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Abstract

A formalism of arithmetic partial differential equations (PDEs) is being developed
in which one considers several arithmetic differentiations at one fixed prime. In this
theory solutions can be defined in algebraically closed p-adic fields. As an applica-
tion we show that for at least two arithmetic directions every elliptic curve possesses
a non-zero arithmetic PDE Manin map of order 1; such maps do not exist in the
arithmetic ODE case. Similarly, we construct and study “genuinely PDE” differen-
tial modular forms. As further applications we derive a Theorem of the kernel and
a Reciprocity theorem for arithmetic PDE Manin maps and also a finiteness Dio-
phantine result for modular parameterizations. We also prove structure results for the
spaces of “PDE differential modular forms defined on the ordinary locus.” We also
produce a system of differential equations satisfied by our PDE modular forms based
on Serre and Euler operators.
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Chapter 1

Introduction

Arithmetic analogues of ordinary differential equations were introduced in [6]. The
role of functions of one variable ¢ was played by elements of the completed valuation
ring R of the maximal unramified extension of Q. The role of the derivation % was
played by the p-derivation 6, = § : R — R defined by

_ ¢la)—a?

p

da a€R,

where ¢ : R — R is the unique Frobenius lift on R. One interpreted § as an “arith-
metic differentiation” with respect to the “arithmetic direction” p. This theory was
successfully applied to a series of problems in Diophantine geometry [7—10, 13]. For
example a special case of the main results of [13] states that for the modular curve
X := X1(N) over R (with N > 4 coprime to p) and an elliptic curve E over R
if ®: X — E is any surjective morphism then the intersection the CL-locus of X
with the inverse along ® of any finite rank subgroup of E(R) must be finite. This is
morally done by producing interesting homomorphisms ¥: E(R) — R and showing
that CL N ©~!(Ker(y)) is finite where CL is the CL-locus of canonical lift points
(which are the analogues, in the local setting, of CM points). The functions i are
arithmetic versions of Manin maps (“§-characters”) of order 2 while the theory of
“§-modular forms” provides functions that vanish on CL. The §-characters, as well
as the §-modular forms, are basic examples of arithmetic ODEs of order < r where
the latter are defined as R-valued functions on sets of R-points of schemes which are
locally given, in the Zariski topology, by restricted power series in the p-derivatives
§ta ; of the affine coordinates a; of the points with i < r. In particular, this theory
only applies to unramified settings and concerns a single Frobenius lift.

In this memoir, we describe a significant enhancement of the foundational theory
of arithmetic differential equations. On the one hand, for any prime element 7 in
a Galois extension of Q,, we consider the ramified setting R, := R[r], where the
elements of R, are viewed as analogues of functions of several variables. Also, we

will consider several Frobenius lifts ¢ 1, ..., ¢z, on Ry and their corresponding
w-derivations, 8z; : Ry — Ry,
(a) — aP .
Omia i= M a€ Ry, i €{l,...,n},
b8

leading to an arithmetic PDE theory. We will present a series of applications. As an
example for n = 2 and E an elliptic curve over R,, we produce a genuinely new
homomorphism ¥: E(R;) — R, which is an order 1 arithmetic PDE analogue of
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a Manin map, for which we can prove the following finiteness theorem replacing
CL with the locus of quasi-canonical lifts considered in [20]. For an open set X C
X1(X)R,. denote by QCL(X(Ry)) the set of quasi-canonical lift points in X(Ry)
i.e., points corresponding to ordinary elliptic curves whose Serre-Tate parameter is a
root of unity. We prove the following finiteness result (cf. Corollary 7.69).

Theorem 1.1. Consider a surjective morphism of R, -schemes ® : X1(N) — E and
denote by Or_ : X1(N)(Rx) = E(Ry) the induced map. There exists an open set
X C X1(N) with non-empty reduction mod 7w such that for all except finitely many
cosets C of Ker(y) in E(Ry) the set QCL(X(Rz)) N @1_2711 (C) is finite.

As a further application we will show that the map Y above (and other maps
similar to it) satisfy a remarkable “Reciprocity theorem” as follows. Let £y be an
ordinary elliptic curve over R, /mR. For every o, B € R, with absolute value less
than p_ﬁ let E and Eg be the elliptic curves over R, with reduction E¢ and with
logarithms of the Serre-Tate parameters equal to « and f respectively. Furthermore,
let Py g € Eg(Ry) and Pg o € Ey(Ry) be the points whose elliptic logarithms equal
a and B, respectively. Finally, let ¥, and ¥g be the corresponding arithmetic PDE
Manin maps of order 1 attached to E, and Eg, respectively. The Reciprocity theo-
rem for our arithmetic Manin maps referred to above is the following statement (cf.
Theorem 7.44).

Theorem 1.2. The following equality holds,

Vg (Pyp) + Va(Pga) = 0.

1.1 Background

The present work is essentially self-contained. However, for convenience, we explain
its background in what follows.

As already mentioned above, a theory of arithmetic ordinary differential equations
(ODEs) was initiated in [6] and had a series of Diophantine applications; cf. [6-8,
13]. In particular, in [6] arithmetic analogues of the classical Manin maps [27] were
constructed and in [6, 8] arithmetic analogues of Manin’s theorem of the kernel were
proved. We recall that, for a function field F', the classical Manin maps are F'-valued
non-linear differential operators of order 2 defined on the set of F-rational points of
an abelian F-variety. Similarly, the arithmetic Manin maps in [6] had order 2 and
were defined on the set of points of an abelian variety over a p-adic field. Other basic
ODEs were shown to have arithmetic analogues. This is the case for Schwarzian-type
ODEs satisfied by classical modular forms, cf. [3, 9] and [10, Chapter 8] where a
theory of differential modular forms was developed.
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In the framework of [6, 10] the only solutions of arithmetic ODEs that were
defined were “‘unramified solutions” i.e., solutions (with coordinates) in the comple-
tion R of the maximum unramified extension of Z,. Subsequently, the §-overconver-
gence machinery in [12, 14] allowed one to define “ramified solutions” to the main
arithmetic ODEs of the theory, i.e., solutions in the ring of integers R¥# of the alge-
braic closure K¥¢ of K := R[1/p] and sometimes even in the ring of integers C, of
the complex p-adic field C,.

A theory of arithmetic PDEs with two “directions” one of which was arithmetic
and the other geometric was then developed in [17, 18]. This theory combined an
arithmetic differentiation §, in the “arithmetic direction p” with usual differentiation
8q = f—q with respect to a “geometric direction” defined by a variable ¢g. The two
operators 8, and §, were viewed as acting on the power series ring R[¢] and solu-
tions were well defined (and extensively studied) in this ring. A somewhat surprising
outcome of [15] was that, in this arithmetic PDE context, analogues of Manin maps
exist that have order 1 (rather than 2) and interesting interactions were found between
the order 2 ODE Manin maps (both arithmetic and geometric) and the newly discov-
ered order 1 PDE Manin maps. In some sense the existence of order 1 Manin maps
was an effect of the arithmetic direction p and the geometric direction g “conspiring”
to create lower order Manin maps. In [18] a theory of differential modular forms in
this setting was developed. This version of the theory was an “unramified theory” in
the sense that solutions were defined in R[[¢]] and did not make sense in R¥¢[¢].

It is reasonable instead to hope for a “purely arithmetic” PDE theory i.e., a PDE
theory in which all the directions are “arithmetic.” Along these lines a theory of arith-
metic PDEs with n > 2 arithmetic directions was developed in [4, 16] in which n
arithmetic differentiation operators were attached to n distinct prime integers. In this
version of the theory, the solutions of arithmetic PDEs were only defined in number
fields that were unramified at the primes in question. Arithmetic Manin maps were
constructed in this context using a technique introduced in [16] called analytic con-
tinuation between primes. The order of the arithmetic Manin maps in this setting was
2n > 4; hence, in some sense, the primes involved acted as if they obstructed each
other in the process of creating Manin maps.

There is a basic version of the theory that is missing from the above series of
approaches, namely a purely arithmetic PDE theory where the several arithmetic
differentiations are all attached to one fixed prime p. For such a theory to be rel-
evant one needs to make sense of “ramified solutions,” i.e. of solutions in R¥€. It
is the aim of the present work to systematically develop such a theory and provide
new applications. We have already made clear in the introduction that tangible Dio-
phantine applications will come out of this enhancement. However, there is even
more. Additionally, certain ODE versions of the PDEs appearing in classical Rie-
mannian geometry related to Chern and Levi-Civita connections have been developed
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(cf. [11]). The fundamental framework we describe here will have ramifications in
that theory as well, and will be explored in upcoming work.

1.2 Framework of this memoir

Our starting point is the observation that in the ramified p-adic world one should
envision not one but many arithmetic directions reflecting the fact that the absolute
Galois group of QQ,, does not have one but several (in fact one can take 4) topological
generators (cf. [22]). These topological generators can be chosen to be Frobenius
automorphisms of Q;}g; cf. Definition 2.3. One can then develop the theory starting
from an arbitrary finite collection ¢1, ..., ¢, of Frobenius automorphisms of K2,
Remarkably this approach, combined with the §-overconvergence technique in [12,
14], allows one to define solutions to our equations in R*¢. As an application we will
again construct arithmetic Manin maps which (as in [17] but unlike in [16]) have order
1; so the various arithmetic differentiation operators at p conspire, again, to create
lower order arithmetic Manin maps. On the other hand for n = 2 one can introduce a
remarkable order 2 arithmetic PDE Manin map that can be viewed as the “Laplacian”
of our context. This is very different from the order 4 arithmetic Laplacian in the
context of [16]. An arithmetic PDE version of the theory of differential modular forms
in [3,9, 10] will also be developed in this memoir and a series of new “purely PDE”
phenomena will be put forward.

We summarize our discussion above in the following table. Here N, below is the
number of primes involved, Ny is the number of arithmetic directions, and Ny, is
the number of geometric directions.

Reference Ny Nui  Ngeo Ramified solutions defined

[6] 1 1 0 NO
[12] 1 1 0 YES
[17] 1 1 1 NO
[16] n n 0 NO

This work 1 n 0 YES

1.3 Terminology

In this memoir, unless otherwise stated, all rings will be commutative with identity.
A morphism of Noetherian rings will be called smooth if it is of finite type and is 0-
smooth in the sense of [28, page 193]. Throughout this memoir we fix an odd prime
p € Z and for any ring S and any Noetherian scheme X we denote by S and X
the respective p-adic completions. The superscript “alg” will mean algebraic closure.
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The superscript “ur” will mean maximum unramified extension. By an elliptic curve
over a ring we mean an abelian scheme of relative dimension one. There are two
contexts in which the word “ordinary” appears in this memoir: one as in “ordinary
versus partial differential equation”; and the other as in “ordinary versus supersingular
elliptic curve.” To avoid confusion we will always say “ODE” instead of “ordinary”
in the first situation. Also, we will often use “ODE” and “PDE” as adjectives as in
“ODE arithmetic Manin maps,” “PDE differential modular forms,” etc.

1.4 Main results

In what follows we explain some of our main results including the previously men-
tioned theorems in more context. For the precise definitions of our concepts we refer
to the body of the memoir. For simplicity we assume, for the rest of this introduction,
that the number of Frobenius automorphisms is # = 2. Some of the results below
have variants that will be proved for arbitrary .

Let IT be the set of all prime elements 7 in all finite Galois extensions of Q,. With
R = Z\}lj and K = R[1/p] and 7 € II as above let R, := R[n] and K, := K (7).
Recall from [6] that a ;-derivation on a flat R, -algebra A is a map 6, : A — A
such that the map ¢ : A — A defined by ¢(x) = x? + 76, (x) is a ring homomor-
phism which is then referred to as a w-Frobenius lift. We fix a pair ® = (¢1, ¢,) of
Frobenius automorphisms of K2; the automorphisms ¢1, ¢, induce m-derivations
on R, . For any smooth scheme X over R, we will define a sequence of p-adic for-
mal schemes J 4 (X) called the partial -jet spaces of X. The ring of functions
on J 4(X) will be referred to as the ring of (purely) arithmetic PDEs on X order
< r (cf. Definition 2.25). We will then define its subring of totally §-overconvergent
elements (cf. Definition 2.28). There is a natural action of ¢, ¢, on the colimit
as r — oo of these rings. Every arithmetic PDE f on X defines a map of sets
fr, : X(Ry) = Ry.If f is totally §-overconvergent then the map fr, extendsto a
map of sets f3¢:= f ;l]‘zg : X(R¥2) — K92 and the preimage of 0 under this map is
the set of solutions in R¥¢ of the arithmetic PDE f.

Let E be an elliptic curve over R,. We define a partial 8, -character of order
< r on E to be an arithmetic PDE of order < r which, viewed as a morphism
Jro(E) = ((/}:,, is a group homomorphism; cf. Definition 3.1. Extending terminol-
ogy from [6] “partial §,-characters” is the name for our “arithmetic Manin maps” in
our PDE setting. To each E and every basis @ for the 1-forms on E we will attach
two families of elements in R, called (primary, respectively secondary) arithmetic
Kodaira—Spencer classes; cf. Definitions 5.5 and 5.15. Finally, to each partial 6, -
character of E we will attach a Picard—Fuchs symbol which is a formal K -linear
combination of non-commutative monomials in ¢, ¢,; cf. Definition 3.7. The arith-
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metic Kodaira—Spencer classes appear then as coefficients of the symbols of certain
distinguished partial §;-characters. Among the primary Kodaira—Spencer classes a
special role will be played by elements denoted by fi, f> € R;. One of our main
results will be the following (cf. Corollaries 5.14, 3.9 and Proposition 3.13). This can
be viewed as a simultaneous generalization of the main results in [6] and [12].

Theorem 1.3. Let E be an elliptic curve over R.

(1) If f1 # 0 or fo # 0 then the Ry-module of partial §,-characters of order
< r has rank equal to 2" F1 — 3.

(2) If f1 = f> = Othen the Ry-module of partial &, -characters of order < r has
rank equal to 2"t — 2.

(3) Every partial §;-character  is totally §-overconvergent and the induced
group homomorphism Y€ : E(K¥2) — K¢ can be extended to a continuous
homomorphism WCP 1 E(Cp) — Cp. If ¢1, ¢2 are monomially independent
then r is uniquely determined by ™.

The homomorphisms 1€ are not given by algebraic (or even by analytic) func-
tions in the coordinates but rather by analytic (in fact rigid analytic) functions in the
coordinates and their various “§,/-derivatives” for various 7”’s dividing 7. The recipe
for defining these maps involves the notion of total §-overconvergence which is anal-
ogous to the one in [12] and will be explained in the body of the memoir. Note that
since E is projective over R,; we have E(K¥¢) = E(R¥2); however, it is an important
feature of the theory that the images of the maps ¥ are not contained in R*¢.

For the case of order < 2 we have more precise results. Consider the subset
M%”L :={1,2,11,22, 12,21} of non-empty words of length < 2 in the free monoid
with identity generated by the set {1,2}. There are 6 primary Kodaira—Spencer classes
of order < 2,

fur weMzT, (1.1)
The classes f1, f2, fi1, f22 come from the ODE theory [10]. On the other hand
the classes fi12, f21 are “genuinely PDE” (not “reducible to ODEs”). The secondary
Kodaira—Spencer classes will be denoted by

fuws v €MFT v, (1.2)

They satisfy f,v + fu,u = 0. The classes fi1,1, f22,2 come from the ODE theory
while the others classes f,,, are, again, “genuinely PDE”. By the theory in [10] the
secondary classes f;;;, i € {1,2}, are known to be expressible in terms of the primary
ones f; as fiii = p@i fi; cf. Remark 7.17. Note that if E has ordinary reduction then
Jfi = 0for some i if and only if f,, = f,,,, = 0 for all u and v, if and only if “the”
Serre—Tate parameter of E is a root of unity; cf. Proposition 7.39. Finally, note (cf.
Theorem 5.33) that there exist 7, ¢1, ¢ and a pair (E, w) over R, such that £ has
ordinary reduction and all classes (1.1) and (1.2) attached to (£, w) are non-zero.
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In case m = p we can be more specific. Indeed, for all (E, w) over R we have
fi=fo. fit = frzand fip = fi122 = 0. (In[3] and [10] f; was denoted by f
and f;; was denoted by f2.) In this case we have that f; = 0 if and only if E has
ordinary reduction and is a canonical lift of its reduction; cf. Remark 5.9. Also, if E
comes from a curve Ez, over Z, and has ordinary reduction but is not a canonical
lift then f;; = ap f; # 0 where a,, € Z is the trace of Frobenius on the reduction mod
p of EZp; cf. Remark 5.27.

Going back to the general situation when m is arbitrary we let N(x) be the
smallest integer N € Z such that for all integers n > 1 we have n"/n € p~NZ,;
in particular N(p) = —1. If u =i € {1,2} we set ¢,, = ¢; while for u = ij with
i,j €{1,2} we set ¢, = dip;. We also set f,, = pN@+1 £, We will prove (see
Corollaries 5.23 and 5.24) the following summary result, which also may be viewed
as a generalization of the main results of [6].

Theorem 1.4. Assume in Theorem 1.3 that f1 f> # 0. The following hold:

(1) Forall W, v € M3 2% there is a unique 8 -character ,, ,, with Picard—Fuchs
symbol fv¢u fu¢v + fu v

(2) A basis modulo torsion of the R, -module of partial §,-characters of order
< 1 consists of Y1 2.

(3) A basis modulo torsion of the R -module of partial §,-characters of order
< 2 consists of the elements Y12, $r1V1,2, $2V1.2, V11,1, V22.2.

Here and in the following by a basis modulo torsion of an R, -module M we mean
a family of elements in M inducing a basis of the K-linear space M ®g, K.

One is tempted to view Y11 22 as the “Laplacian” equation in our context while
Yr12,21 reflects, in some sense, the non-commutation of ¢; and ¢, and can be viewed
as a “Poisson bracket operator.” In case f; = f> = 0 a result similar to Theorem 1.4
will be proved; cf. Corollary 5.14.

The main flavor of our results above is “global on E”. However, by looking at
the completion of E at the origin, one obtains in particular the following integrality
statement; cf. Corollary 5.19.

Theorem 1.5. Let E be an elliptic curve over Ry with logarithm Y % _, bTNTN ,
by € Ry. Let u,v € M§’+ and let r,s € {1,2} be the lengths of the words |, v,
respectively. Assume r > s. Then the following relations hold for all N > 1:

Pu (bN) Gv(bpr—sn)
r SN

p’N
p'N

fo — fu € pR,. (1.3)

+ f JTRY

This integrality statement can be viewed as an analogue (for several “conjugates”
of an elliptic curve) of the integrality statement of Atkin and Swinnerton-Dyer for a
given elliptic curve [1,34].
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The next step in the theory will be to extend some of the theory of §-modular
forms [10] to the PDE case by defining partial §-modular forms (whose weights
are Z-linear combinations of non-commutative monomials in ¢;, ¢»») and isogeny
covariance for such forms; cf. Chapter 7. We will also attach symbols to isogeny
covariant partial §-modular forms for weights of degree —2; these symbols are, again,
K-linear combinations of non-commutative monomials in ¢1, ¢».

To state our main result we need to consider the standard modular curve Y1 (N) =
X1(N) \ {cusps} over R, (with N > 4 coprime to p) and the natural G,,-bundle
B = B{(N) over the Y7 (N); so B classifies pairs consisting of an elliptic curve with
I'1 (N)-structure and a basis for the 1-forms. Let Byq be the preimage in B of the
ordinary locus in Y1(N). We will show (cf. Theorems 7.11, 7.13, 7.18, 7.19, 7.34,
Proposition 7.38 and Corollary 7.30) the following characterization of these forms.

Theorem 1.6. The following hold:

(1) The classes f,, and f,,, are induced by isogeny covariant partial §-modular
forms, denoted by fﬂft and ffftv of weight —1 — ¢, and —¢,, — ¢,, respec-
tively.

(2) There exists c € Z; such that for every distinct words |1,V € M§’+ of lengths
r,s € {1,2}, respectively, the symbols offliet and fljflv are equal to c(¢, — p")
and c(p* ¢, — p"¢v), respectively.

(3) The forms fpjbet and ffft,, naturally induce totally overconvergent arithmetic
PDEs on B and the induced maps B(R %) — K2 restricted to Bora(R¥2)
extend to continuous maps Bo(Cp) — Cp.

(4) The form flje; is a basis modulo torsion of the module of isogeny covariant
partial §-modular forms of order < 1 and weight —¢1 — ¢».

