteristic polynomial of the matrix ¢y ey -y
where
| 1/K(P) 0
7= 0  p-kP) |’

where k is the Fermat adele in Theorem [6.121 This concludes the proof of part 2)
of the Conjecture in the case of Theorem B.5. Part 1) of the Conjecture follows
immediately. O

6.6. To prove the rest of the theorems we proceed by proving a series of lemmas.

Lemma 6.13. For any p there exists a pair (a,b) € M(Z,) such that

fjlet <aa b> € Z[>)<
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Proof. This follows immediately, for instance, from Hurlburt’s formula (Theorem
BG.): if one takes two pairs (a,b) and (a, §) of integers such that & = a + pn and
B = b+ pm, then the difference

jet{c B) = fler{a,b)
divided out by ¢ equals the reduction mod p of
E,_1(a,b)A(a, b)P~(2am — 3bn).
We conclude by choosing (a,b) such that E, ; is ordinary, and varying m,n. O

Lemma 6.14. For each p there exists ¢, € Z), such that

fims,p CIJ fjet D € Iz (QSIL ¢0)
fori=1,2.
Proof. By Theorem there exist 01,02 € Z, such that

(66) cim's,p jet p € I’L (QSZ ¢0)

for i = 1,2. So it is enough to show that cp € Z; and cp = 012). Indeed we cannot
have c € pZ, because then fl . p evaluated on any g—fold product of an elliptic
curve over R would be divisible by p which is not the case; cf., for instance, [§],
p- 139. To check the equality czl, = cf, we proceed as follows. Evaluating on g—fold
products of elliptic curves we may assume that g = 1. Pick any pair (a,b) € M(R)
such that fi.,(a,b) € Z; cf. Lemma GI3 Hence we also have fl,. (a,b) € R*.

By Theorem [6.1] and by assertions 2) and 3) in Theorem 6.0 we have that

jet <a b>

(67) Ta,b = <a b>

jet

where 7, 3 is the trace of the p—power Frobenius on E,; ® F),. By Lemma [6.4]

C""LS<a b>
(68) Ta,b = W
Equations (6.7), (€8), (6.6) imply that ¢, = ¢2 and we are done. O

Lemma 6.15. Let R € Witt,, let (E,0,w) € My(R), and assume (E, 0) is com-
plementable. Set fi . = fi.,,(F,0,w) € R, i = 1,2, and assume det f}.,, € R*.

Then (w', ®w') is a basis for H = HLp(E/R) and the matriz of ® : H — H with
respect to this basis is

(6.9) [ VY } ,
where
M = ¢(fj1et) ' ((fjlet)t)ilv N = fj2€t : (fjlet)il

Proof. By Lemma 614l det fL ... »(E,0,w) € R*. Now we conclude by combining
Lemmas [6.4 and B.T4. O

6.6.1. At this point note that Theorem [2Z4] on elliptic curves follows by simply
putting together Theorem [6.11], Lemma .15 and Lemma 613
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6.6.2. Let us prove Theorem [Z2]

Proof. Let B/Z be a smooth affine scheme and let X/B be any curve of genus
g. We will show that, after replacing B by an etale open set of it, part 2) of the
Conjecture holds for X/B. We will then show that part 1) of the Conjecture holds
too if we choose B carefully.

For part 2) of the Conjecture we allow ourselves to freely replace B by (non-
empty) etale open sets of it. We may consider (F,§,w) € My(B), with (E,0) the
Jacobian of X/B. By Theorem [6.9] we may assume the family

(ffurp(E/B,0,w)) € [] 9ly(O(J7(BP)))
PES
is Fermat. Then Lemma directly implies that part 2) of the Conjecture holds
for E/B (hence for X/B), with f = (fp) constructed, in the obvious way, from
jlet,p, jzetm, and with g = (g,) constructed from det jletm.

For part 1) of the Conjecture let us assume the classifying map B — M, to the
moduli scheme of curves (over Z) is etale. Assume in what follows g > 3 (the case
g < 2 follows, for instance, from the proof of Theorem 23 below). We may assume
B is an open cover of a Zariski open set of M, whose completion at each closed
point gives formal moduli. Let U C B be any non-empty open set. To conclude
the proof it is enough to find R € Witt, and P € U(R), such that

(6.10) det f}o(E,0,w) € R”,

where (E, 6) is the Jacobian of the curve corresponding to P. By Artin approxima-
tion [4], p. 91, it is enough to find an R € Witt, with algebraically closed residue
field and P € U(R) such that (@I0) holds. Fix an R € Witt, with algebraically
closed residue field k. Since M, ® k is irreducible and the ordinary locus in it is
open and dense [20)] it follows that, with exception of finitely many characteristics
(which we can always discard by enlarging S), the ordinary locus in U ® k is non-
empty. Pick a k—point in U ® k, and let Cj/k be fiber of X/B at that point. By
Lemma and by smoothness of U/Z one can lift the k—point defining Cj/k to
an R—point P € U(R) such that the corresponding curve C/ R has a Jacobian with
Serre-Tate parameters ¢;; € 1 + pR satisfying det((¢;; — 1)/p) € R*. We conclude
by Theorem B.1. O

6.6.3. Let us prove Theorem 23]

Proof. Let B/Z be a smooth affine scheme and (E,0,w) € My(B). As in the
preceding proof we will show that, after replacing B by an etale open set of it,
part 2) of the Conjecture holds for E/B. We will then show that part 1) of the
conjecture holds too if B is chosen carefully.

To check part 2) of the Conjecture we allow ourselves to freely replace B by etale
open sets of it. By Theorem [6.9 we may assume

(fferp(E/B,0,w)) € [] 9ly(O(J7(BP)))
PES
is Fermat. By further shrinking B in the etale topology we may also assume that
(E, ) is complementable. Then we can conclude part 2) of the Conjecture for E/B
by using Lemma [6.T5]
To check part 1) of the Conjecture consider the moduli scheme A, x of principally
polarized Abelian schemes of dimension g with simplectic level N > 3 structure; this
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can be viewed as a smooth scheme over Spec Z[1/N] that has irreducible geometric
fibers [12], p. 364, [22], p. 60. We will show that part 1) of the Conjecture holds
for an etale open set of Ay n and for the universal Abelian scheme over it. Note
that det jlet’p induces a section o over an appropriate line bundle over J' (A n°P).
(Cf. [2] for more details on this.) Hence, over the Zariski open sets V of a cover
of Ay n, o defines functions oy, : V(R) — R. Let R € Witt, be fixed, with
algebraically closed residue field k. As in the previous proof, it is enough, by Artin
approximation, to show that any open set U C A, v contains a point P € U(R)
such that det fjlet<P) € R*. Assume there is a U for which this is false. Since we
assumed oy, g : U(R) — R takes values in pR it follows easily (using, say, (2.7) and
(2.12) in [6]) that the section o restricted to J'(UP) must be p times another section
over JY(UP). Since Ay y @ k is irreducible and reduced it follows that the section
o, viewed as a section over the whole of J' (A n"?), is p times another section over
JH(Ag n"P). In particular det fj,,(E,0,w) € pR for any (E,0,w) € My(R). But
this clearly contradicts Lemma [6.13. This concludes our proof. O

7. DIFFERENTIAL MODULAR FORMS FROM p—JETS: FIXED p

7.1.  The aim of this section is to prove Theorem[6.6]and, as a by-product, Theorem
B2 So in this section p is a fixed prime. Let M* € Prol,, B = Spec M°, and let
(E,0,w) € My(B). Our aim is to construct a matrix

et p (B, 0,0, M™) € glg(M")

and show that the rule f := fI,  satisfies the conclusions of Theorems and
6.7.

Set B = Spec M°, B = Spf M"; so B = B’P. Now if (B;) is an affine covering
of B and if we can perform our construction for each Bj;, it will be clear from our
construction that the resulting matrices will glue together to give a matrix “over
B”, as desired. We claim that, after replacing B with each of the open sets of a
suitable open covering, we may assume there exists an affine open covering i = (U;)
of E such that, for each i, the following conditions hold:

1) There is an index iy such that the image Z = e(B) of the zero section e : B —
E is entirely contained in Uj,.

2) For each 4 one can choose etale coordinates on U;/B, in the sense of Section
4.3.

3) The subscheme of U;, defined by the vanishing of its etale coordinates coincides
with Z.

Our claim is clearly true if we only want to satisfy conditions 1) and 2). Assume
that, after changing B as explained above, we found a covering (U;) satisfying
conditions 1) and 2) and let z be etale coordinates on Uj;,, so that the map z :
U, — A% is etale. The composition z o e is a B—point of A% which we may, of
course, assume to be the point o : B — A% of coordinates (0,...,0). Then the
morphism 27!(o(B)) — o(B) ~ B is etale and has a section, induced by e. It
follows that Z is open and closed in z=*(o(B)). We can cover U;, with affine open
sets each of which does not meet both Z and 27 !(o(B))\Z. Replacing B, again,
by the open sets of a suitable affine cover of it we reach a situation where all 3
conditions above are satisfied.

In what follows we choose our etale coordinates z on U;, such that they satisfy
w=dz mod (z)2.
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Now the sequence z of etale coordinates on Uj, is trivially seen to be a regular
sequence in O(U;, ), hence the graded ring associated to the ideal (z) in O(U,,) is
isomorphic to a ring of polynomials over M°. This immediately implies that the
(2)—adic completion of O(Uj,) is naturally isomorphic to M°[[z]]. Taking comple-
tions along the zero sections of £ xg E and E, and the morphism between them
induced by the group law we get, by the above remarks, a formal group law in
®(21,29) € MO[[21, 22])9, attached to E. This will play a role later.