The forms fljft, fft\, in the theorem satisfy a series of cubic and quadratic relations
(cf. Theorems 7.18 and 7.19). We will use these relations to determine the Serre—Tate
expansions of the forms involved (cf. Theorem 7.28) which is what, in particular,
leads to the determination of the corresponding symbols in part 2 of the theorem
above. As a consequence of these computations we will derive some explicit formulae
for the values of §-characters in terms of Serre—Tate parameters. These formulae will
exhibit a rather unexpected antisymmetry property that translates into a Reciprocity
theorem similar to Theorem 1.2 and valid for arbitrary §-characters ¥, , where p,v €
M%’Jr; cf. Theorem 7.44 for details and a precise statement. The critical map ¥ in
Theorems 1.1 and 1.2 is the following. For & € II and an elliptic curve E over R,
we recall our §-character ¥; ». The map ¥ in Theorems 1.1 and 1.2 is the induced
group homomorphism

VR, = (V12)R,: E(Rz) = Ry.



Main results 9

We also note that the proof of Theorem 1.1 utilizes a version of a classic theorem of
Strassman, see Lemma 7.68. It would be immediate to conclude a uniform version of
Theorem 1.1 from a uniform version of Lemma 7.68.

In addition, our considerations above will lead to an explicit description of the
kernel of 1//21’%}’ p in terms of B. This result can be viewed as an arithmetic PDE The-
orem of the kernel analogue of Manin’s theorem of the kernel [27] and extending the
arithmetic ODE results in [6, Theorems A and B] and [8, Theorem 1.6]. This utilizes
an interesting pairing defined as follows.

For ., v of lengths r and s respectively define the Q,-bilinear map

(o Y Kale i gale _, gale
by the formula

(o, B)up = B a® — BPua® 4 p*(ap® — a®) + p’ (Ba® — ap?).
The version of the Theorem of the kernel (cf. Theorem 7.42) is as follows.

Theorem 1.7. We have a natural group isomorphism

Ker(y'%, 5) ®z Q ~ {o € K™ | (@, )0 = 0}

alg
wov,B )
(which always contains the torsion group of Eg (R¥2)) does not reduce to the torsion

group.
Another application of our theory of §-modular forms is the construction, for
every weight w, of a §-period map

Note that for Eg ordinary with B not a root of unity we have that Ker(yr

pw : Y1(N)(R®)S — PV (R™)

where Y1(N)(R¥2)SS C Y1(N)(R™®) is a natural set of semistable points; cf. Defi-
nition 7.35. The terminology is motivated by the following analogy with geometric
invariant theory. Group actions are replaced, in our setting, with the action of Hecke
correspondences and the “components” of our §-period maps are given by isogeny
covariant §-modular forms which should be viewed as analogues of invariant sections
of line bundles in geometric invariant theory. As we shall see the §-period maps are
rather non-trivial already for w of order 2 and degree 4; cf. Example 7.37. On the
other hand isogeny covariance will imply the following result (cf. Theorem 7.36).

Theorem 1.8. The §-period maps py, are constant on prime to p isogeny classes.

Next, as in [3,9, 10], we will construct certain ‘crystalline forms’ f,;”°, f, and

prove they are proportional to the forms ffft, fft\,, cf. Corollary 7.52. In addition,
we will consider §-modular forms on the ordinary locus. (Such forms were called
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“ordinary” in [10, Chapter 8] but here we will avoid this term so that no confusion
arises with its use in the ODE/PDE distinction.) Then using a crystalline construction
as in loc.cit. we will completely determine the structure of the spaces of isogeny
covariant §-modular forms on the ordinary locus for the weights of degree 0 and —2;
cf. Corollary 7.58.

1.5 Leitfaden

In Chapter 2, we begin by discussing Frobenius lifts and Frobenius automorphisms of
K¢ after which we introduce partial 8, -jet spaces which are a PDE analogue of the
ODE r-jet spaces in [6]. In Chapter 3, we introduce and study &, -characters of group
schemes as well as their Picard—Fuchs symbols. Chapter 4, is devoted to analyzing
these concepts for the multiplicative group G,,. Chapter 5, does a similar analysis for
elliptic curves. Here we introduce and study the arithmetic Kodaira—Spencer classes
Ju» Ju,v and the 8 -characters v, ,,. All the above discussion is made in the context
of an arbitrary number n of Frobenius automorphisms and an arbitrary order r. We
next specialize our discussion of elliptic curves to the case n = r = 2, and we derive
a series of quadratic and cubic relations satisfied by the arithmetic Kodaira—Spencer
classes. Chapter 6, summarily explains how all the above theory can be developed
in a “relative setting;” this is necessary for Chapter 7 where we introduce partial §-
modular forms which are a PDE version of the ODE concept introduced in [9]. The
relative arithmetic Kodaira—Spencer classes define such forms. We then introduce
and compute the Serre-Tate expansions of these forms, we construct our §-period
maps, and we derive the Theorem of the kernel and the Reciprocity theorem for arith-
metic Manin maps. We continue by discussing the crystalline side of the story and
forms on the ordinary locus, and we present a construction of finite covers defined
by §-modular forms (cf. Theorem 7.64) which is then used to prove our main Dio-
phantine application to modular parameterizations (cf. Corollary 7.69). We end our
Chapter 7 by introducing a PDE version of the ODE §-Serre operators in [3,10]; these
PDE §-Serre operators lead to genuine (not arithmetic) PDEs satisfied by our arith-
metic PDEs and can be viewed as Pfaffian systems of equations on the arithmetic jet
spaces. The memoir ends with an Appendix where we briefly discuss a more general
theoretical framework in which commutation relations and inversion of Frobenius
lifts are “built into” our jet spaces. We will provide there some simple computations
illustrating the complexity of this more general framework.



Chapter 2
Purely arithmetic PDEs

2.1 Frobenius automorphisms

We start with the following standard definition.

Definition 2.1. By a Frobenius lift for an A-algebra ¢ : A — B we understand a ring
homomorphism ¢ : A — B such that the induced homomorphism ¢ : A/ pA — B/ pB
equals the composition of the induced homomorphism ¢ : A/pA — B/ pB with the
p-power Frobenius on A/ pA.If B = A and ¢ = 14 we say that ¢ is a Frobenius lift
on A.

For every, not necessarily algebraic, field extension F C L we denote by & (L/F)
the group of all field automorphisms of L that are the identity on F. For every field
L we denote by &7, the absolute Galois group & (L¥¢/L), where L¢ is an algebraic
closure of L.

We recall the main setting in [12]. Consider the field of p-adic numbers with
absolute value | | normalized by |p| = p~!. Let Q;‘g be an algebraic closure of Q,,
let Q)" be the maximum unramified extension of Q, inside Q?,lg, let K be the metric
completion of Q" and let K a2 he the algebraic closure of K in the metric completion
Cp of Q?,lg. We still denote by | | the induced absolute value on all of these fields.
We denote by Z}‘,r, Zf,lg, R, R¥g, (C; the valuation rings of }‘,r, ?,lg, K, K2, Cp,

respectively. In particular, R := Z\;‘f .We set k := R/pR; sok ~ F3®.
Remark 2.2. The natural ring homomorphism
Q32 ®qy K — K¢ 2.1

is an isomorphism. Indeed, this map is surjective because by Krasner’s lemma, we
have K¢ := K Q?,lg; cf. [5, Proposition 5, page 149]. To check that the map (2.1)
is injective write and Q;lg = |JF; with F;/Q),, finite and let F° C F; be the maxi-
mum unramified extension of @, contained in F;; so F;/ Fio is totally ramified and
Qy = (JF?. It is enough to check that F; ® po K — K™ is injective for all i. To
check this note that F;/ Fio is generated by a root of an Eisenstein polynomial f;
in F2[x]; but every such polynomial is an Eisenstein polynomial in K[x] and so
F® FP K = K[x]/(f;) is a field, therefore it injects into K2,

Definition 2.3. Let L be a subfield of C,, containing Q. A Frobenius automorphism
of L is a continuous automorphism ¢ € & (L/Q),) such that ¢ induces the p-power
Frobenius on the residue field of the valuation ring of L. We denote by &M (L/Q,)
the set of Frobenius automorphisms of L.
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More generally the theory of the present memoir can be developed based on the
set O (L/Q ) of all continuous automorphisms ¢ € &(L/Q,) such that ¢ induces
the p*-power Frobenius on the residue field of the valuation ring of L where s is some
fixed positive integer; for simplicity we will not consider this more general situation
in what follows.

Note that if ¢ is a Frobenius automorphism of K2 then ¢ sends R into R, induces
the Frobenius lift on R, and induces an automorphism of R*¢ (which is however not a
Frobenius lift on R*¢ in the sense of Definition 2.1). Conversely, every automorphism
¢ € &(K¥/Q,) extending the Frobenius lift on R is a Frobenius automorphism of
K8, Indeed, for every finite Galois extension Lo of Qp, the field L := Lo K is sent
onto itself by ¢ and the absolute values | | and |¢( )| on L have the same restriction to
K, hence must coincide; cf. [25, page 32]; in particular ¢ is continuous and induces
the p-power Frobenius on k.

The set (I (K¥2/Q p) is a principal homogeneous space for the absolute Galois
group &k under the action given by (y, @) > y¢ for ¢ € %(1)(1(“1‘0’/@1,) and y € Gk.
On the other hand, by the fact that the homomorphism (2.1) is an isomorphism we
immediately get that the restriction homomorphism &g — (S’@;; an isomorphism
of topological groups and the restriction map F (K¢/ Qp) — %(1)((@?}‘% /Qp) is
a bijection. Note that %(1)((@;1(; /Qp) has a purely (topological) group character-
ization as a subset of &g ,5 cf. [31, Lemma 12.1.8, page 665]. The elements of
{’9(1)((@;“% /Q)p) are referred to in loc.cit. as Frobenius lifts but adopting that termi-
nology here would conflict with our Definition 2.1.

By the way, the absolute Galois group &, is known to have 4 topological gen-
erators one of which is in F (Q;‘,lg /Qp); the relations among these topological
generators are also known, cf. [22] or [30, Theorem 7.5.10, page 360]. We say that a
subset of a topological group is a set of topological generators if the subgroup gener-
ated by this set is dense in the group. One can easily see, by the way, that one can find
a set of 4 topological generators of &q,, that is contained in %(1)((@;1(; /Qp). We will
not use this observation in what follows. What we will be interested in is the monoid
(rather than the group) generated by our Frobenius automorphisms, as explained in
the next subsection.

2.2 Monomial independence

In what follows monoids will not necessarily be commutative. Let M, be the free
(non-commutative) monoid with identity generated by the set {1, ...,n},
My, :={0}U{i;...is |l e N, iy,...,is €{l,...,n}};

its elements will be referred to as words, the length || of a word p =iy ...is is
defined by || = s, 0 is called the empty word and its length is defined by |0] = 0.
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Multiplication is given by concatenation (i, v) + v and 0 is the identity element.
For all r € N U {0} let M be the set of all elements in M, of length < r. Set
M+ := M, \ {0} and M; " := M”, \ {0}.

Definition 2.4. A family of distinct elements ¢1, . . ., ¢, in a monoid & with identity
1 is called monomially independent if the monoid homomorphism

My, - &, p=iy...ii > ¢y :=¢i,...¢;, for l €N, and 0+ 1
is injective.
Remark 2.5. Note that in our notation above we have the formula ¢, ¢, = ¢,,, for
W, v € My, Note also that if & is a group and ¢, ..., ¢, € & are monomially inde-
pendent in & then the subgroup of & generated by ¢1, . . ., ¢, is not necessarily freely

generated by ¢y, ..., ¢,; an example that naturally occurs in our context is given in
Remark 2.9.

The following lemma follows trivially from the well known “algebraic indepen-
dence of field automorphisms” but, for convenience, we provide a proof.

Lemma 2.6. Let L be a field of characteristic zero and let ¢y, . . ., ¢, be monomially
independent elements in &(L/Q). Let F = F(...,x,...) be a polynomial with L-
coefficients in the variables x,, with i € M, and consider the function f : L — L
defined by

JA) =F(..,¢u(A),...), AeL.

Let A be a subring of L and assume f(A) = 0 forall A € A. Then F = Q.

Proof. By Artin’s independence of characters, cf. [26, page 283], if 2 is a monoid
then every family of distinct monoid homomorphisms 2 — L* is L-linearly indepen-
dent in the L-linear space of all maps 2 — L. Let A = A\ {0}. Then by Artin’s inde-
pendence of characters it is enough to check that for distinct vectors e := (e,) ueM,
with entries non-negative integers, almost all zero, the maps f. : A — L defined by

fe) =@, AeA
y7

are distinct. Assume f, = f.s and let us show that e = ¢’. For all integers m € Z we
have

[Tt + ¢u)e = []0n + ¢ (). A € A.
w w
Since L has characteristic zero we have an equality

[T+ du)® =] + du). 1e4
n n
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in the ring of polynomials L[r]. Looking at degreesin/ we get ) e, =) e, =:d.
Picking out the coefficient of #4~!

Y enpuh) =) el pu(h), A€ A
w w

we get

By monomial independence of the ¢;’s and, again, by Artin’s independence of char-
acters, the family (¢,)em,, is L-linearly independent in the L-linear space of maps
A — L so, since L has characteristic zero, we conclude that e, = e;L for all w. [

Example 2.7. In what follows we show that the set & (K?2/ Qp) of Frobenius
automorphisms of K¢ contains large subsets of monomially independent elements
that remain monomially independent on “small” (abelian) extensions of K. We recall
some standard constructions from Iwasawa theory; cf. [21]. Let [ # p be a prime.
Consider sequences 7, € K¥2 and {;m € K with m > 0 such that

mo=p. Go=1, Moy = Tm, me+1 =§m, m=0.

Since the polynomial x/”" — p is Eisenstein over K and 7, is one of its roots we have
that the field K, := K(m,) generated by 7, is isomorphic to K[x]/(x!" — p)
and K, is Galois over K with cyclic Galois group of order /”* generated by the
automorphism t,, satisfying t,,, 7w, = {ymy,. Define

KO := | J Ky, (2.2)

m=>0

Clearly the automorphisms t,,, are compatible and yield an automorphism 7(;) €
G (KD /K). For all y € Z; one defines 1(1;) € & (KW /K) as follows: if y = by,
mod [™ with b,, € Z then one lets 15) to be r(bl’;’ on K(my,). Then the map Z; —
G (KD /K) given by y > Tg;) is an isomorphism. On the other hand the fields K,
possess compatible automorphisms extending the Frobenius lift on R and fixing the
7m’s; they induce an automorphism ¢y on K @, One trivially checks that dWTM)
and r(ll’)qﬁ(l) coincide on all roots of unity in K (and hence on K) and also on all
TTm’S; SO Gy T(1) = r(ll’)qb(l) in (S’(K(l)/Qp). For each y € 5 we set q’)((ly)) = 1(1;)4)(1) €
G (KD /Q,), and we let ¢ € F I (K¥2/Q,) be an arbitrary extension of qﬁ((ly)).

Proposition 2.8. The following hold:

(1) ¢((IO)), .. ,qﬁ((f;_l) are monomially independent in (S’(K(l)/Qp). In particular,
d©@ .. 0@V are monomially independent in G (K /Qp).

(2) Let y1,...,Yn € Z; be Z-linearly independent. Then qb((ly)'), e ,¢((;')”) are
monomially independent in @’(K(l)/Qp); in particular ¢V, ... ¢ are

monomially independent in & (K2 /Q,).
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Proof. We will prove Part 2. Part 1 is proved similarly. Write ¢; ; := ¢((;')i) fori e

{I.....n}.Letu =iy...ig whereiy,...,ig € {1,...,n} and similarly ' = i{...i,,

where i{,...,i, € {1,...,n}. Assume
Gird - igd = b0 bir,

and let us prove that i = . We first note that for all integers j > 0 we have ¢(1)t(1)

(l) ¢(1), this follows by induction on j. We conclude that ¢(Z)T(1) = ‘L'(l) ¢(l) for all
Y € Zy; this equality holds because it holds on every Ky, . Next note that for all
integers i > 1 and for all y € Z; we have ¢él)7:(1;) = r(’;;yqﬁél); this follows by induction
on i. Using the latter equalities we get

Vi Vis Viy +0Vip 05 yig
G- Gigd =T b0 Ty PO =Ty o0

and similarly for i, so we get

y,1+py,2+ +p5 7y, )’l/+p1/,/+ 4py 1y Vig o
0 ¢ = Tay bay-

Since ¢ has infinite order on K we get s = s’. Since () has infinite order on K ®
we get

Ty = vy ey ++ 0Ny (2.3)

in F. We will be done if we prove the following.

Yiy T PYi, £+ D

Claim. An equality of the form (2.3) implies that i; = ij/. Jorall j €{1,...,s}.

The claim can be proved by induction on s. The case s = 1 is trivial. The induc-
tion step follows if we show that the equality (2.3)implies that i; = i]. Assume i; # i}
and seek a contradiction. Recalling that yq, y,, ..., v, are Z-linearly independent
write the left-hand side of (2.3) as a sum Y _7_, ¢; ¥’ with ¢; € Z and write the right-
hand side of (2.3)asasum ) ;_, ¢/ y; withc} € Z. So ¢; = ¢] for all i. Since y;, # Vi,
we get that ¢;;, = 1 mod p while clfl = 0 mod p, a contradiction. This ends the proof
of our claim and hence of our proposition. |

Remark 2.9. Note that, in spite of the fact that 57 := d) 1 = ¢() and 57 = ¢((11)) =

T()$@) are monomially independent in & (K ®D/Q ) we have that the subgroup of
& (KD /Q,) generated by s; and s, is not freely generated by s; and s,; indeed we
have the following relation:

S1 (S2S1_1) = (szsl_l)psl.
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2.3 w-Frobenius lifts

Throughout the memoir we denote by IT the set of all elements & € Q;,lg such that
there exists a finite Galois extension £/Q, with the property that 7 is a prime ele-
ment in Q. Note that IT consists exactly of those elements 7w € Q;,lg which are
roots of Eisenstein polynomials with coefficients in Z ) and for which QY (7)/Qp is
Galois. We have Q;lg = QJ (IT). For any 7 € I write K, = K(7) and let R; = R[r]
which equals the valuation ring of K. We write 7|7 if and only if K, C K. Note
that K¥¢ = K(IT). Clearly for 7 € II the field K, is mapped into itself by every
Frobenius automorphism ¢ of K2, By continuity of ¢ we have an induced automor-
phism ¢, : R, — R, (which we sometimes still denote by ¢) inducing the p-power
Frobenius on R, /n R, = k.

Remark 2.10. We take the opportunity to correct here a typo in [12]: in the definition
of IT of Section 2.1 the exponent “ur” in the condition “Q(7)/Q, is Galois” was
inadvertently dropped.

More generally we will need the following.

Definition 2.11. Let A be an R -algebra. By a m-Frobenius lift for an A-algebra
¢ : A — B we understand a ring homomorphism ¢ : A — B such that the induced
homomorphism ¢ : A/wA — B/nB equals the composition of the induced homo-
morphism ¢ : A/wrA — B/ B with the p-power Frobenius on A/7A.If B = A and
¢ = 14 we say that ¢ is a w-Frobenius lift on A.

In particular, for every Frobenius automorphism ¢ of K¢ and every 7 € II the
induced automorphism ¢, of R is a w-Frobenius lift.

2.4 Rings of symbols

Definition 2.12. Consider a family ® := (¢1, ..., ¢n), ¢ € FP(K¥/Q,) of dis-
tinct Frobenius automorphisms and let 7 € I1. Let Mg be the free monoid with
identity on the set ®; so we have an isomorphism M, ~ Mg, i > ¢;. We define
the ring of symbols K & to be the free K,-module with basis Mg equipped with
multiplication defined by

bi - A =¢i(A) - i 2.4
forA € K;,i € {1,...,n}. If in the above definition we replace K, we obtain a ring
R: .

So every element in K ¢ (respectively R, ) can be uniquely written as

Y Audu

neMy,
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with A, in K (respectively in Ry ). These rings have filtrations “by order” given by
the subgroups:

o = { Z Audp | Ap € Kﬂ} C Ko,
neMy

rom | bt o] e

neMy

The ring K ¢ is a K-linear space with left multiplication by scalars but, of course,
itis not a K -algebra. If End, (K alg) denotes the ring of all group endomorphisms of
K¢ then we have a natural K-linear ring homomorphism

Ko — Endg (K"), 6+ 6", (2.5)

Remark 2.13. Note thatif ¢1, . .., ¢, € F(K¥¢/Q p) are monomially independent
in &(K%/Q),) then, by Lemma 2.6 (and in fact directly from Artin’s “independence
of characters”) the natural ring homomorphism (2.5) is injective.

Remark 2.14. One can also consider the free ring Z ¢ generated by ® which we refer
to as the ring of integral symbols; as an abelian group it is the free abelian group with
basis M. So every element of this ring can uniquely be written as

w = Z Mmu¢u, my € L.
HeMy,

This ring has an order (with non-negative elements defined as those with non-negative
coefficients) and has a filtration “by order” given by the subgroups Zj, consisting of
Z-linear combinations of elements ¢, with u € M. Then for all A € R and all
w € Zg we write

A= T @)™ € R,

HEM,
For every w = ) m,¢,, € Zeo we define the degree of w to be deg(w) = Y _my,.

2.5 Partial -jet spaces

Form e [Tlet C,(X,Y) € Z[X, Y] be the polynomial
XP+Y?P - (X +Y)P
- .

Following [6,7,23] a mw-derivation from an R, -algebra A into an A-algebra B is a
map 8, : A — B, x — X, such that §,(1) = 0 and

Cp(X.Y) :=

%@+ﬂ:&ﬁ+%y+§%@J%
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8x(xy) =xP 8y + yP - Spx + 7 8zx -8z,

for all x, y € A. Given a m-derivation as above and denoting by ¢ : A — B the
structure map of the A-algebra B we always denote by ¢, : A — B the map ¢(x) =
@(x)? + by x; then ¢, is a w-Frobenius lift. If 7 is a non-zero divisor in B then the
above formula gives a bijection between the set of w-derivations from A to B and the
set of -Frobenius lifts from A to B.

Definition 2.15. By a partial §,.-ring we understand an R, -algebra A equipped with
an n-tuple (8,1, ..., 0x,,) of w-derivations A — A. (We do not assume any “com-
mutation relation” between them.)

Assume we are given a family ® := (¢1, ..., ¢,) € FV(K¥2/Q,)" of distinct
Frobenius automorphisms of K2 Note that for every 7 € IT we get an induced tuple
®r = (¢x,1, ..., Pxn) of (not necessarily distinct) -Frobenius lifts on R, called
the restriction of ® to R,. We therefore get an induced tuple (8.1, ...,68x,) of 7-
derivations on R, and hence a structure of partial §,-ring on R.

Following the lead of [6] we need to consider the following generalization of the
notion of partial 8, -ring.

Definition 2.16. Define a category Prol;,q, as follows. An object of this category is
a countable family of p-adically complete R, -algebras S* = (S”),>¢ equipped with
the following data:

(1) R,-algebra homomorphisms ¢: S — S™+1;
(2) m-derivations 8, ;: S” — St for1 < j <n.

We require that §,; be compatible with the w-derivations on R, and with ¢, i.e.,
Ox,j © @ = ¢ 08y, j. Morphisms are defined in a natural way. We denote by ¢ ; :
S”™ — S™*1 the corresponding 7-Frobenius lifts, defined by ¢, ;(x) = @(x)? +
8y, jx. Also, for all pu :=1iy...i; € M, and all x € S” we set 85 ,X := (§ri, ©
0850 (x) € ™ and ¢y X 1= (Priy © ... 0 Pri))(x) € STTL.

The objects of Prolj;’<I> are called prolongation sequences (over R, with respect
to ® or ®,). We sometimes identify elements a € S” with the elements ¢(a) € S™*!
if no confusion arises. We sometimes write S* = (S”,¢,8z.1,. . .,0x.,). We denote by
Prol; ¢ the full subcategory of Prol;"r,d> whose objects are the prolongation sequences
(S7) such that all S”’s are Noetherian and flat over R.

Remark 2.17. (1) If S is a p-adically complete partial 6, -ring whose 7-derivations
are compatible with those on R, then the sequence S* = (S”) with " = S has
a natural structure of object of Prol;';,d> with ¢ the identity and obvious &, ;. If in
addition S is Noetherian and flat over R, then S* is an object of Prol,; ¢. The initial
object in Prol;, 4 (and also of Prol, o) is the sequence R} = (R}) with R}, := R.
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QI S* =(S",¢,6x.1,-..,6xn) is an object of Prol;"r@ then the ring

lim S”
s

has a natural structure of partial §,-ring.

Remark 2.18. For every 7’| and every object S* in Prol, ¢ the sequence
S*®r, Ry = (8" ®r, Rx')r>0
is naturally an object of Prol,’ ¢; cf. [12, Section 4.1].

Remark 2.19. For it = iy ...i, € M/, \ M/~ we define the integral symbol:
U)(,LL) =1+ ¢i1 + ¢i1i2 + ¢i1i2i3 + -+ ¢i1i2i3...ir_1 € ZCI:"

For every object $* = (S”) in Prol}, 4, every r > 1, every u € M, \ M’ =1 and every
a € S there exists @, € S"7! such that

Qrpuad = er(“)Sn,Ma + ¢(ay); (2.6)

this is trivially proved by induction on r.

Definition 2.20. Consider two families of distinct Frobenius automorphisms @’ :=
(@].....¢,) and " := (¢7,....¢,) of K& Alsolet = € II. A map of sets

e:{l,....n"y = {1,...,n"} 2.7

is called a selection map (with respect to (®’, ®”, )) if for all j € {1,...,n'} we
have that ¢, ; = ¢ ¢(;). Consider next an object of Prol;,q,//,

S* = (ST, 0.8 ,....8" ),

sV, 1 Y,
and let € be a selection map as above. One defines the object S in Prol;,q,/ by:
S: = (Sr, @, ;,6(1)’ ey 8;';,6(?!/))‘
This construction depends only on the restrictions @/ and @’ of &" and " to K.

Motivated by Proposition 2.8, introduce variables denoted by 8, y; for u € M,
well,je{l,..., N}. Fix an integer N and consider the ring R;[y1,..., yn] and
the rings

J;,CI)(RJT[ylvvyN]) = Rﬂ[Sﬂ,My] |/"L GMZ,‘] € {177N}] . (28)

The sequence J;@(R,r[yl, s IN]) = (J; o (Rx[y1,. ... yn])) has a unique struc-
ture of object in Prol; ¢ such that 8,6,y := 8z iy forall i =1,...,n. We
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have an induced evaluation map Fpg_ : Rfy — Ry: for (ay,...,an) € RQ’ we let
Fr,(ai,...,an) € Ry be obtained from F by replacing the variables &, ,y; with
the elements 8 ;,a;. Note that the map

Jr o(Rely1.....yn]) = Fun(RY, Ry), F — Fg, (2.9)

is not injective in general, even if ® is monomially independent. Here and in the fol-
lowing “Fun” stands for the set of set-theoretic maps. For instance if ¥ = p we have
(8p,iy —8p,;¥)r = 0. This is in stark contrast with [12]. See, however, Remark 2.34.

Definition 2.21. For every R,-algebra of finite type A := R;[y1,..., yn]/I, we
define

ro(A) = Jr o (Raly1,.... yND/@Brpul | 1 € Mp).
This algebra is called the partial w-jet algebra of A of order r.

Note that J7 4(A) is Noetherian and p-adically complete but generally not flat
over R, evenif m = p and A is flat over R;; as one can see by taking A = R[x]/(x?).
It is trivial to see that the sequence J ;’q)(A) := (J,.9(4)) has a natural structure of
prolongation sequence, i.e., it is an object of Prol;"r,d> (but, as just noted, it is not
generally an object of Prol;,¢). Also note that J7 4(A) depends only on r, 7, A and
on the restriction ®,; of ® to R;.

Proposition 2.22. If A is a smooth Ry-algebra, and u: R;[Ty,...,Tz] — A is an
étale morphism of R, -algebras, then there is a (unique) isomorphism

Ar Ty e Myt jefl,....d}] = J] &(A)

sending 8z, Tj into 8, (u(T})) for all j and p. In particular, J; &(A) is flat over
Ry so the sequence J* 4(A) is an object of Proly .

Proof. Similar to [10, Proposition 3.13]. [
We have the following universal property.

Proposition 2.23. Assume A is a finitely generated (respectively smooth) Ry -alge-
bra. For every object T* of Prol:;q> (respectively in Prol, o) and every Ry -algebra
map u : A — TO there is a unique morphism Jyo(A) = T over S* in Prol;, 4
(respectively in Prol; o) compatible with u.

Proof. Similar to [10, Proposition 3.3]. ]

We next record the existence of “prolongations of derivations.” Let S be a ring.
Recall that by an S-derivation from an S-algebra A to an A-algebra B one under-
stands an S-module endomorphism A — B satisfying the Leibniz rule.



Partial rr-jet spaces 21

Proposition 2.24. Let A be a smooth Ry-algebra equipped with an Ry -derivation
D : A — A. Then for every r > 1 and every w € M, there exists a unique Ry-
derivation D), : J7 &(A) — J &(A) satisfying the following properties:

(1) Dyppa = p"-¢pDaforalla € A;

(2) Dy¢pva =0 foralla € Aandallv € M), \ {u}.

Proof. Similar to [10, Proposition 3.43]. We recall the argument. Uniqueness is clear.
To prove existence let u : S := R;[T1,...,Ty] — A be an étale map and let a; :=

DT; € A. Then consider the derivation
P
]-[w(ﬂ) 4
1=

af’u . J;@(S) == Rn[gn,vT | Ve M;] - J;,CD(A)‘
1

88 uT;

By Proposition 2.22 this derivation extends to a derivation Dy, @ J 4 (A) — J £(A).
To check properties (1) and (2) it is enough to check them for a = T; because if (1)
and (2) hold for two elements of J ;,q,(S ) then (1) and (2) hold for their sum and their
product. But for a = T; the equalities (1) and (2) hold in view of formula (2.6). ]

The jet construction can be globalized as follows.

Definition 2.25. For every smooth scheme X over R, define the p-adic formal
scheme

T7 o(X) = | Spf(J;, 6 (O(U)),

called the partial 7-jet space of order r of X, where X = | JU; is (any) affine open
cover. The gluing involved in this definition is well defined because the formation of
m-jet spaces is compatible with fractions; cf. Proposition 2.22. The elements of the
ring O(J (X)), identified with morphisms of p-adic formal schemes J 4(X) —

A, are called (purely) arithmetic PDEs on X over R, of order < r.

For all 7’| we write X5 1= X ®g,, Ry.Clearly J? o(Xn/) = X,,/. Note also
that J, - (X/) only depends on r, 7/, X and on the restriction ®, of ® to R,.

Proposition 2.26. Assume A is a smooth Ry -algebra. For all 7" |n’|x there are nat-
ural homomorphisms

L/ 7 - J;//’¢(A) — J;/,q)(A) ®Rﬂ, RT[” (210)
such that the homomorphism
ln o J;//,q)(A) — Jo(A) ®Rry Ry (2.11)

equals the composition

Lt 7/ lyt 7w ®1
T o(A) 3 T (A @R, Rer 2 (I p(A) @R, Rar) ®,, Rur, (2.12)
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where the targets of the maps (2.11) and (2.12) are naturally identified. Moreover; the
homomorphisms (2.10) are injective.

Proof. This follows similarly to [12, Proposition 4.1 (1)] and [14, Proposition 2.2].
The map 77 5 is guaranteed by Proposition 2.23 as (J, 4(A) ®Rr,, Ry~) is nat-
urally an object of Prol;~ &; cf. Remark 2.18. The factorization (2.11) arises from
naturality of base change. Finally, to address the injectivity of (2.10), pick an étale
homomorphism R, [T1,...,T;] — A. Both the source and target of (2.10) then embed
in the common ring

Ko [8xr yTj lpeMl,j=1,....d] = Kpr[§g ) Tj |l peM),j=1,....d]
recovering the natural base change (2.10) from which the injectivity is clear. |

Remark 2.27. For every smooth algebra A over R, and every selection map € with
respect to (®', ®”, ) we get (by the universality property of J”) a natural morphism
of prolongation sequences over R, with respect to @', J ;"d), (4) = J ;’q,,, (A)e, cf.
Definition 2.20 for the subscript notation. Hence for every smooth scheme X over
R, we get morphisms
Jr.on(X) = Jg /(X). (2.13)
We shall be interested later in four special cases of this construction.
(1) Assume 7 = p, @ = ®”, and € : {1,...,n} — {1,...,n} is a bijection.
Then the above construction defines an action of the symmetric group X, on
I o(X).
(2) Assumen’ =s,n" =n, ® = (¢],....¢5), D" =D = (¢1....,Pn),
DL =iy Pr=¢i,, 1 <i1<ip<---<ig<n, e(l)=iy,...,e(s) =is.
Then we get a natural morphism (referred to as a face morphism)

J;,(I)(X) = 7’;,451,...,(}5,1 (X) g J;a¢il s ®ig (X)

3) Assume 7 = p,n' =n,n" =1, =0 = (¢1,...,¢n), D’ = {p}, and
hence € is the constant map. Then we get a natural morphism (referred to as
the degeneration morphism):

J7o(X) = 7 5(X).

(4) Assume 7 = p and ® = {¢1, ..., P, }. Then one trivially checks that for all
i €{l,...,n}the composition of the face and degeneration morphisms below
is the identity:

id:J] gy (X) = JI (X)) — JI 4 (X).
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2.6 Total §-overconvergence

The notion of §-overconvergence was introduced in [14] and exploited in [12], cf.
[12, Definition 2.5].

Definition 2.28. Assume 4 is a smooth Ry-algebra. An element f; € J 4(A) is
called totally §-overconvergent if it has the following property: for all /|7 there
exists an integer N > 0 such that p"V f; ® 1 is in the image of the map

to 2 JEr o(A) = JL o(A) @R, Rar. (2.14)

Let us denote by J ;@(A)T the R-algebra of all totally §-overconvergent elements
in J” ;(A). For every smooth scheme X/R; an element (arithmetic PDE), f €
o ;:q,(X )), will be called fotally §-overconvergent if for all affine open set U C X
(equivalently for every affine open set of a given affine open cover of X)) the image
of f inthering O(J &(U)) = J] £(O(U)) is totally §-overconvergent. We denote
by O(J; o(X ))T the ring of all totally §-overconvergent elements of O (J (X)) A

morphism J 5 (X) — 1&\1 will be called rotally §-overconvergent if the corresponding
element in O(J 4 (X)) is totally §-overconvergent.

Remark 2.29. We caution the reader about the notation . It is common for { super-
scripts to also denote overconvergence in a difference sense. Specifically, these super-
scripts are used extensively in the overconvergent Witt vectors or Monsky—Washnitzer
algebras of rigid geometry. This memoir is written entirely in the formal setting.
There are certainly overlaps between concepts used here and those in rigid geom-
etry, however they remain for now in different realms. We hope this notation causes
no confusion. To elucidate, all uses of § are in reference to §-overconvergence.

Note that, again, the ring O (J 5(X )T depends only on r, 7, X and on the restric-
tion @, of ® to R,;.
Using Proposition 2.22 one trivially checks the following two propositions.

Proposition 2.30. For every smooth scheme X over Ry, every r > 0, and every map
as in (2.7) the ring homomorphisms

(9 (J];’(D/ (X)) —> (9 (J]:’qy/ (X))
induced by the morphisms (2.13) induce ring homomorphisms
0L e (XN = 0L 4 (XN

We will usually view the above ring homomorphisms as inclusions.
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Proposition 2.31. Assume that u : X—>Yisa morphism between the p-adic com-

pletions of two smooth Ry-schemes and let [ : J! 4(Y) — A be a totally §-over-
convergent morphism. Then the composition

JT () f -3
ro(X) — JLp(Y) > Al

is totally §-overconvergent, where J" (1) is the morphism induced by u via the uni-
versal property.

Similarly to [12] we make the following definition.

Definition 2.32. Forevery ' € O(J] 5(X)) and every object S* = (S") in Proly,¢
the universal property of m-jet spaces yields a map of sets

fs=: X(S% — S". (2.15)

On the other hand, if ' € O(J) q)(X))’r then for every object $* = (S”) in Prol, ¢
we can define the map of sets

22 X(S° ®g, R™) > S” ®g, K" (2.16)

as follows. We may assume X = SpecA is affine because the construction below
allows gluing in the obvious sense. Let P € X(S° ®g, R¥¢). Choose /|7 such that
P € X(S° ®g, Ry’)andchoose N > 1suchthat pV f ® 1 € Jra(A) ®r, Ry is
the image of some (necessarily unique) element fr/ x € J, ;(A) via the map (2.14).
View P as a morphism P : A — S° ®g_ R,/. By the universal property of 7’-jet
spaces we have an induced morphism J"(P) : J7, 4(4) — S” Qr, Rx’. Then we
define

f(P) = p NI (P)(frn) € 8" ®r, Knr C S” @, K.

The definition is independent of the choice of 7/ and N due to the injectivity part of
Proposition 2.26. On the other hand f. SaLg effectively depends on ® (and not only on
the restriction @, on K). For §* = R we write fr, := fgx and

[ = fRf = faf s X(RYE) — K (2.17)

Proposition 2.33. Let [ € O(J] (X)) and assume the map fs= is the zero map
for every object S* in Prol, o with the property that S™ are integral domains and
¢ : S” — S™T1 are injective. Then f = 0. In particular, if f € (9(J];’<I,(X))T and
the map f. ;Lg is the zero map for every object S* in Prol, ¢ as above, then f = 0.

Proof. Take S* = (S87), S" := O(J;.6(U)) for various affine open sets U C X; one
gets that the image of f in O(J] 4(U)) is 0, hence f = 0. [
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Remark 2.34. Assume ¢y, ..., ¢, are monomially independent in & (K2/Q,). It
would be interesting to know when/if the ring homomorphism

O(JL o(X)T — Fun(X(R™), K"8), f > fo (2.18)

is injective. For n = 1 this is true; cf. [12, proof of Proposition 4.4]. See also Propo-
sition 3.13 and Proposition 7.38 for related results. Clearly, if we do not assume
$1, - .., ¢ are monomially independent in & (K¢/Q,) then (2.18) is not injective
in general: to get an example take X the affine line, n = 2, and ¢; = ¢».






Chapter 3

Partial §-characters

3.1 Definition and the additive group

We start with the following PDE definition extending the ODE case in [6].

Definition 3.1. A partial 6, -character of order < r of a commutative smooth group
scheme G/ Ry is a group homomorphism J (G) — Gy in the category of p-adic
formal schemes. (So in particular a partial §,-character can be identified with an
element of O(J 4(G)), i.e., with an arithmetic PDE of order < r.) We denote by

" 5(G) := Hom(J] 4(G). Gy)

the R,-module of partial §,-characters of G of order < r which we identify with a
submodule of O(J] (G)). For 'lw we set Xy 0(G) := Xy, 0(Gx/), and we call
the elements of the latter partial 8,-characters of G. For n = 1 partial §,-characters
will be referred to as ODE 8z -characters. An element of X7 (G) will be said to
have order r if it is not in the image of the canonical (injective) map ¢ : X;_ql (G) —>
X' 4(G) induced by ¢. We also consider the naturally induced semilinear ﬁlaps i :
X;’_ql (G) — X, (G) induced by ¢;.

Consider the R,-module X;”P(G)T of totally §-overconvergent partial §,-char-
acters of G. So inside the ring O (J! 4(G)) we have

X76(G) =X 6(6) N0y 4(G)".

Note that if ¥ € X 4(G) and if Wy ele 0(J;.6(G)) ®R, Ry is the image of
some (necessarily unique) ¥» € O(J], 4(G)) then ¥pr € X7, 5(G). In particular,
we have the following.

Lemma 3.2. The image of the natural map
X! o(G)" — Fun(G(R™®), K¥2), y >y
is contained in Homg (G (R™2), K*¢) where Homy, is the Hom in the category of
abstract groups.
We also record the following obvious lemma.

Lemma 3.3. [f an element Y of X] (G) times a power of p belongs to X;,(I,(G)T
then  itself belongs to X;,q,(G)T.
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We have the following description of partial §,-characters of the additive group
Gy = Spec Ry [T]. For u =iy ...is € M, and r > s recall that we write

GruT = bmiy - i, T € Ry[$xnT [ v € M) = O(J; 6(Ga)).
Consider the embedding
0y 6(Ga)) C Kn[8zpT |veM] = Kn[¢prnT | v e M]
and consider the groups
KpoT =Y KppzuT C KnlpnnT | v €My].
neM)
Rl T = Z Ru¢npT C KL g
HeMy,
These groups are naturally isomorphic to the groups of symbols K7 4 and R} 4,
respectively.
Proposition 3.4. The following equality holds,
X} 6(Ga) = (K}, 6T) N (Rz[87,T | v € My)), 3.1

where the intersection is taken inside the ring K [¢prT | v € M"]. In particular

X 5(Ga) = X}, 6(Ga)'.