7.2. By the discussion in Section 4.3, for each i, the projection J"(U;"?, M*) —
Ui" xpgo B" has a section s;. Let N, = N] be the kernel of J"(E™”, M*) —
E"P x go B". For any %, j we may consider the difference, in E, of the sections s;, s;;
it induces morphisms

(*) S; — S5 ¢ UijAp X Bo B" — Np,
where Uy :=U; NU;.
7.3. Let

I(z) = Z anz™
n>1

be the logarithm of the formal group law ® attached to F and let e be the expo-
nential. On the other hand, note that by Section 4.3, N, identifies, as a formal
scheme, with the (p—adic completion of the) affine space (A, )" with coordinates
2 = 0z,2" = 6%2,...,2(") = §"z. Via this identification, the group law on N, in-
duces a group law on (A'7,)"P. This group law can be explicitly computed in terms
of the formal group law @ as follows. As for E/B, one can attach to J"(E?) a
formal group law over the ring M7"; it will be given by the tuple of formal series
(®,6®, ...,6”®) in the variables z = (21, 22), 2’ = (2}, 2}),..., 2" = (zir),zér)). The
formal group law of N,, is given, then, by the tuple

([6®] 0 [0,2,...,2"], ..., [67®] 0 [0, 2, ..., 2")]).

As noted in Section 5.2, however, these are restricted power series (rather than
mere formal power series), so the addition [+] on (A'.)"? induced by that on N,
is given by precisely this tuple. Let us consider, following Section 5.2, the series

p p

1. s
Ly = Ly, 2®) = —17 0 [9*(2)] 0 [0, ', ., 2] € MO, . 27
p

for 1 < s < r. By Proposition 5.1 , Lj = (z')”k1 mod (p), and so L3 = (Lll))psfl
mod (p). Also, by Proposition 5.2, the following formula holds:
Ly (s g D 257)) = Lot 7)o+ L o 257):
The pull-back via the map (*) in Section 7.2 of the coordinates 2/, ..., 2(") on A"9
gives rise to column vectors
Oézljpﬂ ...,Ozgjp € O(UijAp X Bo Br)g.

Define, for 1 < s <,

@fjp = LZ(O‘zljpa ...,afjp) € O(U;;"P xgo B™)9.
These are cocycles that define (column vectors of) cohomology classes

€ H'((E® MJ)",Opoums»)? = H'(E® My, Opgus)’
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Now the isomorphism 6, : H(E,Tg,p) — H'(E,O) induced by 6 at the level of
Lie algebras induces an isomorphism still denoted by

0. : HO(E © My, Tpgars a;) — H' (B ® My, Opgar).
We can define
[y =I5B, 0,w, M*) = (0.5, w") € gly(M),

p

where ( , ) is the natural pairing between sections of the tangent sheaf T and
sections of the cotangent sheaf Q!. If, in all these definitions we keep s fixed and
we increase 7, then, of course, f, does not change. Note that, as it stands, the
definition of f, depends a priori on the choice of the etale coordinates z.

Lemma 7.1. f; depends on M* and on the isomorphism class of (E,0,w) only
(but not on the choice of z).

Proof. We will show that £, depend on (E,6,w) only, but not on z. Start by
noting that
w(z)=d(l(2)) = ﬂ(z)d,z
0z

On the other hand, if 7 = u(z) € M°[[2]}9, u(0) = 0,
ou 08 x
det (5(0)) e (M®)

and [ is the logarithm with respect to z, then we have

l(u(z) = 22(0) - 1(2).

If we assume, in addition, that w = dZ mod (2), then it follows that 2%(0) is the

identity matrix hence I(u(z)) = I(2), in other words [I] o [u(2)] = [I]. It follows
that [[*"] o [u® (2)] = [1"]. Let Ly, &35, and $5), be the corresponding quantities
constructed starting with the parameters z. We have

sijp = Ez(&%jp’ s &fjp)
_ %W] o [6°(2)] 0 [0, . 53]
= ¥ 0 [6°(2)] © 1,00 8]0 [0, ' 2] 0 [y iy
_ %[W] o [6° (u(2))] 0 [0, 7', ., 2] 0 ok, . 03]
_ %W] o [u? (2)] 0 [¢°(2)] 0 [0, 2, o, 2] 0 [ v 1)
= 211016 0 0,2, 2] o ol i)
= Lp(Qijp - 03p) = 9
and our lemma follows. O
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7.4. A computation similar to the one above shows that if © = Aw, where A €
GLy(M®), and if f} is the matrix attached to (E,6,®), then we have

@fjp = )‘¢ : @fjp'
Then we have the following computation, showing that f; defines a Siegel 6 —modular
form:

Fo(B, 0,00, M*) = (6727 ¢, (Aw)")
= X0 pp, WA = AT f (B, 0,0, MT) - N
7.5.  The following computation shows that f, is isogeny covariant. Let (Eq,01,w1),
(Ea,02,ws) € My(S), and let u : A1 — As be an isogeny of degree prime to p such
that u*ws = wy. Note that the isomorphism
’y:UOUtIEQQE‘Q—a)E‘la Eli)EQ
induces an isomorphism at the level of Lie algebras

Ve : H(E2,Tp,/5) % HY(Es, 0) = H'(E1,0)
0

-1
= HY(E1,Tg,/B) = H°(E,Tg,,5).

Then v, above is dual to v* : H(E,,Q) — H%(E,, ). Note that y*ws = [ul]ws.
Also let u* : HO(Eo, Q') — HO(E;, Q') be the pull back induced by wu; it is dual to
the Lie algebra map u. above. If ¢, corresponds to (E;, 0;,w;), then our construc-
tion implies that ¢f,, = u*p3, = U.p5,. Hence we have
f(B, 01,01, M¥) = ((01.) 705, wh)
— ((0r0) M )
= (e (012) " a0 )
= (74(02:) 03, w)
= ((24) " 3, 7" w5)
= ((b24) '3, w5) - (U]
= [ (B2, 02,w2, M*) - [u]".