Proof. The inclusion D in (3.1) is clear. To check the inclusion C note that every
element in X7 4 (G, ) defines an additive polynomial in the ring Ky [z T | v eML]
hence, since K has characteristic 0, a linear polynomial. [

Lemma 3.5. Fory := 3} cyr AuuT in the group in (3.1) the following hold:
(1) Ao € Ry.
Q) Ify =0mod T in Kp[8zT | v € MJ ] then A, =0 forall p € MY

(@) Ifn = 1then Ay, € Ry forall u € M,. In other words the intersection in the
right-hand side of (3.1) equals R} &T.

Proof. Part 1 follows by picking out the coefficient of T'.

Part 2 follows by induction on the number of non-zero terms in y. For the induc-
tion step one orders M, by letting all members of M \ M3~! be greater than all
members of Mi$~! forall s € {1,...,r} and by taking an arbitrary total order on each
set M \ Mfl_l. Then one picks out the coefficient of 8, ,,7 in ¥ where u is the
largest element in M, with é, , T appearing in .

Part 3 follows again by induction on the number of non-zero terms in 1. For the
induction step one picks out the coefficient of 77" in 1 where # is the largest integer
such that 77" appears in . ]
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Remark 3.6. Assertion 3 in Lemma 3.5 fails for n > 2. For instance, for 7 = p, one
immediately checks that

§¢1¢2T — %¢2¢1T € X 5(Ga) \ (RGT).

3.2 Picard-Fuchs symbol

Definition 3.7. Let G have relative dimension 1 over R and let @ be an invariant 1-
form on G. By an admissible coordinate for G we mean an étale coordinate 7 € O (U)
on a neighborhood U of the origin of G generating the ideal of the origin of G in
OU). Let

oo
b
UT) =L,(T) = Y —2T™ € Kx[T]. bm € Ry,
m
m=1

be the logarithm of the formal group of G (with respect to T') normalized with respect
to w; so £ is the unique series in K, [T] without constant term such that d¢ = w in
K[T]dT. (We have by € RX.) Let e(T) = e,(T) € K[T] be the exponential
normalized with respect to w, i.e., the compositional inverse of £(T"). Then the series

e(pT) belongs to pR, [T] and so defines a morphism of groups in the category of
p-adic formal schemes, & : (G — G. For every partial 8 -character ¥ € X] 4(G)
the composition

&r v o~
0) : J;.6(Ga) — J; 6(G) — Gg
is a partial 8 -character of G, so, identified with an element of O(J 4(Gq)), can be

written (cf. Proposition 3.4 and Lemma 3.5, Part 1) as

0W) = Y AupruT € X} 0(Ga) C KL oT. Ay € Kn, Ao € Ry, (3.2)
HeM;,

We define the Picard—Fuchs symbol (still denoted by 6(y)) of ¥ (with respect to T
and w) by

0W) = Y Aupp €K

HeEM;,

The latter induces a Q,-linear map
O(y)"e : K& — K.

Remark 3.8. (1) By our very definition, viewing ¥ as an element of Ry [, T | p €
M ], we have the following equality in K [85,,7T | © € MZ]:

¥ = Lo,
)4
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(2) For every , writing 6(y) = }_, ¢, we have that
Ao € pRy.
Indeed, by the equality in Part 1 we have that
OWIT) € pRx 87T | € My ]

and we are done by picking out the coefficient of 7.
(3) The map
0 :X70(G) > Kp o, ¥ 0(Y) (3.3)

is a group homomorphism. Moreover, for all © we have

9(¢MW) = ¢u0(1ﬁ)-

(4) If 7 = p then the action of X, on Jp’ 4(G) induces an action of ¥, on
X', 4(G). We also have an obvious action of X, on Kg and the homomorphism (3.3)
is X, -equivariant.

In what follows let m = m(R¥¢) be the maximal ideal of R*¢, let
G(m) := Ker(G(R™) — G(k)).

and let £¥¢ : G(m™¢) — K% be the map induced by the logarithm series £(7).

Corollary 3.9. Let ¥ € X;.6(G)" be a totally §-overconvergent 8, -character and
consider the homomorphism ¥¥2 : G(R¥¢) — K¢, The following hold:

(1) The restriction Y™ of Y to G(m) fits into a commutative diagram

alg
G(m) -5 gale (3.4)
wml O(y)de
Kalg Kalg

(2) The homomorphism Y2 can be extended to a (necessarily unique) continu-
ous homomorphism y<» G(Cp) — Cp.

Proof. Part 1 follows directly from Remark 3.8, Part 1. To check Part 2 note that since
Y2 is a homomorphism it is enough to check it can be extended by continuity on a
ball in G(Cp) around the origin, cf. [12, Section 4.2]. This follows directly, exactly
as in [12, proof of Proposition 6.8], from Part 1. |

The following is a PDE version of the arithmetic ODE analogue (cf., [6, 8]) of
Manin’s Theorem of the kernel [27].
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Corollary 3.10. For every ¢ € X,,,q;(G)T there is a natural group isomorphism
(Ker(y%)) ®z Q = Ker(0(y)™). (3.5)
Proof. The exact sequence
0 — G(m) — G(R™) — G(k)
induces an exact sequence
0 — Ker(y™) — Ker(¥¥¢) — G(k).
Since the group G (k) is torsion we get an induced group isomorphism

(Ker(y™)) ®z Q = (Ker(y%)) ®z Q. (3.6)

On the other hand recall that the map £¢ in diagram (3.4) has a torsion kernel and
cokernel; cf. [33, Proposition 3.2 and Theorem 6.4]. So tensoring the diagram (3.4)
with Q the resulting upper horizontal map is an isomorphism. Taking the kernels of
the resulting vertical maps we get an induced group isomorphism

(Ker(y™)) ®z Q = Ker(0(y)™®). (3.7)

We are done by considering the composition of the map (3.7) with the inverse of the
map (3.6). ]

The following strengthened version of the above corollary is sometimes useful.
Let L be a filtered union of complete subfields of K¢, let  be the valuation ring of
L, and let (@) be the maximal ideal of @. Assume G comes via base change from
a smooth group scheme G over @ and write G (O9) =: G(0O).

Corollary 3.11. For every ¥ € X, o(G)' the isomorphism in Corollary 3.10 induces
an isomorphism

(Ker(y¥8) N G(0)) ®z Q ~ Ker(8(y)*¢) N L. (3.8)
In particular, if Ker(6(y)8) N L = 0 then
Ker(¥¥%) N G(O) = G(O)or.

Proof. 1t is enough to prove this for L complete. Let x be in the left-hand side of
(3.8), hence in the left-hand side of (3.5). The image x’ of x in the right-hand side
of (3.5) is obtained as follows. One takes an integer N > 1 such that Nx = P ® 1
with P € Ker(y™). Then x’ = ﬁﬁalg(P). Since L is complete and £ has coefficients
in O we get that £3¢ sends G (m(0)) into L, so we get that x’ € L hence x’ is in
the right-hand side of (3.8). Conversely, let ¥’ be in the right-hand side of (3.8). The
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image y of y’ in the left-hand side of (3.5) is obtained as follows. There exists an
integer N > 1 such that Ny = ({¥2(P) ® 1 with P € Go(m(O)). By diagram (3.4)
we have P € Ker(y*2). Then y = P ® % So y is in the left-hand side of (3.5). m

We end by providing an easy dimension evaluation. Define:
D(n,r):=#M, =1+n+n*+---+n". (3.9)
The following proposition is trivial to check.
Proposition 3.12. The map X]’T’q)(G) — K;,q), W+ 0(Y) is injective. In particular
rankg, X 4(G) < D(n,r). (3.10)

3.3 Functions on points

The next proposition shows that, in the case of monomially independent Frobenius
automorphisms, polynomial combinations of §-characters are completely determined
by their functions on points.

Proposition 3.13. Assume ¢y, ..., ¢, are monomially independent in & (K¥¢/Q,)
and denote by Rn[X;’q)(G)T] the Ry-subalgebra of O(J] 4(G)) generated by the
elements of X! <I>(G)T. Then the R -algebra map

Rx[X}, (G)'] - Fun(G(R"®), K™), f > [
is injective. In particular, the R, -module homomorphism

X! 4(G)" — Homye(G(R™), K™), ¢ > y™8
is injective.

Proof. Letyy,..., YN € X;,(D(G)T, let F € R;[y1,...,yn] be apolynomial in the
variables yq,..., yn, and let

f=FWi,....¥n) € O(J; 6(G)).

Assume that the induced map ¢ : G(R¥¢) — K2 is the zero map. Then the com-
position of 2 with the induced map £¥¢ : G,(R¥¢) — G(R¥2) is the zero map.
Write
0Wi) =D Aipdus Aip € K.
"

Then for every A € R¥¢ we have

0=(f"o")(0) = F( 3 Miudu@®.-. .Y Anudu(®).
w w
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Let x,, be variables indexed by u € M, and consider the polynomial
G(....xy,...) = F(Zkl,ﬂxﬂ""’ZAN,Mxﬂ) € Rel....xpu....]
I I

By Lemma 2.6 we get G = 0. But clearly f" is obtained from G by replacing x,, —
2¢ul(T). So f = 0. "






Chapter 4

Multiplicative group

For 7 € IT define
. 7" 1
N(w) := mln{N ez ) — € —yZp forall n > 1}. “4.1)
n p

In particular, since p is odd we have N(p) = —1.
Denote by G,, the multiplicative group scheme Spec R [x, x~!] over R,. Note
that for each i € {1,...,n} the series

P tog (P27 = N 10g (14 NSZ’;X) 42)

(where log is the usual logarithm series) belongs to R, [x, x~ !, Snx]A and defines a
totally -overconvergent 8, -character y; € X71L¢(Gm)T. Clearly the symbol of ; is
given by

0i) = pNOF @i — p).

Theorem 4.1. For all r > 1 we have
X] (Gm)' =X, 4(Gm)
and a basis modulo torsion for this R, -module is given by
{puti |i €{1,....n},p e M~} (4.3)

Proof. By Proposition 3.12 the rank of X" ;(G,) isat most 1 +n + --- + n". The
symbols of the members of (4.3) are line’arly independent so the n + n? + -+ +
n" elements of (4.3) are linearly independent. It is enough to check that X! 4 (Gy,)
does not have rank 1 + n 4 --- 4+ n”; indeed this will make (4.3) a basis modulo
torsion of X7 4(Gp) and this will also force Xjrt’q,(G,,,)T and X7 4(Gp) to have
the same rank and hence to be equal by Lemma 3.3. Now if X7 4(Gy) has rank
1 +n+---+n", by Proposition 3.12 the map X! ;(G,) — K;’q, tensored with K
must be an isomorphism. So there must be an element ¥ € X (Gm) with symbol
() =:c € K. Taking T = x — 1 we immediately get that the logarithm {g,, (T) =
log(1 + T) of the formal group of G,, times a power of p belongs to R, [T] which
is a contradiction. |

Remark 4.2. The moral of the above theorem is that the PDE story in the case of G,
can be reduced to the ODE story via face maps. As we shall see in the next section
no such reduction is possible in the case of elliptic curves where ‘genuinely PDE’
8-characters exist.
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The next corollary is a strengthening of [12, Proposition 3.5].

Corollary 4.3. Let w € Il and fori € {1,...,n} let ; be the §,-character in (4.2).
Consider the induced homomorphism wia Iz, Gm(R¥8) — K2 Then

Ker(¢}"*) = G (R"®)uors. (44)
Proof. This follows directly from Corollary 3.10 in view of the fact that the map
0(vi)"e : QpE — Q%, B> ¢i(B) — pB

is injective. ]



Chapter 5

Elliptic curves

5.1 General case

Throughout this subsection E is an elliptic curve (abelian scheme of dimension 1)
over R, and we fix an invertible 1-form w on E. By a formal group over a ring we
will always understand a formal group law (i.e, a tuple of elements in a formal power
series ring). For every family ® := (¢1, ..., ¢,) of Frobenius automorphisms of K¢
define

NI o= Ker(JI o(E) — Eg,).

Consider an admissible coordinate 7" on E. Exactly as in [10, Proposition 4.45] N o
is a group object in the category of p-adic formal schemes over R, whose underlying
p-adic formal scheme can be identified with the p-adic completion of the affine space

(A%E4) = Spf R[S T | 11 € My

and whose group law is obtained as follows. One considers the formal group law
F(Ty,T,) € Ry[Ty, T»] of E with respect to T and one considers the group law on
N, g defined by the series F), := (8, F)|T=0 for p € M, (which turn out to be
restricted power series rather than just formal power series).

Proposition 5.1. The Ry-module Hom(N 4, @;) has rank
rankg, Hom(N &, ((/};) =D(n,r)—1=n+---+n".

Proof. Denote by (N ;,q))f"‘ the formal group over Ry associated to N 4 and to the

variables 8, , T, u € M ", and denote by (N;’q));g; the induced formal group law
over K, which is isomorphic to a power of the additive formal group law G(fl"/rK”
(since (N & fg; is commutative over a field of characteristic zero). We have natural

injective maps of K -vector spaces
H Nr @\ K H Nr for Gfor ~ Kn-‘r-‘rn’
Om( 7w, a) ®Rﬂ T Omfor.gr.(( ﬂ,q:o)K”a a’K”) — Bg .

On the other hand we will construct, in what follows, D(n, r) — 1 K -linearly inde-
pendent elements in Hom(N 4, G4); from this our proposition follows. Recall the
logarithm series £(T') = £,(T) € K, [T] normalized with respect to w. Recalling the
integer N () in (4.1) we have that, for y € M:,’Jr, the series

LY & = (¢u(U(T))|r=0 € Kx[8z,T | v € My ¥] (5.1)

T
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satisfies N
LY o= pNPLY o € Ra[Sx0T | v € MY (5.2)

It follows that
LY & € Hom(N} ,Gy). (5.3)

It is trivial to check that the elements I:’; ¢ are Ky-linearly independent, which ends
our proof. |

Remark 5.2. Exactly as in [12, Proposition 4.6] we get that for every z’|w and p €
M, the element pv (@)—N (”)Lg o ® 1 is the image of Lﬁ/ ¢ Via the homomorphism

~ ~

R[S uT | € MEY] — Ry[870T | v € MPT] ®r, Ro.
Remark 5.3. Assume 7 = p. Asin [10, page 124] foralli; ...i, € Mfﬁ we have
r r—1
$ir..;, T =T —p(&, T)" € (pT,p?) CR[&T | v € Mj].
Hence, following [10, Proposition 4.41] we get that
L =, 7)" " mod p in R[,uT | u e M;T.

Remark 5.4. Consider the following standard cohomology sequence (cf. [10, page
191] for the case n = 1):

~ o~ — — ~

0 = Hom(E, G,) — Hom(J ¢(E), G;) — Hom(N; ,G,) — HYE,0) (5.4
and consider the isomorphism defined by Serre duality,
(—,®): HY(E,O0) = Ry.

It is useful to recall the explicit construction of the map d”. By Proposition 2.31
there exists an affine open cover E = | J; U; and sections s 17, — prr_1 (U;) of the
projection pr, : pr, 1 (U;) — (/J\, induced by the projection pr, : J ;’¢(E ) —> E. Then
for all L € Hom(N 4. @\a) the element 0" (L) is defined as the cohomology class

[Lo(sf—s)] e H(E.0)
of the cocycle
(Lo(sf =s))ijs Lo(sf—s):0;NT; > Ny g — G

The definition above is independent of the choice of sections s; ; such a change would
change the cocycle by a coboundary.

Following [10, page 194] and recalling the elements in (5.3), we introduce the
following.
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Definition 5.5. For u € Mfﬁ we define the primary arithmetic Kodaira—Spencer
class of E attached to p by the formula

fu = (0"(L% 4).0) € Ry
and consider the vector
r.+
KS? o(E) = (fu) jepr+ € Ry

Remark 5.6. A few comments are important at this point.

(1) The elements f,, are easily seen to depend only on the pair (£, @) and not
on the choice of T. This follows from the easily-checked fact that our construction
can be presented in a coordinate-free manner: instead of the rings R, [T], K [T]
one may consider the completion A of the local ring of E at the closed point of the
identity section and the corresponding completion Ak for £ ® g, K. Instead of

-~

Rol8xpuT |t € My, Kn[82uT | 0 € My ], Re[T][87,,T | 1 € Mrrz+] )

one may consider certain new types of “r-jet algebras” A", A% | A", attached to A
respectively, satisfying certain new corresponding universal properties. We will not
go here into defining these new types of -jet algebras. Then £ € Ak, is defined by
the condition that it “vanishes” at the ideal of the zero section and d¢ = w in the
completed module of Kéhler differentials of Ak, , ¢, £ makes sense as an element of
A%ﬂ while ¢, £;7—o makes sense as an element of AT,

(2) We will write f;,(E,w) instead of f;, if we want to emphasize the dependence
on (E, w). With notation as in Remark 2.14, we have

fu(E Aw) = A%T1 £ (E, )

forall A € R; this follows from the fact that if one replaces w by Aw in our construc-
tion then, since £3,,(T) = ALy (T), we have that L' 4 gets replaced by ¢, (A) LY 4.

(3) It is easy to see that the elements f;, do not change if r changes, as long
as U € Mt this follows from the fact that changing r amounts to changing the
defining cocycle in our construction by a coboundary which does not change the
cohomology class. This justifies not including r in our notation for f,. In particular,
if KS] 4(E) # 0 for some r > 1 then KS;:CI,(E) #0forall ' >r.

(4) It is easy to check that the formation of the elements f,, is compatible with
face maps in the sense that for every u’ € M;’/Jr we have, in the above notation:

Jw = fea- (5.5)

On the other hand note that in general

Jin # i f-
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(5) For every isogeny u : E’ — E of degree d prime to p of elliptic curves over
R, and every invertible 1-form w on E, setting w’ = u*w, we have

Su(E' 0" =d - f,(E,w).

The argument is entirely similar to the one in [10, page 264].
(6) Let us write f , instead of f, if we want to emphasize dependence on .
Then for all 7’| we clearly have

fn’,M(En’»wn’) = PN(H/)_N(n)fn,M(an) € Ry
where £,/ := E ®p, Ry’ and wy is the induced form.

A special role will be played later by the primary arithmetic Kodaira—Spencer
classes f;, fii, fiii,... We will write

fir :== f;..; withi repeated r times.

These classes are the images, via the corresponding face maps, of the corresponding
classes obtained by replacing ® by {¢; } in all our constructions. Note that in [3] and
[10] the forms f;» were denoted by f7.

Proposition 5.7. Assume E over R, has ordinary reduction and assume f; = 0 for
some i. Then for all p € M, we have f,, = 0.

This proposition cannot be proved at this point in the memoir but is an immediate
consequence of Theorem 7.39 that will be stated and proved later.

Lemma 5.8. Assume w = p. Then for all w € M}, and all 0 € Z,, we have

f(m = fu'

Proof Lets] U; > J, " ¢(pr_1 (U;)) be local sections of the projection pr, 1: o(E)
—E asin Remark 5.4, and consider the group automorphism over E,

0:J,0(E) > J, o(E)

induced by o € X,. Consider the local sections o o s7 U; —> I, " ¢,(pr_1(U )). By
the independence of f,, on the choice of local sections we get

fu =Ly g0 (5] =5 )

(
( o(0os; —0o0s}) )
(L%

000 (5] —57),0)
=(L,,,q> o(s; —sj), w)

:fou- [ ]
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Remark 5.9. Assume 7 = p and fix an index i. By its very construction f; = 0 if and
only if E possesses a Frobenius lift (i.e., a scheme endomorphism reducing modulo
p to the p-power Frobenius). Recall that if £ has ordinary reduction then E has a
Frobenius lift if and only if E is a canonical lift of its reduction [29, Appendix]. On
the other hand recall from [10, Corollary 8.89] that if E has supersingular reduction
then f; # 0. We conclude that for an arbitrary E over R = R, we have f; = 0if and
only if E has ordinary reduction and is a canonical lift of its reduction.

Consider the K -linear space

K;r{,; :{ Z )‘Md’u

MGM;{—i_

Ay € K,,} C Ko

and the projection
p:Kro— Kyr{,g’ P( Z )‘u‘ll’u) = Z A
[LEMZ MEMZ,'F

We may consider the K -linear space of relations among the primary arithmetic
Kodaira-Spencer classes:

KSL (E)* = { > dubue K ' D Aufu= o} (5.6)
neMyt peMly T
and its R, -submodule of “integral elements,”

KS! o (E)i, := { D Aubu € KSp o(E)*-
peMy,

Ay € R,,}.

Finally, recall the symbol homomorphism
0:X o(E) = K 6, ¥ = 0(V).

Theorem 5.10. The following claims hold.

(1) There exists an Ry -module homomorphism P as in (5.7) below such that the
composition

P 0 P
KSh o(E)in — Xy o(E) C XL o(E) — Ko — K (57
is the multiplication by pN % map. So for = = p the composition (5.7) is
the inclusion KS,, o (E)& C K2

int
(2) The map p o 0 is injective. In particular, if () € K for some ¥ € X} 4(E)
then ¥ = 0 and hence 8(y¥) = 0.
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Proof. To prove Part 1 note that if
A= Z Audu € KS;T,CIJ(E)iJr;t
MEM;’.{+

and if
Lpy:= Y ALl ,eHom(N; 4.G,)
peMy,

then 0(L A) = 0so L is the restriction of a unique element
P(A) € Hom(J}, 4(E), G,) = X, 4(E). (5.8)

Clearly A + P(A) is an R;-linear map. By an argument entirely similar to the one
in the proof of [12, Theorem 6.1] and using Remark 5.2 above it follows that P(A) is
totally §-overconvergent: P(A) € X7 4(E )T. By an argument entirely similar to the
one in the proof of [10, Proposition 7.20] one gets that

O(P(A)T = pN<ﬂ>+1( > AM¢MT) mod T
neMy
in the ring K[, T | u € M} ]. By Lemma 3.5, Part 2, we have
O(P(A)T = PN(H)H( Z AM‘]SMT) + AT
MEMZ’JF
for some Ag € R,. Hence
p(6(P(A))) = p””)“( > xm)
peMyt

and Part 1 follows.
Part 2 follows from the observation that if 6(y) € K for some ¢ € X} 4(E)
then by Remark 3.8, Part 1 it easily follows that

¥ € O(J24(E)) N Kx[T] = O(E)

and hence ¥ defines a homomorphism E — ((/}\a; but the only such homomorphism
is the zero homomorphism. ]

Remark 5.11. Note that P in Theorem 5.10 is automatically injective. For all A €
KS;,<I>(E)1JI;t we write YA := P(A); hence, by Remark 3.8, Part 2, we have

O(Wa) = pVTIA + 2o(A)
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for some Ao(A) € pR;. Clearly the map
KS, o(E)iy — PRz, A+ Ao(A)

is an R;-module homomorphism.

Remark 5.12. The map P in Theorem 5.10 is compatible with the face maps (2.7)
in an obvious sense.

Remark 5.13. If f; = 0 for some i then ¢; € KS;,CI,(E)itt hence
Vi =y, € Xp o(E)'.
Moreover, the symbol of y; is given by
0i) = pNOF i+ Ao(@)-

Corollary 5.14. The following claims hold.

(1) IfKS], o(E) # 0 (in particular if KS}, 4(E) # 0), then we have X', 4(E) =
X;’q)(E)T and the rank of this Ry -module equals D(n,r) — 2.

Q) If KS}T@(E) = 0 (equivalently, if f; =0 for all i € {1,...,n}) then the
equality X 4(E) = X;,q,(E)T holds, the rank of this Ry-module equals
D(n,r) — 1, and a basis modulo torsion for this R, -module is given by

{puti | weMPT ie{l,... n}}. (5.9)

(3) The cokernel of the injective homomorphism P in Theorem 5.10 is a torsion
R, -module.

Proof. If KS] &(E) # 0 then the module KS;,<1>(E)$I has rank D(n,r) — 2. Since
P in Theorem 5.10 is injective the module erz,<1>(E )T has rank at least D(n, r) — 2.
On the other hand by Proposition 5.1 and by the exact sequence (5.4) the module
X! o (E) has rank at most D(n, r) — 2. So the modules X7 4 (E) and X;’q)(E)T have
the same rank D(n,r) — 2 and hence they are equal by Lemma 3.3. This proves Part 1.

Assume now KS; 4 (E) = 0. The subset (5.9) of X! (E) is linearly indepen-
dent (because so is the set of symbols of its elements). It follows that X7 (E )
has rank at least D(n, r) — 1. On the other hand by Proposition 5.1 and the sequence
(5.4) the module X7 4 (E) has rank at most D(n,r) — 1. So the modules X7 4(E) and
X;,q)(E )T have the same rank D(n, r) — 1 and hence they are equal by Lemma 3.3,
with basis modulo torsion given by (5.9). This proves Part 2.

Part 3 follows from the fact that the source and target of P have the same rank. m
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As an application to Theorem 5.10 we construct a series of special §,-characters
of E as follows. Let u,v € M, " be distinct and let @ be an invertible 1-form on E.
Recalling the integers N () in (4.1) set

Ju=pNOT L e M, (5.10)

In particular, if 7 = p then fM = fu
Note that
fv¢u - fud’v € Ksyrr,fb(E)iJﬁt

so we may consider the partial §,-character
Viw 3= Vsigu-fudy € Xno(E)'. (510

By Theorem 5.10 we have

OWuw) = fobu — fudv + fuw (5.12)

for some f},, € pRy.

Definition 5.15. The above element f,, € pRy is called the secondary arithmetic
Kodaira—Spencer class attached to u and v.

Remark 5.16. Note that v/,,, and f,,, do not change if r changes which justifies r
not being included in the notation. Note also that ¥, , and f, , effectively depend
on (£ and) w and if we want to emphasize this dependence we denote them by
Yuv(E, o) and f,,(E, ), respectively. Similarly, we write fM(E, ) in place of
fyu. Then for all A € RX we have (using the notation in Remark 2.14):

Fuw(E Ao) = A%t £ (E, o).

Indeed, by Remark 3.8, Part 1, and Remark 5.6, Part 1, we have the following equal-
ities

1 - -
w/L,U(E7 w) =;(fv(E7 w)({bu - f,u(E’ )y + fu,v(E’a)))zw(T)7
Yuw(E, Aw) %(fl(E, A0)py — ful(E, 2)py + fruw(E, A0)) 30 (T)

= B 0~ A L w0l
T S EA0) (b (T))
= (B )~ A f(E w0y

+ Afu v (E, Aw)) e (T).
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We get
=AYy (B ) — Y (E. o)

zi()‘d’”w”“fu,u(ﬂ @) = Afpuw(E, 20)) o (T).

Hence 1
O(y*) = ;(A¢M+¢”+1fM,V(E,a)) — Afur(E, Aw)) € K.

By Theorem 5.10, Part 2, 8(y*) = 0 which ends the proof.

Remark 5.17. For all distinct u, v we have
Juw + fou = 0. (5.13)

Indeed, switching p and v in (5.12) we get
OWvi) = fuss = fodu + fou. (5.14)

Adding (5.12) and (5.14) we may conclude by Theorem 5.10, Part 2.

Remark 5.18. Fix in what follows the elliptic curve E over R, and an invertible 1-
form w. Write, as before, £(T) = £,(T) = > o bmm p e R, Letp,v €M,

m=1 m

be distinct of lengths r > s, respectively. By Remark 3.8, Part 1, we have that

1 . .
Yy = ;(fvdm — fudv + fu)U(T) € Ry [8z,4T | n € Mp]. (5.15)

On the other hand we can write
GeuT =T? + Gy, T =T7 +G,
with G, G, in the ideal I, of R;[6,,,T | n € M} ] generated by the set
{820 T | € M}

A direct computation shows
~ bm r
pw,u,v va(z le/«fn—)(Tp + Gu)m)
~ v(bm s
— fu(z ¢’(n—)(TP + Gv)m)

+ hun( 20T
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Reducing the above equality modulo the ideal 7, we get

ﬂ(Z%ﬁTp’m) — fM(Z%ﬂTP“'M) + fW(Z %”T”’) € pR,[T].

For all integers N > 1, picking out the coefficients of T2V, we get the following
analogue of the integrality conditions of Atkin and Swinnerton-Dyer [1,34].

Corollary 5.19. For all integers N > 1

- $ubn) - bolbprsn)

bprN
fv N f,u pr—sN

yvprN

+ fu € pR. (5.16)

Remark 5.20. For every isogeny u : E’ — E of degree d prime to p of elliptic curves
over R, and every invertible 1-form w on E, setting @’ = u*w, we have

Juv(E' 0"y =d - fuv(E, 0).

Indeed, we may identify two admissible coordinates for E and E’ (call this parameter
T) in which case we identify the images of ’ and @ in R, [T]d T, and we identify
the two series £, and £, in R;[T]. As in 5.15 we consider the partial §,-characters
of E and E’ respectively:

1 - _
Yoi=Yu = ;(fv(E’a))¢M - f,u(E,w)(ﬁv + fu,v(E»w))g(T)7 (5.17)
1 - ~
V=, = ;(f,,(E/,w’)q’)M — Ju(E" @)y + fun(E . @NUT).  (5.18)

Identifying ¥ with its image in the space of §-characters of E” and using Remark 5.6,
Part 5, we get that

V' —d Y = (fun(E' o) —d - fuv(E 0)lu(T).

Hence
oW —d-y) = f,u,v(E/’w/) —d - fuy(E,0) € Ry.
By Theorem 5.10, Part 2, 8(¢" — d - ) = 0 which ends the proof.

Remark 5.21. Let us write f5 ,,, and ¥ ;. instead of f, , and ¥, , if we want to
emphasize dependence on 7. Then for all 7|7 we have

Y = pPNO2NEO gy € XE o (E), (5.19)
fT[’,M,,l) — pZN(ﬂ/)_ZN(N)fT[,M,v c Rﬂ.’/- (520)

This follows from Remark 5.6, Part 6 by an argument similar to that in Remark 5.20.
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5.2 Thecasen =r =2

We continue to consider an elliptic curve E over R, and a 1-form w. Consider, in
what follows, ® = (¢, ¢2). We consider in this subsection the arithmetic Kodaira—
Spencer classes of order < 2, and we derive some basic quadratic and cubic relations
among them that will play a key role in the next section.

Specializing the construction in the previous section to our case we may consider
the partial §,-character

Viz = Ve —figs € X71L¢1,¢2(E)T'

Remark 5.22. If f f> # 0 then v » is a “genuinely partial” object (not expressible
in terms of ODE objects via face maps); indeed, in this case, by Theorem 5.10, we
have X} , (E) =X] , (E) = 0.On the other hand y{, can be viewed as an analogue
of the transport equation in [17].

By Theorem 5.10 we have

012) = fapr — fida + fr2
By Remark 5.16 the dependence of f1, on w is as follows:
fi2(E dw) = A217%%2 £ 5 (E, o).

Next, for i € {1,2}, we may consider the partial §,-characters (induced via face
maps by the ODE arithmetic Manin maps in [6]):

Viii =V g2 fig € X2 4 0, (E).
By Theorem 5.10 we have
OWiii) = fid} — fudi + fiii.
By Remark 5.16 the dependence of f;;; on w is as follows:
fiii(E hw) = 29749 £i,4(E, ).
Finally, we may consider the partial §,-character
V1122 = Vg2 11103 € X (B)'-

By Theorem 5.10 we have

OW11,22) = 207 — fuid + firo.



Elliptic curves 48

By Remark 5.16 the dependence of f11,22 on w is as follows:
2 2
fir22(E dw) = M%7 f11 55 (E, 0).
One has the following 6 elements in the module Xft 61,6 (E),

Y12, 1¥1,2, G212, V1,1, V22,2, V11,22 (5.21)

Soif f1 #0or f; # 0, since X721,¢1,¢2(E) has rank 2 + 22 — 1 = 5 (cf. Theorem
5.10), it follows that there must be a non-trivial R -linear relation among these 6
elements:

MYz + A1z + Azdaiz + Aaii,1 + As¥an oz + Ae¥i122 =0, (5.22)

for some Aq,...,A¢ € Ry, not all zero. The existence of such a relation implies the
vanishing of all 6 x 6 minors of the 6 x 7 matrix I" of the coefficients of the Picard—
Fuchs symbols of the elements in (5.21) with respect to the basis

b7, 3. d1b2. bath1. b1.62. 1 (5.23)
of K 721 b1 One can compute this matrix explicitly. Indeed, denote by 61, ..., 0
the Picard—Fuchs symbols of the elements in (5.21), let ey, . .., e7 be the elements in

(5.21) and let I = (y;;) be the 6 x 7 matrix defined by the equalities

7

9,' =Zyl~jej, I = 1,...,6.

Jj=1

We have the following matrix

0 0 0 0 2 —f1 fiz

P00 0
N RS S A
il 0 0 0 —fur 0  fu
0 ~ 0 0 0 —fu foo
f2 —fu 0 0 0 0 fie

The upper left 5 x 5 minor of the matrix I is non-zero if fi f, # 0. In particular,
the following corollary is proved.

Corollary 5.23. If f1 f> # O then the first 5 elements in (5.21) are Ry -linearly inde-
pendent and hence they form a basis up to torsion of X,21,<1>(E ).
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On the other hand the linear combination of the rows of I' with coefficients
Al,...,Ag is O from which we get the following corollary.

Corollary 5.24. If f1 f> # 0 then in (5.22) we have A, = A3z = 0.

Assume fj f> # 0 and denote by I the 4 x 5 matrix obtained from I" by removing
the 3rd and 4th columns as well as the 2nd and the 3rd rows. The rows of I are
then linearly dependent, so we get that all 4 x 4 minors of the matrix I vanish. The
vanishing of the minor obtained by removing the fifth column of T is tautologically
trivial, so it does not yield any information. The vanishings of the rest of the minors
of T is equivalent to one cubic relation (5.24) given in the following corollary.

Corollary 5.25. If f1 f> # O then the following relation holds in Ry :

Si1f2 fi2 + f2far fr11 — f11 /1 /222 — f1/f2f11,22 = 0. (5.24)

Proposition 5.26. Assume w = p. Then the following equalities hold in R:
) fi=fa fiz= far
) firg = Sz
3) fiz= fi1,22=0.

Proof. Part 1 follows from Lemma 5.8. Part 2 follows from the compatibility with
face maps. In order to check Part 3 consider the compatible actions of ¥, = {e, o}
on X} 4(E) and K 4. We have

0(0Y12) =0(0(Y12) = o(fid1 — fig2 + f12) = fig2 — fid1 + f12.

Hence
01,2 +0V12) =2f12 € K.

By Theorem 5.10, Part 2, it follows that f; » = 0. The equality f1;22 = 0 follows
similarly. ]

Remark 5.27. Assume that £ comes from a curve Ez, over Z, and denote by a,
the trace of Frobenius on Ez, ® IFp. Also fix an index i. It follows from [8, Theorem
1.10], that if E is not a canonical lift of an ordinary elliptic curve then

fii =apfi, fiii=pfi

Recall that, if in addition p > 5, then a, = O if and only if E has supersingular
reduction.

We continue by considering the partial §,-character

Vi2,1 = wf1¢1¢2—f12¢1 :



Elliptic curves 50

Its symbol is

0(Y12,1) = Frd1¢2 — fragr + Ji2,1.
This symbol must be a linear combination of the symbols of
V12, $1¥1,2, $2V1,2, Vir,1, Y22.0.
Let I'’ be the matrix obtained by replacing the last row in " by the row
000 —fi20 S12.1].

Then the determinants of the matrices obtained from IV by deleting the 5th and the
7th columns respectively must be 0. The vanishing of these determinants yields the
following result.

Lemma 5.28. If f1 f> # O then the following relations hold in Ry :
f12,1f1 f111f¢1 =0, (5.25)
fof? =R - ARl = (5.26)

Similarly, by looking at the partial §, -character

V212 '= Vogopi—fo162
we get the following lemma.
Lemma 5.29. If f1 f> # O then the following relations hold in Ry:
Fornfd? = fan f =0, (5.27)
Por /92 = fa £ f2f2 1= (5.28)

Next consider the partial §,-character

V12,21 1= V£ 61 90— fiodad -

Its symbol is

O(V12,21) = frdida — frapadn + frzon.
Set

V= fiavias — ffatvian + Afizveis — fiz faivn .

One trivially checks the following identity

OW) = fizoi fifo— fofor fiza + fifizfora — fizfor fi.

By Theorem 5.10, Part 1 we get the following.
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Lemma 5.30. If f1 f> # O then the following relation holds in Ry:

Si221 /12— fafa1 fiza + fifizfar2 = fizfa1 /1,2 =0. (5.29)

Similarly consider the partial 8, -characters

fiviie — v — fuvie.
fl%l,lz - flzlﬂll,l + flll/flz,l,
f~11/f12,2 - leﬁlz,l — f~121/f1,2,
H¥ie — Livie + fuvere.
The symbols of these partial §,-characters are equal to the expressions in the left-

hand sides of the equalities in the Lemma 5.31 below. By Theorem 5.10, Part 1, since
these symbols are in R, they must vanish. So we have the following lemma.

Lemma 5.31. If f1 f> # O then the following relations hold in Ry :

fifuiia = fafirn = firfiz =0, (5.30)
S fiviz — fizfira + firfiza =0, (5.31)
fifiza = f2f1210 = f12f12 =0, (5.32)
fofii21 = fa1 /112 + fi1f212 = 0. (5.33)

Moreover, the relations obtained from the above relations by switching the indices 1
and 2 also hold.

Remark 5.32. One can ask if one can “extend” equations (5.24), (5.25), (5.26),
(5.27), (5.28), (5.30), (5.31), (5.32), (5.33) by continuity so that these remain true
without the condition fj f> # 0. We claim this is the case as an immediate conse-
quence of Theorems 7.18, 7.19 and the formulae (7.6) and (7.7) to be stated and
proved later. By the way we have the following result; this will be proved after the
proof of Proposition 7.38.

Theorem 5.33. Assume ¢1, ¢po are monomially independent in & (K*¢/Q,). Then
there exist w € Il and a pair (E, ) over Ry such that E has ordinary reduction and
all classes f, fu,v with L, v € M§’+, W # v, attached to (E, w) are non-zero.






Chapter 6

The relative theory

The theory developed so far over R, should be viewed as an “absolute” theory and
has a “relative” version in which the §,-prolongation sequence R} is replaced by
an arbitrary object S* in Prol;,q,. This relative version of the theory is crucial for
developing the formalism of partial §,-modular forms in the next section. In the
present section we present a quick discussion of this relative version of the theory.

Again we consider the variables 6, y; foru € M, w € I1, j € {1,..., N}. Let
S* = (S”) be an object in Prol, . Fix a positive integer N and consider the ring
SO[y1,...,yn] and the rings

o~

Jro(S 1. yN/S™) 1= S [rpuyj | €M, j =1.... . N].

The sequence J* 4 (S°[y1, ..., yn1/S*) == (JL 5(S°[y1, ..., yn]/S™)) has, again,
a unique structure of an object in Prol;‘;’q> such that 8 ;85 Y := 0x,i,y forall i =
1,...,n;if $* is an object of Prol,; ¢ then J;’q)(So[yl, ..., YN]/S¥) is also an object
of Prol; ¢.

For every object $* in Prol;‘r,q> and every S°-algebra of finite type written as
A:= S°y1....,yn]/1, we define the ring

Jro(A/S™) = Jp (S Wi, yN1/S™)/ Bl | m € My).

If §* = R then J (A/S™) coincides with the previously defined ring J7 4(4).
If $* is an object of Prol,; ¢, 4 is a smooth S°-algebra, and u: S°[T1, ..., Ty] —
A is an étale morphism of §°-algebras, then, again, there is a (unique) isomorphism

(A®g0 SHruTy | k€M™ j =1,....d] = Jg4(4/S™)

sending 8, T; into 8, (u(T;)) for all j and p. In particular, J (A/S*) is Noether-
ian and flat over Ry so the sequence J 4 (A/S™) is an object of Prol,; &.

As in Proposition 2.23 we have the following universal property. Assume S* is
an object of Prol,; ¢ and 4 is a smooth S°-algebra. For every object T* of Prol, ¢
and every S°-algebra map u : A — T° and any morphism $* — T* in Prol, ¢ there
is a unique morphism J7 (4/S*) — T™* over S* in Proly,¢ compatible with u. (A
similar result holds for Prol; 4.)

As in Definition 2.25 for every object S* in Prol,; ¢ and every smooth scheme X
over S° we define the relative partial 7-jet space

T7o(X/8%) = Spt(J] 6(O(U)/S™).
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where X = | J; U; is (any) affine open cover. If $* = R7, JI 4(X/S™) coincides
with the previously defined formal scheme J 4(X).

Let S* be an object in Prol; ¢ and G a commutative smooth group scheme
over S°. We define a relative partial §;-character of order < r of G over S* to
be a group homomorphism J 4(G/S*) — G/a?r in the category of p-adic formal
schemes. (Here G, sr is, of course, the additive group scheme over S”.) We denote
by X7 £(G/S *) = Hom(J »o(0), (G/a;r) the S"-module of relative partial &, -char-
acters of G of order < r.