This concludes the proof of isogeny covariance.

7.6. Let us check assertion 4 in Theorem so let v, H be as in the discussion
before Theorem [6.6. Tt follows from Proposition 5.1 that @) = (4,511))”7'71 mod p,
where the upper bar denotes, as usual, the reduction mod p. Write 3011, = - 6,0 for
some p € glg(M). We have

Iy = (0710, 0") = (071 10.0,0") = A(D,w") = L.
Since F*(0,v) = H - 6,0 it follows that

(F)*(afoo) = g - B HF H 0,0

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use



954 ALEXANDRU BUIUM

We then have
fy =0 ey, 0
= (0.1 (F) g, o)
— (B (P (00,0), &)
=@ " 5T HE  H - 0,0),0")
=p T B H (")

1 = prea _ _
:(f;)F CHE . HF . H.

7.7. Let us check assertion 2 in Theorem B.6. Note that f,(E,0,w) = 0 if and
only if JY(E"P) — E°P has a section hence if and only if the p—power Frobenius on
E® (R/pR) lifts to an endomorphism of E*. By Grothendieck’s existence theorem
the latter, if it exists, comes from an endomorphism of E and we are done.

7.8. Assertion 1 in Theorem is easy and will be left to the reader. To conclude
the proof of Theorem we need to verify assertion 3. Let us assume r > 2 and
M* = R*. For any square matrix f let f* denote the adjoint of f; if fisalx1
matrix, then we set, by convention, f* = 1. Consider the 1—cocycle
— 1 1y*, 1 ~
C'ij T (det fp)@fjp - f;(fp) SO’L]p € O(U’LJ p)g'
Note that its cohomology class ¢, is trivial because
(05 cpw') = (det f)f5 — [ (fp)* fy =0
Consequently, as in Section 3.7, one can write ¢j;, = v;, — 7j, for some v;, €
(O(U;)?)9. Define
i = (det f)L;, = 7 (£3)" Ly + 7, € (O], ., 7)) ).

Consider the isomorphism
(7.1) wip 2 JT(UP) = U™P x N ~U;"P x (AT9)P
that, at the level of points of formal schemes, sends each point x of J"(U;"?) into
the pair (7w(x),x — s;(m(x))), where « : J"(U;"?) — U;"? is the natural projection.
If we assume that s;,(0) = 0, then w;,, restricted to N, is the identity. Via the
above isomorphisms W7 give rise to elements

i € O(J"(U;7)).
We claim that 1;, glue together to give an element

Y, € O(J"(EP)).
Now J"(E"?) can be viewed as obtained by gluing U;"” x (A™9)"? via the isomor-
phisms

U?P x (A™)P - U?P x (A™)P

(W ey tD) 15 (e u) [+ 0

ijps e O

T )
ijp/):
The homomorphism property of Ly, with respect to [+] in Section 7.3 easily implies

\I’Zp((zla sy Z(T))[+](a'}jp7 A O‘;;jp)) = \Ilgp(zl7 A} Z(T))
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which proves our claim about the possibility of gluing ;. Note that if one replaces
Y4y BY Vi, + Ap for some A, € R such that v, (0) = 0, then

Yy JT(EP) — G,P

is a homomorphism; this is proved by noting that W, vanishes at the origin of
J"(E"?), its restriction to N, is a homomorphism and is “equivariant” with respect
to the action of IV, with IV}, acting on the additive group by translations via the
restriction of W7, to N,. Next consider the group homomorphism

e(pz) : G — EP
defined, at the level of rings by z — e(pz). It induces a homomorphism
e(pz) : J'(GyP) — J'(EP).

The composition ¥ o e(pz) : J"(G,") — G, sends z > a;¢'(2), a; € R, and
the latter, for » = 2, is the Picard-Fuchs operator of the tuple wg. We now address
the question of computing these coefficients a; explicitly. Since u;,, is the identity
modulo z, 1y o e(pz) is congruent modulo z with

(7.2) %{(det O o8 (2)] 00,2, ... 27 0 [8(e(p2)), ... 6" (e(p2))]
—f () 9T o [6(2)] 0 [0,2"] o [8(e(p2)]} + up(2)

for some uj,(2) € (R[2]™")9. We want to set z = 0 in (ZZ). Note that, if s <,

1770 [0°(2)] 0 [0, 2/, ... 2] 0 [8(e(p2)), ..oy 6°(e(p2))] © [0, 2, .., 2]
=["To[@* ()] o fe ( 2),0(e(pz)); -+ ( (pZ))] 0[0,2",..., 2]
=[]0 [e”] o [pg*(2)] o [ 2]

=plo* ()]0 [0,7',. “’]
So we get that >, a;¢'(z) is congruent modulo z to

(det f,)[¢"(2)] = f, (f,) [(2)]-
We conclude that

Z(Mb (det f,)¢"(2) = [ (f,) d(2) + hyz
with hy € Mat(g x g, R). This implies, in particular, assertion 4 in Theorem [l