For a family ® := (¢1,...,¢n), ¢i € %(1)(Kalg/Qp) of distinct Frobenius auto-
morphisms and for an object S* in Prol,; ¢ we define the S"-modules of symbols
S1.¢ tobe the free S”-module with basis {¢,, € Ml¢ | 1 € M, }. We consider the rings
S"®Q =S5" ®r, Kr and the S” ® Q-modules S 4 ® Q; they play the roles, in
this relative setting, of K; and K ; o» respectively.

As in Proposition 3.4 we have

X50(Ga/S™) = (" @ Q)T) N (S"[5xuT | v € M)

where the intersection is taken inside the ring (S” ® Q)[¢rT | v € M1].

Let S* be an object in Prol, ¢, let G have relative dimension 1 over S 0 and
assume we are given an invariant 1-form @ on G/S° and an admissible coordinate
T (defined in the obvious corresponding way) on G/S°. (Note that @ and T may not
exist in general, but they exist locally on Spec(S?) in the Zariski topology.) Then, as
in Definition 3.7, one can attach to every ¢ € X 4(G/S™) a Picard-Fuchs symbol
0(y) €S, 6®Q.

The various results about §,-characters obtained in the previous sections have
(obvious) relative analogues (over objects S* in Prol, ¢ instead of over R} ) that are
proved using essentially identical arguments. We note, however, that the relative ana-
logues over S* of Corollary 5.14 and of the results in Section 5.2 need the hypothesis
that the rings S” be integral domains; indeed for Corollary 5.14 we need the con-
cepts of rank and torsion of an S”-module to be well defined while for the analysis
in Section 5.2 we need the fact that linear dependence in torsion-free S”-modules
is expressed via vanishings of corresponding determinants. Rather than stating these
relative analogues here we will use them freely in what follows with appropriate ref-
erences to the corresponding “absolute” results in the previous sections.



Chapter 7

Partial §-modular forms

7.1 Basic definitions

We start with the standard extension of [9] or [10, Section 8.4.1] to our setting of
partial differential equations. In this section, 7 € I1. Continue to set & = (¢1,...,dn)
a fixed choice of Frobenius automorphisms of K2, Consider the category of triples
(E/S° w, S*) where S* is an object in Prol; ¢, /S is an elliptic curve, and w €
H(E,QE /So) is a basis. A morphism in this category is defined as a map of tuples
(E/S°, w,S8*) — (E'/T°, w', T*) consisting of a map of prolongation sequences
T* — S* and a compatible map E/S® — E’/T? of curves pulling back o’ to w.

Definition 7.1. A partial §,-modular function of order at most r > 0 is a rule f
assigning to each object (E/S°, w, $*) an element f(E/S° w, S*) € S”, depend-
ing only on the isomorphism class of (E/S°, w, S*), such that f commutes with
base change of the prolongation sequence. Specifically, if u: S* — T* is a map of
prolongation sequences, then f((E xg0 T®)/T% u*w,T% = u" f(E/S°, w, $*).
We denote by M ; ® the set of all partial §,,-modular functions of order at most r > 0;
this set has an obvious structure of ring. An element of M 4 is said to have order r
if it is not in the image of the canonical map M ;;} - M ;’q). The latter map is, by
the way, injective as can be seen from the next remark.

Remark 7.2. Consider two variables a4 and ag, let A := 4a2 + 27a§, and let us
consider the R;-algebra M, := Ry[a4,as, A™'] and the affine scheme B(1) :=
Spec(My). (The scheme B(1) has a natural G,,-action and a morphism to the “j-
line” Y (1) which is however not a G,,-bundle; later we will consider level I'; (N)-
structures, the modular curves Y1 (/N ), and the corresponding G,,-bundles B;(N).)
For all R,-algebras S the set B(1)(S) of S-points of B(1) is in a natural bijection
with the set of pairs (E, ) consisting of an elliptic curve £/S and a basis w for the
1-forms on E/S. Then, as in [9], we have an identification of R, -algebras

~

I o= Jho(My) = O(La(B(1) = RalSuas. Suas. A" | pu e M].

) o . T
In particular, Mn,<I> ~ M.

In what follows we discuss weights. In the case 7 = p and ® = {¢}, weights
are taken to be elements of the polynomial ring Z[¢] in the “variable” ¢. In the par-
tial differential setting considered here, we consider weights in the ring of integral
symbols, Zg. As before, if w = ) m ¢, € Ze, m,, € Z, and if S* is an object of
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Prol,; ¢ and A € (S%)*, we write

2= [T @u@)™ e (7).

HEM,

We use a similar notation for A € S° in case all AM > (0. We have the formulae
AWITW2 — QWIQW2 gpnd JWIW2 = (QW2)WI,

Definition 7.3. A partial §;-modular function f € M 4 is called a partial 8-
modular form of weight w € Zy provided for all (E/S 0 w,S*) and for each A €
(S9)* we have

F(E/S® Aw, S*) = A% f(E/S°, w,S%). (7.1)

We denote by M 4(w) the Rr-module of partial §-modular forms of weight w.

Remark 7.4. If ¢ is a variable we may consider the ring
JI o(Mzlt,17']) = Ry[8pas. 8uae, 8ut, A1 171 [ e M) (7.2)
Then for /' € M 4 we have that f € M 4(w) if and only if

f(.. .,SM(t4a4), .. .,SM(t‘SaG), ) =tYf(....8,a4,....8,06,...)
in the ring (7.2).

Remark 7.5. The direct sum Pz, M . (W) has a natural structure of Z ¢-graded
R -algebra. Moreover, for every i and f € M ;(w) we have a naturally defined
form f% ¢ M . (@i w). Consequently, we have natural bracket Zp-bilinear maps

{. it My o(w) x My o(w) > M7 o((¢i + p)w)

defined by

1 , :
Urghni = — (g7 —g" f7) = &"8xi f = ["bnig.

7.2 Jet construction

Examples of §,-modular forms are provided by primary and secondary arithmetic
Kodaira—Spencer classes as we shall explain in what follows. We begin with primary
classes where each f;, for © € M, “comes from” a §,-modular function (which
we denote by f,J,cL) Indeed, consider a prolongation sequence S* over R, an elliptic
curve E/S% andw € H'(E, Q2 s0) abasis. For fixed r and u € My, replicating the
arguments in the construction of f,, in Remark 5.2 (with jet spaces over R* replaced
by relative jet spaces over S* as in Chapter 6) and setting n for the class of the



Jet construction 57

corresponding 8’(L”’ o) in Definition 5.5 we define fJCt (E/S°, w,8%) = (n,0) €
S7. In particular, using the notation in Remark 5.6, Part 2, for every (E, w) over R,
we have

Ju(E.0) = fi(E/Rr. 0. RE). (7.3)

Using the corresponding version over S* of Remark 5.6, Part 2 we get the following.
Theorem 7.6. The rule f,J,e;A defines a partial 8, -modular form of weight —1 — ¢,,.

These forms are generalizations of the forms fi; constructed in [9, Construction

4.1] or Jet in [10, Section 8.4.2]. For 7 = p we write
jet __ rjet
) Y T

Remark 7.7. Assume 7 = p and let E,_; € Zplas, as) C M @ be the polynomial
that corresponds to the normalized Eisenstein series of weight p — 1; we recall that the
reduction mod p of E,_ is the Hasse invariant. Then, exactly as in [10, Proposition
8.55] and using Remark 5.3, we get that for every iy ...i, € MZ’JF we have

f]et Eltpte +pr—2 (f]et)pr_

1 . r
p—1 mod p in Mp,q,

In particular, for all .« € MJ;" we have
e M) o\ pM] &, hence fI #0.

Next, for fixed r and p,v € I\\/I[f,’+ distinct, replicating the arguments in the con-
struction of f;, , in Definition 5.15 (with jet spaces over R* replaced by relative jet
spaces over S* as in Chapter 6) we define fi u,v(E ,S*) € §”. In particular, using
the notation in Remark 5.16 for every E over R, we have

fuw(E, @) = f (E/Ry,®, RE). (7.4)

L NTRY

Using the corresponding version over S* of Remarks 5.16 and 5.13, we get the
following.

Theorem 7.8. The rule f,, v for (L, v € M5 distinct, defines a partial 8, -modular
form of weight —¢,, — ¢,,.. Moreover, fnu v+ fJet v = 0.

For 7 = p we write
jet . jet
S =% S
Our next goal is to show the above forms enjoy the special property of being
“isogeny covariant” which we now define in our setting.
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Definition 7.9. For every weight w = }_ g, mudy, set deg(w) := 3 cnp, My
Let f be a partial §,-modular form f of weight w € Z}, where deg(w) is even. We
say f is isogeny covariant provided for every tuple (E/S°,w, S*) and every isogeny
of degree prime to p, u: E’ — E over S°, setting ®’ = u*w, we have

F(E'/S, o, $*) = [deg(u)]”*™)/2 f(E/S°, o, S*).

We denote by I 4(w) the Rx-module of isogeny covariant partial §-modular forms
of weight w.

Remark 7.10. The direct sum P,,cz,, I o(w) is a Ze-graded Ry-subalgebra of
@weZq> M 4(w). For every f € 11:,<P(w) and every i we have f9% ¢ Ilf,q,(qﬁ,-w)
and consequently the brackets in Remark 7.5 induce brackets

{ mi g o) X I o (w) > 17 (¢ + p)w).
Theorem 7.11. The partial §,-modular forms fﬂ,e;L and f,J,e;“, are isogeny covariant.

Proof. This follows by adapting the arguments in Remark 5.6, Part 5 and Remark

5.20 with R} replaced by an arbitrary prolongation sequence S*. ]
Exactly as in [12] the forms £;%,, £i%,., induce totally §-overconvergent arith-
metic PDEs on B(1) and on certain natural bundles B;(/N) over modular curves

Y1(N). We explain this in what follows.

Definition 7.12. Consider the modular curve Y;(N) := X1(N) \ {cusps} over R,
where N > 4, N coprime to p, and let L be the line bundle on Y;(N) equal to the
direct image of Qg . /v, (v) Where E,y is the universal elliptic curve over Y1 (N).
Let X C Y1(NV) be an affine open set, continue to denote by L the restriction of L to
X, and consider the natural G,,-bundle

Bi(N) := Spec( @ Lm) - X.

meZ

The main example we have in mind is the case X = Y;(N).
Recall that if X is such that L is free over X = Spec(A) with basis w then we
have a natural identification

Oy o(Bi(N))) = JJ o(A)x, x7", 8ux | p € My ¥] (7.5)
where x is a variable identified with the section w. We define the R,-module
M} o x(w) := O(X) - x¥.

If X is arbitrary and X = (JX; is an open cover such that L is trivial on each X;
then we define M 4 y(w) to be the submodule of O(J 4(B1(N))) of all elements
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whose restriction to every O (J &(B1(N) xx X;)) liesin M;,cb,Xl- (w); this definition
is independent of the covering considered.

Recall the scheme B(1) defined in Remark 7.2. Exactly as in [12, Section 5.2]
every partial §,,-modular form

=120 e M 4(w) C O] o(B(1))
induces an element
FBW e M! o v(w) C O] o(Bi(N))).

We recall that for X = Spec(A) such that L has a basis x corresponding to a 1-form
o we define
fBW = f(Epiy. 0, JF 5(A)) - X"

for arbitrary X we glue the elements just defined. Exactly as in [12, Section 5.3] we
have the following theorem.

Theorem 7.13. Let B be either B(1) or B1(N) with N > 4. Forall u,v € M5 the
elements (f,J,f;L)B, (f,f;,,,)B € 0(J; (B)) are totally 5-overconvergent. So there are
induced maps
((fjet )B)alg ((fjet )B)alg . B(Ralg) — Kalg
T, ’ T, U,V . .

Remark 7.14. For 7|7 and every point P € B(R,/), denoting by (Ep, wp) the
corresponding elliptic curve over R, equipped with the induced 1-form, we have
that

(f )8y (P) = p™NEIN® 0 (Ep /Ry wp, R, (7.6)
((f3, B8Py = p 2NN ) (Ep/Ru wp, RE):  (1.7)

cf. Remark 5.6, Part 6 and Remark 5.21.

Definition 7.15. For every selection map € with respect to (&', ®”, p) (cf. Definition
2.20)and every f € M @ We define fe € M & by letting

f(E/S°, 0,8%) := f(E/S°, ®,SF)

for every prolongation sequence S*, every elliptic curve E/S° and every basis w for
the 1-forms on E. In particular, we get the following special cases:

(1) There is a natural action
TaxMpe—> Myg, (0,f)>o0f = fo
(2) Forevery 1 <i; <i; <--- <ig < n there are natural face homomorphisms

-
MP,d’il ----- biy MP,‘I"
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(3) Forevery ¢ € FV(K¥¢/Q,) there is a natural degeneration homomorphism

r r
Mp’q, — Mp,¢'

(4) The composition of the face and degeneration maps below is the identity:
d: My, — M, e > M, ,
(5) The face and degeneration maps induce maps between the corresponding
modules I;jq,(w), 11:,05{ (w).

On the other hand by Remark 2.27 we have a natural action
Zn x O(J5 9(B1(N))) = O(J; (B1(N))). (0.u) = ou.

The following is trivially checked.

Lemma 7.16. The X, -actions on M =00 CI>(B(l))) and O(J CI,(Bl(N))) are
compatible in the sense that for every o€ X, and every [ e M’ @ we have

o(fF M) = (@f)"®.

7.3 Thecasen =2, 7t = p

In this subsection we assume n = 2, 7w = p, and we may consider the forms
i 2,+
Fl A e MYy 5 v €M, # . (7.8)

The forms (7.8) have weights —¢,, — 1 and—¢,, — ¢,,, respectively.
Remark 5.27 can be amplified as follows.

Remark 7.17. It follows from [10, Proposition 7.20, Corollary 8.84, and Remark
8.85] that for i € {1, 2} we have the following equality in Mp P

1 = p(FH*. (7.9)

It also follows from [10, Proposition 8.55] that £, £/ are non-zero 1n Mp PRPAE
this also follows from (7.26) below. Hence by (7.9) it follows that ” ; are non-
zero in M? 1.0 The fact that the rest of the forms fu are non-zero was proved in
Remark 7. 7 the fact that the forms fu v (for i # v) are non-zero is also true but more

subtle and will be proved later; cf. Remark 7.31.

Theorem 7.18. The following relation holds in M

D, ¢ 42"
_]et Jet ]et jet ]et jet jet pjet pjet jet pjet pjet
+ f 11,1 — J11J1 J222 7 J1 J2 J11,22 — =0. (710)
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Proof. In order to check our relation over a prolongation sequence S™ it is enough to
check it after base change to a finite étale S°-algebra. So we may assume E/S° has
a I'1 (N)-level structure with (N, p) = 1, N > 4. By functoriality it is then enough to
check (7.1) for S the ring of an affine open set of the modular curve Y;(N) over R,
and S” := J7 4(S°). Note that f] U and f)* evaluated at the universal curve over S°
are non-zero mod p in S!; cf. [10, Lemma 4.4] (and also follows from Corollary 7.30
below). As in Corollary 5.25 the relation in n our theorem holds with (S”) replaced by
(T") where T® = S®and 7" := (S” i g

domains in which £, £ are invertible. Note now that the homomorphisms S” —
T are injective; this follows because the homomorphisms S”/pS™ — T"/pT" are
injective as S”/pS” are integral domains and £ £ is not zero in S”/pS”. We
conclude that the relation in our theorem holds for (S ). ]

) for r > 1; this is because 7" are integral

By an argument similar to the one in the proof of Theorem 7.18, using the cor-
responding version of Lemmas 5.28, 5.29, 5.30, 5.31 over an arbitrary prolongation
sequence, we obtain the following.

Theorem 7.19. The following relations hold in M, ¢1 b

fljgtl fjet)¢1 fljill fjet)¢1 =0, (7.11)
]et(fjet)¢l _ Jet(f]e[)d)l _ ]e[(f_]et)(i)l —0. (7.12)

i A = A S+ A A - S A S =0 113)
o f‘i‘,z— ST - A =00 (714)

1jet 11?,12_ f;t fit1+fjet 11?1 =0, (7.15)

= B - A S =0, 16)

S = A+ f“‘ N, = (7.17)

Moreover, the relations obtained from the above relations by switching the indices 1
and 2 also hold.

7.4 §-Serre-Tate expansions

In this subsection we assume & = p and n is arbitrary.

For the discussion of formal moduli in this paragraph we refer to [24]; we will
use the notation in [10, Section 8.2]. Throughout our discussion we fix an ordinary
elliptic curve Eq over k = R/pR, abasis b of the Tate module of 7, (Ey), and a basis
b of the Tate module of the dual T),(Eo). Let SO, = R[T], with T a variable, and

consider the Serre-Tate universal deformation space (identified with Spf(R[T])) of
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Eo/k [24]. Let Egy/ Sg)r be the universal elliptic curve over R[T']. For all Noetherian
complete local rings (A, m(A)) with residue field k and every elliptic curve E/A
lifting Eo/k we let g(E) = q(E/A) € 1 + m(A) be the Serre-Tate parameter of
E, i.e., the value of the Serre-Tate pairing gg,4 : Tp(Eo) X TP(EO) — 14+ m(A) at
the pair (b, b). Then ¢ (E) is the image of 1 + T via the classifying map R[T] — A
corresponding to £/ A. We denote by wy,, the canonical 1-form on Ef, attached to l;;
cf. [10, equation (8.67)] and the discussion before it.

Let now

Stor == R[T][8p,uT | n € My ].
Clearly S, = (S[,) is naturally an object of Prol, . We define a ring homomor-
phism
&=¢6

. r r
Eobb - Mp.o = Sior

by attaching to every f* € M 4 its §-Serre~Tate expansion given by

E(f) := f(Eor/Siors for: Sioy) € Sy
Note that we have a natural action

r r
Xp X Sfor - Sfor’

(0,6p,iT) 5p,0(i)T'

The following is trivially checked.

Lemma 7.20. The §-Serre-Tate expansion map & is compatible with the %.,-actions
on f € M;,cb and Sy, in the sense that for every o € X, and every f € M;:xb we
have

o(E(f)) = &(of).

As in the arithmetic ODE case [9], one has the following Serre—Tate expansion
principle.

Theorem 7.21. For every w € Zg the homomorphism
€: My o(w) — S, f = E(f)
is injective with torsion-free cokernel.

for

want to show that for all $* and E/S° we have f(E/S°, w, S*) = 0 (respectively
f(E/S® w,S*) € pS”). As in the proof of Theorem 7.18 it is enough to check this
for S? the ring of an affine open set of the modular curve Y;(N) over R, E/S° the
universal elliptic curve, and S” := J;,cp(S 9). We conclude by the injectivity of the
homomorphisms S — S (respectively S”/pS" — S{_/pSE.). ]

for

Proof. Let [ € M;,q,(w) be such that &(f) = 0 (respectively E(f) € pS ); we

Corollary 7.22. The ring P M, g (w) is an integral domain.

wEqu
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Remark 7.23. Write

S = f with i repeated r times.

By [10, Propositions 8.22, 8.61, 8.84] plus the equality ¢ = 1 in [10, page 236] we
have _
E(f = er AT, (7.18)

where ¢, € R*,

r—1
r—1 ._ § : Joar—1—j
J=0

and
1 p" 8 i(l -+ T) n ~
W= — —1"—(”’—) e S = R[T][8,.T] .
: pg; e e tor = RIT187.i7]
In fact, by the theory over Z, in [2,9] (instead of over R as in [10]) one gets that
cr € Z;. (7.19)

Note that one has the following equality in K[[7,68,,T, ..., 81’,,1. T]:

. 1
E(fir) = e (@] = p)log(1 +1T). (7.20)

Now recall that the Serre—Tate expansion of E,_; satisfies
E(Ep—1) = 1 mod p in R[T]; (7.21)

cf., for instance, [10, Propositions 8.57 and 8.59]. (In loc. cit. ‘H denotes the Hasse
invariant which is the reduction mod p of E,_;.) Taking & in the congruence

[ = Epy - (f)? mod p in M2,
cf. Remark 7.7, and using Fermat’s little theorem we get
2V = 1Y’ mod p in R[T]

hence
cp=cimod p in Z,. (7.22)

We claim that we have:
Cl =Cy =2¢C3 (723)

and hence we set, in what follows,

c:=C1 =Cy=C3. (7.24)
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To check the equality (7.23) consider a prolongation sequence S* with S” integral
domains and an arbitrary elliptic curve £/S° such that f; # 0. By the relative case
of Corollary 5.14 (with n = 1) the S>-module X> ;(E/S*) has rank < 2 so the
following §-characters of E are S3-linearly dependent:

Vi1, G Y-

Therefore the Picard—Fuchs symbols of these §-characters,

[i9? — fug + pfl fP9% - fhe% + Pf1¢2¢, fid® — find + fiia

are S3-linearly dependent. We deduce that the determinant of the matrix

0 fi —f11
f1¢ —f1¢1 Pf1¢2
fi 0 —fin

vanishes, hence
>, 1o ¢ -0
Pfl fi f11f11+f1 fi11 =0.