7.9. Let us prove Theorem Set k = R/pR, E := E ®r k, JYE?P) =
JYE?) ®r k. By [5], Lemmas 4.2 and 4.4, our hypothesis on the Serre-Tate
parameters implies that the class of the extension

O—>Gg,k—>j1(EAp)—>E'—>O

in Ext'(E,Gg) ~ Homy(H°(E, F*Q}E/k) H(E,0)) is invertible as a linear map.
By our proof of Theorem [6.6] this implies that det(f; (E,0,w)) € R* for any 6, w.
The ordinarity assumption translates into the fact that the Hasse-Witt matrix

H(FE,0,) is non-singular. We conclude by assertions 3 and 4 in Theorem [G.6l
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8. DIFFERENTIAL MODULAR FORMS FROM p—JETS: p VARIABLE
The aim of this section is to prove Theorems 6.9, 611, and B.12.
8.1.  For the proof of Theorem we shall assume we are in the following:

Situation 1. We assume F is an elliptic curve in Weierstrass form over B where
B := Spec M, M = Zslay,as, A™"],

as,ag being two variables and A = 4a} + 27a2. More precisely, as we will need to
set up our notations, we let

Uy = Spec Mz, y)/(f), f=1v>— 2> — ayx — ag,
Uy = Spec M[z,w]/(g), g=w — 2> — aszw® — agw?®

be glued via z — z/y, w — 1/y to give an elliptic curve E/M with origin given by
the subscheme Z of U, defined by the ideal (z,w). We let U be the covering of E
consisting of Uy and Us and we let w1 = w := da/y. We set U = U; N Us. Note
that U = Spec M|z, y,y~1]/(f). Also, for r > 1, if we take

_ ror (r) (r) A-—1
M, = Zslaq, as, 0y, GG, Gy, Qg -y Gy 5 G5, AT,
where a}, ag, ay, ag, ...,ay), ag") are new variables, then M := O(J"(B™?)) equals
M,P.

In order to prove Theorem [.9]it is sufficient, as we noted in the remarks made
following its statement, to prove the weaker version in which the words “Zariski
open set” are replaced by “etale open set” and the words “Fermat” are replaced
by “formally Fermat”. Let us also note that one can make a series of reductions
as follows. Our first remark is that if (E,0,w),(E’,¢,w') € My(B), with B ir-
reducible, and if F and E’ become isogenous over the geometric generic point of
B, then Theorem is true for (E,6,w) if and only if it is true for (E',0',w").
Indeed after replacing B by an etale affine open set of it we may assume there is
an isogeny between E and E’ over B, whose degree is invertible on B; then we use
the “covariance property” with respect to the 1—forms and the isogeny covariance
of fi. Our second remark is that for any Abelian variety A over an algebraically
closed field of characteristic zero there is an Abelian variety A such that 4 x A is
isogenous to the Jacobian of a curve. Using this remark, the first remark and the
compatibility of fJ with products, we see that, in order to prove Theorem [6.91 it
is enough to do it in case E/B is the Jacobian of a curve C/B equipped with a
B—point. Now, by further replacing B with an etale dense open set of it, and using
Corollary 3.8 and Section 7.1, we may assume, in Theorem [6.9] that we are in the
following;:

Situation 2. B = Spec M /Z possesses special etale coordinates, hence, by Proposi-
tion 4.1, the family of rings (M) := (O(J"(B™"))) is isomorphic in FAlg to (M,),
where M,. is a polynomial ring over M in several variables. (Note, by the way, that
all these conditions are also true in Situation 1 above.) Moreover we assume E/B
is the Jacobian of a smooth projective curve C//B of genus g > 1, possessing a
B—point O, and we let o : C' — E be the Abel-Jacobi map corresponding to O.
We assume we have an affine open covering i = (U;) of E such that for each i, U; /B
has special etale coordinates in the sense of Section 4.3 and for any two open sets
U; and U; in U we have that U;; := U; NUj is principal in both U; and U;. We also
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assume the induced covering U N C of C is prepared (in the sense of Section 3.6).
We finally assume that one of the open sets in the covering, call it U;,, contains
the image of the zero section of F/B and we assume that the scheme whose ideal
is generated by the chosen special etale coordinates on U;, coincides with the zero
section of E/B. We will consider any principal polarization § on E/B (this can be,
for instance, the canonical polarization defined by C) and we let w be a basis for

HO(E, Q).

We will show in both Situations 1 and 2 that, after suitably enlarging .S, the
family of matrices

(£ (E,0.0)) € [ gla (M)
pgsS
is formally Fermat (and, indeed, Fermat for g = 1). We will treat Situations 1 and
2 simultaneously. (For this reason, in Situation 1, we use the notation C' = E.)
What we are going to do will be to go back to our construction in Section 7 and
show, step by step, that all the relevant objects there form Fermat families.
The diagonal map U;; — U;; x g U;; induces a morphism in FSch:
(UijAp X B"P JT(BAP))coarse i ((Uz] XB Uij)Ap XB"p JT(BAp))coarse-
By Propositions 4.4 and 4.5 we get a morphism
(8.1) A:(Ui;™ xpw J(B?))ina,u,; = (Ui x5 Uij) ™ xge J(B?))ind,Us;x Ui, -