Since $* was arbitrary (with S” integral domains) we get
PO = R A+ (e A = .
Using the formula (7.18) we get
PP W — 2(WP + pU)(U + pU?) + 013 0P(UP 4 pU? 4 p20) = 0.

Identifying the coefficients we get ¢ = ¢2 and ¢ = c3¢1. So ¢3 = ¢; and ¢; is
either ¢; or —c;. The equality ¢, = —c; together with the equality (7.22) leads to
a congruence ¢y = —c1 mod p which is impossible for p odd. We conclude that
C1 = Cp = C3.

Theorem 7.24. For every weight w € M of degree deg(w) = —2 and every f €
1 ; o (W) we have that &( f) is a K-linear combination of elements in the set

(W peM,™ i e{l,... 0}

Proof. The proof is entirely similar to that of the statement made in [10, paragraph
after Proposition 8.30]. Here is a rough guide to the argument. By [10, Proposition
8.22] there exists a prime / # p and an endomorphism a := uy € End(Ey) C Z of
degree / such that the quotient 1y /uo € Z, is not a root of unity. By standard Serre—
Tate theory ug lifts to an isogeny of degree / between Eg[ry and the curve E }%[[T]]
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obtained from E gpr} by base change via the homomorphism R[7] — R[T] given
by T +— (1 4+ T)% — 1. This forces the series F' := &( f) to satisfy the equation

F(..8p (A +T)=1),..)=a-F(....8,,.T....): (7.25)

cf. [10, Proposition 8.30]. We conclude exactly as in [10, Proposition 4.36] that F is
a K-linear combination of series W« . [

By Theorem 7.24 and the Serre—Tate expansion principle in Theorem 7.21 we get
the following corollary.

Corollary 7.25. For every w € Z}, of degree deg(w) = —2 the R-module Ilf’@(w)
has rank at most
Dn,ry—1=n+---+n".

Definition 7.26. Let w € Zj, be a weight of degree deg(w) = —2 and f € Ilf’q,(w).
Write

n

= 3 AW, A€ Kn:
i=1peM;!
cf. Theorem 7.24. Note that
1
wi = 91 (4 = p)log(1 + 7).
Define the symbol 0(f) € Ko by

0N =33 hiududi— p).

i=1 MEMZ_I

ro.
for*

Hence the following holds in the ring S

1
E(f) = ;9(f)10g(1 + 7).
Remark 7.27. For n = 2, using (7.18) and Remarks 7.17 and 7.23, we have:
E(f™) = ;.
E(fY) = c(¥! + pwy), (7.26)
S(ﬂjzti) = pc‘lll-d’[.
In particular, the symbols of these forms are:
0(f*) = (i — p).
0(f5) = c(¢? — p?). (1.27)
0(fisy) = pe(@} — p>¢i).



For the rest of this subsection we assume that n = 2.

Partial §-modular forms

Theorem 7.28. We have the following Serre—Tate expansions:

8(flji) = pc(¥1 — V),

E(fi1 ) = P2c(U' + pWy — W2 — pWy),

E(fi5)) = pewd,

E(f15) = c(¥2" + pwy),

S(ffezt,zl = PZC("I’? + p¥1 — ‘pfz - p¥2),

8(f1j'i2) = pc(\yfl + p¥ — p¥s),
E(fi11n) = pPe(W] —wih),
E(fl5 ) = pe(Wd + p¥y — pWy),

E(fi}2) = P2e(¥P — WP + pUy — pWy).

66

Moreover, the relations obtained from the above relations by switching the indices 1

and 2 also hold.

Proof. We begin by proving the first 2 equalities.

Set Gy := S(flje;), G, = S(fljitzz) Taking &€ in the cubic relation of Theorem

7.18 and using the formulae (7.26) we get

AU+ pU) (W2 + pUn)Gy + pc W (W52 + pWa) W

= PC3(‘I"{§1 + P‘pl)‘yllpfz + 20,0, G,.

By Theorem 7.24 we can write

G =V + ¥,

o= Yoot + Yoot
W i

(7.28)

with y;, y‘/L, yl/j € K. Plugging these expressions into the equation (7.28) and using

the fact that the set

(WP |i = 1.2 p e My}

is algebraically independent over K, we see that there is a unique tuple (y;, )/;L, V;Z

satisfying the resulting equation, which leads to the desired formulae for & ( fljz) and
8(ffi22). Taking € in (7.11), (7.12), (7.13), (7.14), (7.15), (7.16), (7.17) in this order

we get the desired formulae for €(fi5 ). (/1

S(flj;t’z), 8(f1j?521), respectively.

12,21)’ g(fljit,z)’ g(flj?,lz ’
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Corollary 7.29. The following equalities hold:
= PO,
iz = PUAD?
A2t = P AN + A fle = 0.

Moreover, the equalities obtained from the above equalities by switching the indices
1 and 2 also hold.

Proof. The forms fljgt’l and p( fzjm)‘f’l have the same weight and the same Serre-Tate
expansion so by the Serre-Tate expansion principle they must be equal. The same
argument holds for the other equalities. |
Corollary 7.30. Let u,v € M%”L, W # v, of length r, s respectively, with r > s.

(1) The following non-divisibility, respectively divisibility conditions hold:

/:i(/et € I£s¢ls¢2(_¢ﬂ' - 1) \ p11:1¢15¢2(_¢'u’ - 1)’

jet syr (7.29)
I,V eEp Ip,¢1,¢2(_¢,bb - ¢U)
(2) The symbols of f,iet, ffft,, are given by
0 jety — c 4T ,
(i) =clgp—p") (7.30)

0/ = c(P°$u = 1" ).
Proof. Part 1 follows from Theorem 7.28 plus the torsion-freeness part of the Serre—

Tate expansion principle. (The first equation in Part 1 also follows from Remark 7.7.)
Part 2 follows from a direct computation using our definitions. ]

Remark 7.31. In particular, we have that the forms f, et fftv for uw,v € M§’+, wFEV

are non-zero in M pz 1.6, Note that all these forms, with the exception of the “ODE

forms” fijet7 ﬁjft, ijie‘l., are “genuinely PDE” in the sense that they are not sums of
products of ODE forms and their images by ¢, ¢> (as one can see by looking at

weights).

Remark 7.32. We expect that Corollary 7.30 remains true for M%’Jr replaced by
M for n and r arbitrary. Our method of proof for M%’“L was based on “solving” a
rather complicated system of quadratic and cubic equations satisfied by the arithmetic
Kodaira—Spencer classes; extending this method to the case of M " seems tedious.
It would be interesting to find another approach to the proof of Corollary 7.30 that
easily extends to arbitrary n and r.

Remark 7.33. Let 0 € X, be the transposition (12). Then by Lemma 7.20 and by
the §-Serre—Tate expansion principle we have:

o jet __ rjet jet __ rjet
no T Jou wy — Jou,ov:
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Theorem 7.34. The form flje; is a basis modulo torsion of the R-module

Iy gy.85(—P1 = ¢2)
of isogeny covariant 8,-modular forms of order 1 and weight —¢1 — ¢».

Proof. Assume this R-module has rank > 2 and seek a contradiction. Let f be an
element of this module that is R-linearly independent of v/, 1 5. By Theorem 7.24
we have §(f) = y1¥1 + y» W, for some y4, y» € K. By the Serre-Tate expansion
principle (Theorem 7.21) &(f) is K-linearly independent of & (f; ]et) By Theorem
7.28 the latter equals p¥1 — pW¥s,. Hence y;1 + y» # 0. Consider the degeneration
morphism d : M) , o — M, , where ¢ € F(K¥2/Q,) and let W be the series
corresponding to f. Then d( f ) el ¢( 2¢). By [10, Theorem 8.83, Part 2] we have
1, 4(=2¢) = 0; hence f = 0. But on the other hand &(f) = (y1 + y2)¥ # 0, a
contradiction. ]

7.5 §-period maps

In this subsection we revert to the case of an arbitrary value of n. For the next
result let us consider a weight w € Zj together with the set P”"(w) of all polyno-
mials F(..., Ypus---, Yn,uw, --.) With R-coefficients in the variables y; ;.. yp,u,v-
n, ik, v € M, that are homogeneous of weight w when y; ., v, v are given weights
—¢y — ¢np and —¢yy — Py, respectively. Moreover, we denote by KSI, 4 (w) the
R-submodule of M ».o Of all elements f of the form

S =F(...¢y lft,...,d)n lf‘v), F e P"(w). (7.31)
Clearly the elements of KSI” <I>(w) have weight w and are isogeny covariant, i.e.,

KSI, o(w) C I} o(w). (7.32)

Alternatively KSI” q,(w) is the R-span of all the products of the form

1_[( Jet)wM 1_[( _]Ct )wuv (7.33)

where @, v run through M, wy, wy,, € Zg are > 0 and

Z wu(l+¢u) + Z Wy (P + ¢y) = —w
1 W,V

One should view the ring

KSI o = €D KSI o (w) € @D 1, o(w)

weZy, weZy,
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as the “®-stable R-subalgebra generated by the arithmetic Kodaira—Spencer classes”;
whence our notation. By the way we do not know if the inclusion (7.32) is an equality
(or an equality modulo torsion).

Definition 7.35. Let B = B;(N), N > 4, 7 = p and assume as before that the
reduction mod p of X C Y1(N) is non-empty. Fix an order r > 1 and weight w € Zg,
and consider a basis
f(0)3 M ﬁNIU)
of the R-module KSI;,q)(w) (so Ny + 1 is the rank of this module). Consider the
map
P+ BRME) — AN (K) = (K1)
defined by
P (P) = (f) ) ™(P), ... (fw) P)E(P))

and the induced map to the set of points of the projective space:
P ¢ BR™), = B(R™) \ (B) ' (0)) — PV (K"8) = P (R™).

The “ss” superscript stands for “semistable” (in analogy with geometric invariant
theory; here instead of group actions we have an action of the Hecke correspondences
and isogeny covariant forms are viewed as analogues of invariant sections of line
bundles in geometric invariant theory). Assuming, for a moment, that the universal
elliptic curve over X possesses a global invertible relative 1-form @ we get an induced
section 0 : X — B of the projection B — X and hence an induced map

B
pu = pX L X(RU)S 1= o1 (B(RU)S) —T> BRUE)S 2% pVu (RYE). (7.34)

The map (7.34) does not depend on the choice of @ (due to the fact that f(;) have
the same weight) and hence this map is well defined for any X (not only for X
such that an @ as above exists) and only depends on X and w (up to a projective
transformation). The map (7.34) will be referred to as the §-period map (of weight
w) and the set X (Ralg)‘:f) will be referred to as the set of semistable points (relative to
w).

Note that for w, w’ € M, the composition

Pw XPyy/ Segre

X(Ralg):j N X(Ralg)?;/ S ]P;Nw (Ralg) % ]P)Nw/ (Ralg) _>PNwNw’ +Nuw+Nyy (Ralg)
is obtained by composing the map
Pt X(RUE), — PMwtw’ (RUE)

with a projection. And similarly p,, is obtained from any of the maps pg, by com-
posing with a projection followed by the ¢; map.
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Theorem 7.36. The §-period map
pw : X(RY®)% — PNw (RYE)

is constant on prime to p isogeny classes in the following sense: for every two points
P,O0eX (Ralg)ff) if there exists an isogeny of degree prime to p between the elliptic
curves over R¥¢ corresponding to P and Q then

pw(P) = pw(Q).

Proof. By the density of prime to p ordinary isogeny classes [19] we may assume
X is such that the universal elliptic curve over X possesses an invertible 1-form w.
Assume P and Q are as in the statement of the theorem and let u : Ep — E¢ be
an isogeny of degree prime to p between the corresponding elliptic curves over R,
Let wp and wg be the 1-forms on Ep and Eg induced by w, respectively. We may
view both elliptic curves and the isogeny as being defined over some R, . For each i
let f(g be the composition

X . e 1
fi) e (X)) — Jpe(B) — A

Write for simplicity f(;)(P) := ((f(i))X)alg(P) for P € X(R¥?). By isogeny covari-
ance, the weight condition, and the equalities (7.3), (7.4), (7.6), (7.7) we get that

Joy(P) =A- f(Q), i €{0,..., Ny}

for some A € R}, depending on Ep, Eg,wp,wg,u but not on i. This implies that
Pw(P) = pu(Q). L

Example 7.37. Assume n = r = 2. Then one can explicitly describe the algebra
KSI;’<I> ®Rr K as follows. Consider the ring of polynomials

P = K[, WY |i,j e {1,2}].

where lIlf} 7 are viewed as variables and view this ring as graded by giving the variables
the degree 1. We denote by (i) the graded piece of degree i € Zx, we set

b;
= "Ij;l i,j e{l,2},
and we consider the field of “homogeneous fractions of degree 0”:

F
F = {5 ‘ F.Ge®P(i),i>1 G# 0} = K(to, t11, 112, t21, 122);
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this is a field of rational functions over K in five variables. Consider new variables
A% for e M% and the algebra of polynomials

PIA® | e M.

Inside the latter consider the K-subalgebra KSI? generated by all the elements of
the form
E(fEHANTP, E(fi,) AT,

which have been explicitly computed in Remark 7.27 and Theorem 7.28. We then
write

deg(w))

KSI* = @ KSI*(w)A”, KSIz(w)cfP( 5

2
weZy,

(which makes sense since KSI?(w) = 0 for deg(w) odd). On the other hand, by the
Serre-Tate expansion principle we get isomorphisms of K-vector spaces

KSD o ®r K ~ KSI*(w).
One may consider the subfield ,, C ¥ generated by the set
F
{5 ) F,G € XSI*(w), m >0, G # o}.

This field could be intuitively interpreted as the “field of rational functions on the
image of the §-period map p,,.” If XSI%(w) # 0 and KSI*(w’) # 0 then, clearly,
Fw and F, are subfields of Fyy4 .
As a special case of the above discussion let w = —(1 + ¢1 + ¢ + ¢?). Then

KSI}, 4 (w1) is spanned by

jet pjet jet pjet jet pjet

1 Jite J2 Jine JinJi2e
and has rank 2 with the “only relation” (7.14). The fact that this module has rank 2
follows by looking at the Serre—Tate expansions of the generators; cf. Theorem 7.28.
Note that

i Wy (U + py — pWy) _tmtp-ph
. \I'z\l/f‘ fol11

Fu. (7.35)

Similarly, let w’ = —(1 + ¢1 + ¢2 + ¢1¢2). Then KSI}, 4 (w’) is spanned by

jet pjet jet pjet jet pjet
1 12,2> J2 J12,1° J12J1,2°

and has rank 2 with the “only relation” (7.16). Note that

o Wy (U9 + p¥y — py) b+ p—plo
' \112\1121 Tof21

€ Fuyr. (7.36)
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One has a similar discussion for the weights w”, w”” obtained by switching the indices

1 and 2 in the weights w, w’, and we have corresponding elements

o B2+ pWa — W) _ tolta2 + plo—p)

B \111\115’2 122 Fur 737
U, (U2 + pW, — pW to(t to —
o 2(VT? + p¥y — p¥y) _ o(t1i2 + pto — p) € Ty, (7.38)
VRIS 12

It is trivial to check that
K(to, 7, 7', 7", 7") = K(to. 111, t12. 121, 122).

So in particular the field K(z, t’,t”, ") is a field of rational functions in 4 variables.
The union | J,, F for all w’s of order 2 is a subfield of ¥, so it is finitely gen-
erated, hence equal to one of the fields ¥,,. The field ¥, has then transcendence
degree 4 or 5 over K. It would be interesting to compute this field and in particular
to compute its transcendence degree over K. The heuristic we are employing is that
the order 2 partial p-jet space of Y1(N) has relative dimension 7 = |M2| over K
and the field %, (which has transcendence degree 4 or 5 over K) plays the role of
“field of rational functions” of the quotient “of order 2” of Y7 (/N) by the action of the
Hecke correspondences. The difference between the dimensions (which is either 3 or
2) should play the role of “dimension of the fibers” of the “order 2” projection from
Y1(N) to this “quotient”. All of this can be made rigorous in a “partial §-geometry”
which is a PDE analogue of the ODE §-geometry in [10]; we will not pursue this
in the present work. Suffices to say that, for every P € X (Ra'g)fjo, we get in this
way, a “large” system of arithmetic differential equations of order 2 satisfied by the
points P’ € X (Ralg)jjo in the prime to p isogeny class of P. Roughly speaking these
equations have the form

Sy (P) fiH (P = fi)(P) fiy(P') =0,

where we are using the notation in the proof of Theorem 7.36. Note that the analogous
ODE §-period maps of minimum order (implicit in [10, Section 8.6]) have order 3
rather than 2; this is an instance of the principle, already encountered in this memoir
in the case of §-characters, that replacing ODEs by PDEs reduces the order of the
interesting arithmetic differential equations.

We end by discussing the maps on points on the ordinary locus.

Proposition 7.38. Let B = B1(N), N > 4. Assume the reduction mod p of X is
contained in the ordinary locus of the modular curve. Then the following hold:

(1) For all distinct u,v € Ml,, and all n € M, the maps

((¢77 IiCt)B)alg’((quf/ie,tv B)alg . B(Ralg) N Ka]g
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(cf. Theorem 7.13) extend to continuous maps
(@ FE2Y (@ [P 2 B(CH) — Cp.

(2) Assume ® is monomially independent in & (K"2/Q,). Then for every w €
Z & the R-module homomorphism

KSI) o(w) — Fun(B(R¥8), K*%), f > (f )"
is injective.
Proof. Part 1 follows exactly as in [12, Proposition 5.17]. Here is a guide to the
argument. Let pr: B — X be the projection and let P € B(C}). Since pr(P) € X(C})
corresponds to an elliptic curve with ordinary reduction £y we have at our disposal
the §-Serre—Tate expansion at Ey. Similar to [12, equation (5.29)] one gets that there
exists a p-adic ball B C B(C}) containing P and a nowhere vanishing analytic map

u : B — C,, with the following property: for all x and v, (( f;, Jet)B )32 and (( m et L) B)ale
may be expressed on B N B(R¥¢) as

(EHEY"e(P) = u(P) ™70 - 0(f) ™ [log(q (Ep)), (7.39)
((fENE)E(P) = u(P)™+ - 6(f1))"¢[log(q(EPp))]. (7.40)

where log is the usual logarithm defined on the open ball of C, of radius 1, Ep
is the elliptic curve corresponding to P, and 0( £i™)", §( f1,)"¢ are, as usual, the
induced maps K¢ — K®2_Cf. loc. cit. for details on this representation. Extension
by continuity then follows. A similar argument works for the above maps composed
with ¢,.

By the way, if P corresponds to a pair (Ep, wp) then by the construction in loc.
cit. we have

u(P) =1 if wp is induced by wg,, via the classifying map. (7.41)

To check Part 2 let f be as in (7.31) and assume ( fZ)¥¢ = 0. Then, by the
homogeneity of F, the map R¥¢ — K2 given by

A F(on By fED™ ), (8 i), )

must vanish on the additive group p™ R¥2 for some N hence, again, by the homo-
geneity of F, this map vanishes on R*¢. Now we proceed as in the proof of Proposi-

tion 3.13. Indeed, write 6(¢y fr,1) = D An,u.ePe and O(dy friv) = D Anpv.ePe.
Let x. be variables indexed by € € M,,. By Lemma 2.6 we get that the following

polynomial vanishes:

Y AppeXeno D ApuweXe....) = 0. (7.42)
€ €
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But f is obtained from the left-hand side of (7.42) by replacing x. — %gbeT. Hence
f=0. ]

At this point we are ready to give the proof of Theorem 5.33.

Proof of Theorem 5.33. By Remark 7.31 the forms corresponding to the classes in
Theorem 5.33 are all non-zero. Let f be the product of all these forms. By Corol-
lary 7.22 f # 0. By Proposition 7.38, Part 2, for B = B1(N), N > 4, we get that
(fB)e £ 0, so there exists 7w € IT and a point P € B(R,;) such that the pair (Ep,wp)
over R, corresponding to P satisfies (f2)¥¢(P) # 0. We conclude by (7.6) and
7.7). ]

Here is a characterization of ordinary elliptic curves with vanishing arithmetic
Kodaira—Spencer classes; it is an improvement (and generalization) of [12, Proposi-
tion 5.10].