Due to Proposition 4.7 in Situation 1 and to Proposition 4.1 in Situation 2 there
exist sections

Sit (UiAp XpB-p JT(BAp))coarse - (JT(UiAp))coarse

in FSch of the natural projections. Since Uj; is principal in both U; and Uj,
Corollary 4.6 implies that s; and s; induce sections in FSch

Sij, Sji + (Ui X2 J"(B™))coarse = (J"(Ui;"))coarses
respectively. By Section 4.5 we have an induced morphism
(8.2) sijxsji : (UijxUi) " X0 (BY))ind,vy;x vy, = (J" (Ui xBUi5) ™)) put
in FSch. The inclusion U;; x g U;; — E X g E induces a morphism in FSch
(8.3) (J"((Uij xB Uij) ™)) putt — (J"((E x5 E)™)) funt-
The difference map E xg F — E induces a morphism in FSch
(8.4) (J"((E xB E)?)) junr = (J"(EP)) putr-
Composing (8.1) through (8.4) we get a morphism in FSch
(8.5) sij = 8ji  (Uig™ X g J'(BY))ina,vy; — (J"(E™)) punr-

Now we choose an open set W C E as follows. In Situation 1 we let W C Us be
the affine open set where (1 — agw?)9g/0w is invertible. Then W contains the zero
section Z of the projection E — B and z is a special etale coordinate on W/B
that defines Z as a subscheme. In Situation 2 we let W = Uj,; then, again, by our
assumptions in Situation 2, W contains the zero section Z of the projection £ — B
and W has special etale coordinates that define Z scheme theoretically. After a
linear change we may assume these coordinates z are such that w = dz mod (z).
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Set Y, = W™ xp-~» J"(BP). By Proposition 4.1 and Section 4.4 there is a
canonical trivialisation in FSch
(8.6) (J"(W™)punr = (Yp x (A") P )ina,w = (W x A™)F xpp J"(BF))ina,w
over (Yp)fuu, attached to z. Let m, : J"(E?) — EP be the natural projections
and let Ny, := 7, *(Z7). Then (N,) is closed in (J"(E"?))un so it has a deduced
Fermat structure (Np)geq,r in the sense of Section 3.3. On the other hand (N,) is
also closed in (J"(W"P)) puu so it has a different deduced structure (Np)geq,w. It is
a trivial exercise to check, however, that we have an isomorphism in FSch
(8.7) (Np)ded,E = (Np)ded,w -
Clearly the morphism (8.5) has the property that for each p the image of

Ui;? xp» J'(B?) — J(E?)

is contained in NN,,. By Proposition 3.1 the morphism (8.5) factors through a mor-
phism in FSch

(8.8) (Ui;™? xp» J"(B"))ina,v;; — (Np)ded,E-
Composing with (8.7) we get a morphism in FSch

(8.9) Sij — Sji - (UijAp X B p JT(BAP))md,U“ — (Np)ded,w -
Now (8.6) induces an isomorphism in FSch

(8.10) (Np)aeaw ~ ((Z x A™)P x g J"(B?))ded;
where

((Z X Arg)Ap X Bp JT(BAP))ded
is viewed as a closed family in
((W X Arg)Ap X B~p JT(BAP))ind,Wa

viewed with the deduced structure from the latter in the sense of Section 3.3. It is
a straightforward verification that we have an isomorphism in FSch

(8.11) (Z x A™)P xg» J(B?))gea — (A™)? x J(B?))indg,B:

where ((A™9)"P x J"(B?))ina B has the structure induced from B in the sense of
Section 3.2. From (8.9), (8.10), (8.11) we get a morphism in FSch

(812) Y= Y- (UijAp X B~p JT(BAP))ind7Uij — ((Arg)Ap X JT(BAP))MMLB

Note that, by Section 4.4, the coordinates on A"Y correspond, via the morphism
obtained by composing (8.10) with (8.11), to 2, 2", ..., 2(").

As in Section 7, the isomorphisms (8.10) and (8.11) induce, for each p, an iso-
morphism N, ~ (A"9)? x J"(B*?) and, via these isomorphisms, the group law
on N, induces a group law on (A™)" x J"(B*?) that we computed there. The
pull-back via (8.12) of the coordinates 2/, ..., 2(") on A9 gives rise to a families

(8.13) (0fjp)s - () € [T OWi; P x v J(BP))

pES
with the property that there exists a covering of U;; with affine open sets such that
for each open set V of the covering the images of (the components of) (j;,), ---,(af;,)
in[[,¢5 O(V*xprJ"(B7")) are Fermat families. Now by the same arguments as in
Proposition 4.5 it is easy to see that (O(V"? x g-» J"(B"F))), with its product Fermat

structure isomorphic to (O(V"F x A¥")"P), with its standard Fermat structure, where
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k is the relative dimension of B/Zg. Hence, upon enlarging S, there exist, by Propo-

sition 3.2, sequences (;7,), (afj,, ), of elements in [[ oo O(U;™" xp» J"(B™"))9,

with (af},) Fermat families, such that
(814) afjp - af]l'/p = pyafjpu

for p ¢ S. The definition
so'fjp = LZ(azljpﬂ () O‘fjp)
in the last section can be supplemented by defining

(8.15) oify = Ly (Qifp -y 03) € O(Ui; 7 x e J"(BP))Y.
By (8.14) we have
(816) wfjp - prjl'lp = pwajpl/

for ¢, € 1,05 O™ xpr JT(BA’;))g. Note that, for p and s fixed, (¢j;,) is
E'Pxpg

however, for fixed 4,7, s the family (¢;7,) is Fermat, hence the family (¢;;,) is
formally Fermat. Let us consider the formally Fermat family of cocycles

(a*¢5;,) € [ O(Cy™ xpv J7(B™))
pEZS

a cocycle, i.e. an element in Z'(U,O APJT(BAP)) while (¢f;,) is a priori not;

obtained by restricting ¢, to the completions of C;j; := C'NU;;. As in Section
3.7, this family induces a family

(@*p3) € [[ H'(C @ MyP,Ocon,»)*
PES

of (vectors whose components are) cohomology classes.

Now we can pair this family of cohomology classes a* ¢y, via Serre duality (, )c
on C, with the 1—forms a*w, pull backs of w via the Abel-Jacobi map. We claim
that there exists an invertible matrix ¥ € GL4 (M), independent of p, such that

(B, 0,w) = <a*<p;,a*wt>c IS
Since, by Corollary 3.9, the family
((a"pp,a*wh)e) € [T gl (M)
pgS

is formally Fermat, it will follow that so is (f; (£, 6,w)) which will close the proof
of Theorem [6.9l To check the claim above consider the isomorphisms

0.: H'(E,0) — H°(E,T) ~ H(E,Q")?,
w: HY(E,0) % HY(C,0) % HO(C,oYP °5 HO(E,Q1)P,

where s is the Serre duality and the upper D means “M —linear dual”. Then
0;1u"! = BP for some M —linear automorphism 3 of H°(E,Q'). Consider the
isomorphism

o HOE,QY) 2 HO (B, QY % HO(C,0Y)
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and write cw = X - a*w. Then we have

fo(B,0,w) = (0" ¢, w')
= (0 " tupp, W)
_ <ﬂDa*Dsa*¢;7wt>
= (0P sa* ¢, w')
= <sa*gp£,awt>

_ (a*gag,oz*wt)c .yt

and our claim is proved. This closes the proof of Theorem

8.2. From now on we will assume we are in Situation 1 and concentrate on the
proof of Theorem BEI1. Note that ¥ above is easily seen, in Situation 1, to be
merely a unit in the ring Z[1/6]. After a normalization, we may, and will, assume
»=1.

The cohomology group H((E @y M,)?,0) ~ HYE @y M,,0)" is a free
M,—module of rank one with basis the cohomology class of the Cech cocycle
22y~ € O(U @p M,)'P. Assume now that

gp = (Y aipy'w’) + (Y bijpy'w)a + (D cijpy'w’)a® € My[z,y,w]”.
1,j€EZ i,jEZ i,jEZ

Then g,(z,y,y~ ') € O(U ®@n M,)'?, viewed as a Cech cocycle (for the covering
E = U,UUs,, with values in the structure sheaf Og), is cohomologous to g,«es,pry_l
where
Ip,res = ( Z Cijp) € M,
i—j=—1

1 1

is the coefficient of 22y~ in g,(z,y,y ™). Moreover the difference g, — gp rest?y~
can be explicitly represented as a coboundary g,1 — gp2 with

gp1 = O aijpy" ) + O bijpy' )z + O cijpy’)a? € O(Uy @ur M),

i>j i>j iz
gp2 = (Z aijpwj_i)—l-(z bijpwj_i_l)z—i—( Z Cijpwj_i_Q)ZQ € O(UQ Rnm Mr)Ap.
J>i J>i J>i+1

(Here we view g,; both as polynomials and as elements of O((U; ® s M,)"P); there
is no ambiguity because these polynomials have degree < 2 in z.) Note that the
operations g, > Gpress § — Ggp1, § — Gp2 are additive maps on the space of
all quadratic polynomials in x with coefficients in M,[y, w]? and they vanish on
polynomials divisible by yw — 1. Note also that gp2 vanishes for z = w = 0. If

(9p) € [ Mrlw, y,w]”
pgS

is a Fermat family (with respect to the standard Fermat structure), then, by Remark
2.16, (gp1) is a Fermat family; it is an easy exercise to show that (g,2) and (gp,res)
are Fermat families as well. It is convenient to give a name to the equality

(817) gp(ma Y, yil) = gp,resx2y71 + gp1 — Gp2-
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We shall call it the standard decomposition of g,(z,y,y~'). Note that if a regular
function on U;"P NU2™? is given by g,(z,y,y~ '), n, € H'(E, O) is the cohomology

class defined by this function, and w = dz/y, then

<77p7w> = Gp,res-
Write
U = Spec Mz, y,y '1/(f) = Spec Mz, y,w]/(f,yw — 1).

Since we are in Situation 1 we will systematically drop the index 12, e.g. we simply

denote afy,, ais,, P15, Play, by ap, )’ @p”, ¢y, and let these be images of some

series AS, AV F3V, s, € M[x,y,w]'™”, where p ¢ S, and (A;) are Fermat. Set

CR 1 : sV __ 1v v
(8.18) Fy:=L3(A,, ..., Ay), FV =L (A),....,A)).
(Note that F; lifts ¢;.) Now (8.16) yields
(8.19) By =FY +p"Fy, + fG) + (yz — 1)Hp”

for some G;V, HyV € Ma[x,y,w]"”. Apply, to (8.19), the (additive) operator
ry: Mz, y,w]"? — Mz, y, w]?

that takes the remainder in the division by f, where f is viewed as a monic polyno-
mial of degree 3 in z. This operator kills multiples of f and takes Fermat families
into Fermat families, by Remark T4l Replacing the terms in (8.19) by their images
under 7y we may assume that all terms in (8.19) are polynomials of degree < 2 in
r and G¥ = 0. Now apply the operators introduced before (8.17); we get

(820) sz,res = F;lf,l;’es + pVF;lfu,rew F;z = F;zfiy + pVF;zfui’ i = 17 2.
Then f; = fj(E,0,dx/y) = F, . also (f;") = (Fl.;) are Fermat families.
Hence

(F;) € [T 7
PES
are formally Fermat families. By further enlarging S we may assume, by Proposition

3.4, that (f,) are Fermat families. This closes the proof of Theorem G.TTl.

8.3.  We conclude by proving Theorem

Proof. We will borrow notations from the previous discussion. Recall that (F;i),
viewed as elements of

H O(Ui Qnr MT)AP,

pgS
are formally Fermat. Also, by manipulations similar to the ones in the beginning
of this section one easily shows that the family

(8.21) (wip) = (J"(Ui™)) purr — (Ui < (A™)F xgee J"(B))ina,v;

considered already in the proof of Theorem is Fermat. Composing [82T) with
the inverse of (BH) we get a Fermat family of maps from the right-hand side of
(RH) to the right-hand side of ([821)); hence, specializing to the case r = 1 and due
to Proposition 3.2, we may assume (after enlarging S) that the family induced by
U2p

(8.22) OUs @11 Mi)[2]P — O(W @as My)[']?
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takes z’ into a formally Fermat family which is congruent to z’ mod z hence has
the form (2" + zvp) for some v,. Of course (B22) will take F), into the natural
restriction of Fp12. Next write W in the form

W = Spec(M|z,w]/(9))a = Spec Zlay, ag, z,w,t]/(g,tH — 1),
where H = A(1 — aGwQ)g—fU; note that H(0,0) = A.

Claim. One can write
_ * 2 k% KKK
Z2Vp = 2V, + 27U, + 2wv,
for some vy, v3*, vy** with (vy;) formally Fermat.

Indeed one can write v, as the class of V,, € Zy[a4, ag, 2, 2, w, t]"? such that 2V,
is in the ideal generated by V})(n), p", g, Ht — 1, with (Vp(")) Fermat. Taking d/dz
and setting z = w = 0 we get that V}|,=w=0 is formally Fermat and we are done
by letting vy be the image of the latter.

By Lemma 4.2 there is a Fermat family (wp(2)) € [[,zs M[2]” such that
g(pz,pw,(2)) = 0. Making the substitution z — p~le(pz) we get

(8:23) g(e(pz), pwp(p~"e(pz))) = 0.

We define a family of M;—algebra maps

(8.24) OW @pr M1)[2']P = O(JH(WP)) — My[z, 2'|P
by sending

2 6 (e(p2)),
w® — 5 (pw, (p~e(pz))),
t@ (5i[H(e(pz),pwp(pfle(pz)))il]-

The right-hand side of the above formulae is trivially seen to be Fermat, hence
(B24) is Fermat. Let

1= Ly(2) — Fpy € O(Ur @ Mi)[2]™,
3o = Lgl;(zl) - Fp12 € O(Uz @n My)[Z]7.

By the claim above the composition of (822) and (824) sends 3 into a family of
the form

(8.25) %l‘j)(p(é(e(pz)) + e(pz)m,, + e(pz)Qm;* + e(pz)pwp(p_le(pz))m;**))

—F(e(pz), pwy(p~"e(p2))),

where (m;) is the image of (v} ); so (my) is formally Fermat, hence Fermat. Hence

the result mg obtained by setting z = 2’, 2 = 0 in mj, will also form a Fermat family
in the product of the M;"P’s. This immediately implies that the coefficient of z in
(B24H) has the form pk,, where (k,) € [[ M1"? is Fermat. On the other hand the
coefficient of 2’ in (827)) is immediately seen to be p (just set z = 0 in (820)).

Now, for any point P = (a,b) € M(R) such that f!{a,b) = 0, we have an induced
map M; — R; let 01,02 be the images of 31,35 in

O(U, ® R)[Z]*, OU> ® R)[Z]™.
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Then, due to the condition f(a,b) = 0, o1 and o2 glue together to give a ho-
momorphism J'((E ® R)?) — G,, hence a d—character of order 1 of E whose
Picard-Fuchs operator A, = A\i¢(z) + Aoz, Ao, Ao € R, is obtained by specializ-
ing (B:25) to R. Since the coefficient of 2’ in A, is p, we conclude that A\; = 1.

M

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

oreover \g = pk{a,b). We conclude that
Aap = ¢(2) — pk{a, b).
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