Proposition 7.39. Let E/R, be an elliptic curve with ordinary reduction and w a
basis for its 1-forms. The following are equivalent:

() fri(E,w) =0forsomei €{l,...,n}.

2) fru(E,0) = fruv(E,0) =0forall p,v € M,.

(3) The Serre-Tate parameter q(E) is a root of unity.
Proof. Assume condition (1) holds. Let P € B(Ry) represent (E, w). By formula
(7.6) we have ((f/*")B)"2(P) = 0 for B = B;(N), N > 4. By (7.39) (with . = i),
since the map O( /)" : R¥e — K2 B ¢;(B) — pB is injective, it follows that
log(¢(E)) = 0. Hence ¢g(E) is a root of unity, i.e. condition (3) holds. Similarly,

condition (3) implies condition (2) due to (7.6) and (7.39), (7.40) (applied to arbitrary
W, v). Finally, condition (2) trivially implies condition (1). ]

7.6 Theorem of the kernel and Reciprocity theorem

Recall from the Introduction the following pairing.

Definition 7.40. Let p, v € M2 have length r, s € {1, 2}, respectively. Define the
Qp-bilinear map
(0w s K9 x K 5 K

by the formula

(o0, B) oy = B a® — BPa® + p*(ap® — Bal) + p" (Ba® —aB?). (7.43)
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Note that the above expression is antisymmetric in ¢, :

(a’ IB)M,V = _<:B’a>u,v

and also in u, v:
(0[, ﬂ)M,V = —(Ol, IB)V,M-

Consider in what follows the following data. Fix = € IT and an elliptic curve E
over R, with ordinary reduction Ey. Choose bases b,I; of T,(Eo), Tp (EO) as in the
beginning of Section 7.4. Now set S = R[T] — Ry the classifying homomorphism
given by the Serre—Tate theory. Choose the 1-form @ on E induced by the canonical
form wso; on the universal elliptic curve Efy/ Sf%r via the classifying homomorphism
and set g(E) € R, the Serre-Tate parameter of E, i.e., the image of 1 + T via the
classifying homomorphism. Denote also by B := B(FE) := log(q(E)) € K, where
log: 1 + 7R, — K is the usual logarithm. When n = 2, set ® = {¢1, ¢}, u #
VS M§’+ of length r, s respectively, with r > 5. Consider ¥, 1= V¥r uv(E, @) €
Xfmb(E ) the 8, -character attached to (E,w) and ¢ € Z; the constant in (7.24). Recall

this constant depends only on p.

Proposition 7.41. The Picard—Fuchs symbol of ¥, . is given by the following for-
mula:

OWpuw) = pN OB — p* B — (B — p" By + (p* B — p"B?)].

Proof. A direct computation using (in the following order) (5.12), (5.10), (7.6), (7.7),
(7.39), (7.40), (7.41), (7.30). ]

In view of Definition 7.40, Proposition 7.41 yields then the formula
0" (@) = PN efo B . (744)

Hence
Ker(0(¥,.,)"®) = {o € K¢ | (&, B) .o = O}

The above is a Q,-linear space; this space contains 8 which is non-zero if g(E) is
not a root of unity. So by Corollary 3.10 if g(E) is not a root of unity then the group
Ker(l//zl,g,,) in not torsion. More generally by Corollary 3.10 we get the following.

Theorem 7.42. (Theorem of the kernel) We have a natural group isomorphism
Ker(yj1%) ®z Q = {o € K | (o )10 = 0}.

Remark 7.43. In fact, in view of Corollary 3.11 a stronger result holds as follows.
Let L be a filtered union of complete subfields of K¢ and let © be the valuation ring
of L. Assume E comes via base change from an elliptic curve over (. Then

(Ker(y %) N E(0)) ®z Q >~ {a € L | (&, B)u,p = 0} (7.45)
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In order to state our next result fix an ordinary elliptic curve E¢ over k and bases
b,b of T,(Ey), Tp(Eop) as in the beginning of Section 7.4. Let & € II and let

a.B €Ky lal.|B] < p 7. (7.46)

By [33, Theorem 6.4] there exists ¢ € 1 + wR, such that logg = . Then the
homomorphism R[T] — Ry, T + ¢ — 1, defines an elliptic curve Eg over R,
with logarithm of the Serre-Tate parameter satisfying log(¢(Eg)) = B. Let Zgggﬁ :
Eg(mR;) — K5 be the logarithm of Eg and let wg be the 1-form on Eg induced
from the canonical 1-form wy, defined by b on the universal deformation Etor/R[T]
of Eg. Again, by [33, Theorem 6.4] there exists a point Py g € Eg(mRy) such that
Z?gi (Pg,p) = a. Since the roles of o and B can be interchanged we also have at
our disposal an elliptic curve Ey over Ry, a 1-form w, on Ey, and a point Pg, €
Eq(Ry). Let u, v € M2 be distinct and let ¥, ,, g and ¥, o be the corresponding
dx-characters attached to (Eg, wg) and (Eq, wy) over Ry, respectively. Then for-
mula (7.44), the antisymmetry of (, ),,., and the commutative diagram (3.4) imply

the following theorem.

Theorem 7.44. (Reciprocity theorem) For every o, 8 as in (7.46) and every distinct
@, v € M3 we have

1 .,
W;ﬁ,,ﬁ (Pa,ﬂ) = ii,a(})ﬂ,d)‘

Remark 7.45. (1) The Reciprocity theorem works because of the antisymmetry of
(. )u,v. However, we feel that this antisymmetry comes as a surprise and should not
be expected a priori; the only “explanation” we could give is the explicit computation

of the constants involved in the expression of our bilinear map.

(2) Note that by antisymmetry in p, v we get

a2 (Pag) =0. (7.47)

w,v,a

In case 7 = p and @ € pR, (7.47) can also be derived as follows. Recall from [6,
Section (4.1)] that if # = p and o € pR then the point Py, belongs to the group
Mor_; P™E(R) of infinitely p-divisible points of E(R). On the other hand for every
partial §,-character ¥ of E, the homomorphism ¢ : Eq (R¥2) — K¢ sends Eq(R)
into R. Since (or_; pP™R = 0 we get ¥2(Py ) = 0. We expect that (7.47) can be
derived along similar lines in the general case when 7 is arbitrary and « is arbitrary,

1
satisfying |a| < p~ 7-T.

Example 7.46. Here is an illustration of the Theorem of the kernel; the example
below can be easily generalized.

Let £ < p — 1 be a prime and consider the field K in (2.2) and the notation of
the paragraph containing that equation; in particular recall the elements 7,,, {;m, and
the automorphisms ¢ € FW(K¥2/Q,). Set ¢; := ¢© and ¢, := ¢p(V; hence ¢,
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and ¢, are Frobenius automorphisms whose restriction to K, satisfy ¢y, = mp,
P27ty = Cmay,. Let B = mp (hence |B| < p_ﬁ), let w,v € M%’Jr be distinct of
length 2 (a similar computation holds for length 1) and consider the Q,-bilinear map
() Y s K% x K3 — K3 in (7.43).

Claim 1. For every a € KD we have («, B)u,v = 0 if and only if there exists A € Q)
such that o = Ap.

The “if” part is clear. To check the “only if”” part note that we may assume o €
R, for some m, so we may write

"m—1
o= E ain,,, o €R.
i=0

Let ¢ be the restriction of ¢, ¢, to R. Picking out the coefficient of 7/, in the right-
hand side of the equality (7.43) we get from the equality (c, B),,» = O that

@l (& — L — P>+ p2Cin) + i (p? — p2) =0, i €10,..., 1" —1}.

If i is such that «; # 0, since |¢ ()| = |e;], it follows that p divides {; — Q;m in R
which forces i = /™1, This in turn implies ¢(ojm—1) = @ym—1, hence a;m—1 € Z,
and our Claim 1 is proved.

Consider now the data Eq, b, bin the paragraph before Theorem 7.44 and consider
the elliptic curve Eg over R, whose Serre—Tate parameter has logarithm equal to j.
Consider, as in that paragraph, the partial 65, -character Y11 22 g. Then by Claim 1
above and by the strengthening in Remark 7.43 of our Theorem of the kernel, the
following claims hold.

Claim 2. The group (Ker(w::]gv p) NEp (KD)) ®z Q is a one-dimensional Q-linear

space with basis any point Pg g whose elliptic logarithm is f3.

On the other hand, if instead of the elliptic curve Eg = Ej, over Ry, above we
consider an elliptic curve E, over R with y € pR then we get the following.

Claim 3. The group (Ker(lﬁﬁl’g,,,y) N E,(K)) ®z Q is naturally isomorphic to K,
hence this group is an infinite-dimensional Q,-linear space.

Indeed, in this case, one has (&, y),,, = 0 for every o € K.

The above is a “genuine PDE” example of an explicit computation for the kernel
of a §-character, in a tamely ramified situation. For the ODE case one has a complete
description of the kernels of §-characters if one restricts to the unramified situation;
cf. [8, Introduction].
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7.7 Crystalline construction

For background here we refer to [10, Section 8.4.3]. Let S* be an object of Prol, ¢
and E/S° an elliptic curve. Let H ll) r(E/S %) be the de Rham S°-module. By crys-
talline theory for every i € {1,...,n} and every r > 0 we have ¢;-linear maps

@i ,
H)R(E/S®) ®g0 S —> H)R(E/S®) @50 S™H1.
Also, one has the de Rham pairing
(,)pr: H)R(E/S®) ®g0 S" x HAR(E/S®) ®g0 S” — S”.

Definition 7.47. For every basis @ of 1-forms on E/S° and every distinct j, v €
M2 we set

, 1
FP(E)S® 0,.8%) = —(¢puw.w)pr € S,

'—"E

fcryq(E/SO w,8%) = ;( w®, Ppyw)pr € S”.

It is trivial to check that the following proposition holds.

Proposition 7.48. The rules f,,°° and f, define isogeny covariant partial 8-
modular forms of order < r and weights —1 — ¢, and —¢,, — ¢, respectively.

On the other hand we have the next proposition.

Proposition 7.49. Let u,v € M7, u # v, of length r, s respectively, with r > s. The
symbols of f.°°, fv are given by

Q(fCl'yb) — _ pr’

(7.48)
0(fuy) =p ¢M — P v

In particular, the Serre~Tate expansions & (f,;""

divisible by p in S{

for*

) are R-linearly independent and not

Proof. This follows exactly as in the proof of [10, Proposition 8.61]. |

crys

Remark 7.50. Following the lead of the ODE case we expect that the forms f,
and f;;,’ coincide up to a multiplicative constant in Z 5 with the forms f; and f1,.
Cf. also Remark 7.59 for more on this. In any case, by [10, Corollary 8.84] (adapted
to the theory over Z, instead of over R, as explained in Remark 7.23) we have the
next corollary.

crys

Corollary 7.51. Assume n = 1. Then for all i we have ff' € Zy -
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Forn = 2 and with ¢ € Z; as in (7.24) our theory yields the following result.

Corollary 7.52. Let u,v € M%’“L. Then we have

jet _ c. foys

w I
jet . ferys
f = Juy-

Proof. By Corollary 7.30 and Proposition 7.49 the forms in the left-hand sides of our
equations have the same Serre—Tate expansion as the forms in the right-hand sides,
respectively. Since these forms have the same corresponding weights we conclude by
the Serre—Tate expansion principle, cf. Theorem 7.21. |

7.8 Forms on the ordinary locus

Definition 7.53. A 6,-modular function of order < r on the ordinary locus is a
rule f assigning to each object (E/S°, w, $*) with E/S° ordinary an element
f(E/S® w,S*) of the ring S”, depending only on the isomorphism class of (E/S°,
w, ™), such that f commutes with base change of the prolongation sequence. We
denote by M 4 4 the set of all §,-modular function of order < r on the ordinary
locus; it has a structure of R-algebra.

In[10] such f’s were called ordinary, but we want to avoid here the term ordinary
so no confusion arises with the use of this word in relation to ODEs/PDEs.

Remark 7.54. The general theory developed in the preceding subsections can be
developed in this context as follows.

(1) The set M @ ord has an obvious structure of ring. As in [9] we have a natural
ring 1som0rph1sm

M) &g = J;,q)(Mp,cp[E;_ll]) = R[§,a4,8a6, A~ E e M’]

where E,_1 € Zp[aa, ae] corresponds to the Eisenstein series of weight p — 1.

(2) As in Definition 7.3 one defines what it means for an element f € M p ®,0rd 1O
have weight w € Z} by requiring that the condition in that definition be satisfied only
for ordinary elliptic curves. We denote by M 4 | ((w) the R-submodule of M} 4 4
of weight w.

(3) As in Definition 7.9, first one defines what it means for an element f €
M; ®,ord
be satisfied only for ordinary elliptic curves. We denote by 77 @0 -4(w) the submodule
of all isogeny covariant elements of M ».@,ora(W)- The dlrect sum P, ez olp p.®.0rd (w)
is a Zg-graded R-subalgebra of the R algebra @wez¢ M) & o.a(w). Forevery f €

p,P,or
I} ¢ ora(w) and every i we have [ e I} 6 .ora(PiW).

(w) to be isogeny covariant by requiring that the condition in that definition
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(4) Asin Theorem 7 21 for every w € Zg there is a natural Serre—Tate expansion
homomorphism & : q, ordW) = Sg ., f = E(f), which is injective with torsion-
free cokernel.

(5) As in Theorem 7.24 for every weight w of degree deg(w) = —2 and every
fel p ®,ora(w) We have that €(f) is a K-linear combination of elements in the set

(W peMi™ i efl,....n}).

In particular, / q, org(w) hasrank < D(n,r) — 1.

(6) For every weight w of degree deg(w) = O and every f € [ ».@.0ra(W) We have
that £(f) € K. (To prove this one proceeds as in the proof of Theorem 7.24 by
noting that, in this case, the right-hand side of (7.25) reduces to F(...,8p T, ...)
which forces F' € K.) In particular, by the Serre—Tate expansion prm(:lple (4) above,
the R-module /7 4 ora(w) has rank 1.

(7) There are natural R-module homomorphisms M yo(W) — M ®,oq(w) and

1 pr,q)(w) — I pd.0 -4(w) that are injective with torsion- free cokernel.

Recall the following result due to Barcau; cf. [3, Theorem 5.1, Corollary 5.1,
Proposition 5.2] and [10, Theorem 8.83].

Theorem 7.55. Assume n = 1, ® = {¢\. There exist elements f° € Ild, od@—1)
and fy € Ipl,¢’ord(1 — ¢) such that

1 f 9 and [y are bases modulo torsion for these R-modules, respectively;

@) 2 fo=Tin My 4

3 e =€) =1

4 fo= p—1 and fy = E;_ll mod p in Mp¢ord,

(5) 1)y —1) =1} ,(1—¢) = 0hence 7, fy ¢ M

Part 5 says intuitively that f¢a , [y are “genuinely singular along the supersingular
locus.”

Proof. We recall the idea of the argument using references to [10]. For any triple
(E/S°, w,S*) with E/S° ordinary we define

(d)u’ w)DR

¢((u, w)pR)

where u € Hj\»(E/S?) is a basis of the unit root subspace of H},,(E/S°); cf. [10,
page 269]. We also define

FUE/S, w,8%) = es”

¢ ((u. ®)pR)

0
Jo(E/S® @, 87) = 1. ) DR

e S,
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One readily checks that these formulae define elements of

Il7la¢,0rd(¢ ) ¢ ord(1 ¢)v

respectively. For the computation of their Serre—Tate expansion (Part 2 in the theo-
rem) we refer to [ 10, Proposition 8.59]. Then these elements being non-zero are bases
modulo torsion of the corresponding modules by Remark 7.54, Part 6, hence Part 1
of the theorem follows. Part 3 is obvious. Part 4 follows from [10, Theorem 8.83,
Part 3]. [

Definition 7.56. Let n be arbitrary and denote by fi8 and f; 5 the images of f 9 and
f5 via the face maps

Mp¢0rd - M D,®; ord - M ,®,ord"

Corollary 7.57. The following claims hold for everyi € {1,...,n}:
() f and f; y are bases modulo torsion for the R-modules, Ipl’q,,ord(qbi —1)and
p o, ord (1 — @i), respectively;
) fia'fla =1 ZnMICDord’
3) ESN) =€Efin) =1,
@ fP=Eprand fiy=E;} modpin M) 4
&) S fio & M,
Proof. Parts 1 to 4 follow from Parts 1 to 4 of Theorem 7.55. Part 5 follows from

Part 5 of Theorem 7.55 by using the fact that the images of fia and f; 5 via the
degeneration map M pl ® Mpl’ ¢ are f 9 and f3, respectively. |

For the next result let us consider, for every r > 1, the unique group homomor-
phism
{weZ%| deg(w) =0} > (M q>0rd) W flw), (7.49)

satisfying
Ji, a1 = - (FDP - (fDPanae o (f)Piisisar s € {1, r}. (7.50)

Note that, by Corollary 7.57, Part 4, we have the following congruences in M?$ o ®.ord"

ity ity = ESTPEPEH T mod p, (1.51)

Corollary 7.58. For every r > 1 the following claims hold.

(1) For every w € Zy, of degree deg(w) = 0 the form f(y) is a basis of the R-
module I 4 Orcl(w)
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(2) For every v € Zy of degree deg(v) = —2 the R-module 1} & 0:a(V) has rank
D(n,r) — 1 and a basis modulo torsion is given by the set

{fwotop+ [0 | e MpT).
" w

Proof. To check Part 1 note that by Remark 7.54, Part 6, 1 1§,<I>, ora(W) has rank 1. We
are done by noting that f,,) belongs to this module and is not divisible by p in this
module.

To check Part 2 note that the forms fy+¢,+1) f;frys have weight v hence belong to
Ip',d),ord(v). Since the latter module has rank < D(n,r) — 1 (cf. Remark 7.54, Part 5)
it is enough to check that the forms f(y+4,,+1) f;rys are R-linearly independent. For
this it is enough to check that their Serre—Tate expansions are R-linearly independent.
However, by Corollary 7.57, Part 3, we have

E(fwrau+n [ = €S,
and we may conclude by Proposition 7.49. ]

Remark 7.59. Following the lead from the ODE case (cf. [3] or [10, Theorem 8.83,
Part 2]) it is natural to ask if for all distinct , v € M, we have

rankgl; o(—1—¢u) =1, (7.52)
rankgrl, (—=¢p — ¢v) = 1, (7.53)
I7 (=2) = I} 4(~26,) = 0. (7.54)

By loc. cit. the above equations hold if # = 1. For n = 2 the “simplest case” (r = 1,
uw =1,v = 2) of (7.53) holds; cf. Theorem 7.34. Note that if the conditions (7.52)
and (7.53) hold in general then there exist constants A, € Z, and A, , € Q, such
that

jet __ . ferys
1% _AM wo

jet __ . ferys
fu,v - A’Msv W,

Indeed, by Theorems 7.8 and 7.11 and by Proposition 7.48 the left-hand sides and the
right-hand sides of the above equations belong to the same R-modules of rank one,
respectively. On the other hand the forms f,;~" are not divisible by p while the forms
flfr,yf are non-zero (cf. Proposition 7.49). Moreover, again under the assumption that
conditions (7.52) and (7.53) hold, since by Remark 7.7 the forms f,ft are not divisible
by p, wegetd, € Z;. Nevertheless, even under the assumption that conditions (7.52)
and (7.53) hold, we cannot conclude that A,,, # 0 (let alone that A, , € Z;j, as
in Corollary 7.52). We recall that the proof of Corollary 7.52 involved “solving a
system of quadratic and cubic equations” satisfied by the £ forms as in the proof of
Theorem 7.28. So even if one can prove conditions (7.52) and (7.53) one still cannot
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go around solving our system of quadratic and cubic equations if one wants to prove
the non-vanishing of the forms ffft\, for distinct u, v as in Corollary 7.52.

Finally, one may hope to prove conditions (7.52) and (7.53) along the lines of
[3] or [10, Theorem 8.83]. However, even proving condition (7.52) forn =2, u =1
along these lines does not seem to work in an obvious way. Indeed, by Corollary 7.58
we have that pl, ¢1,¢2,ord(_1 — ¢1) has a basis modulo torsion consisting of f; and
fljafzafz. So in order to prove that Ipl,¢1,¢z (=1 — ¢1) has rank 1 we need to show
that the form f; 5 £ f» € M ) ®,0rq d0€s NOt belong to M) . The argument in loc. cit.
for this type of statement was to show that the image of the corresponding form in
M, & g ®R k does not belong to M, o ® g k. But in our case the image of f1 ff

1 @R k equals the image of f, which does belong to M pl,cp ®Rr k.

: i
in Mp,<1>,or

On the other hand, as an application of the theory we get a whole series of iden-
tities between our forms £ and f?; here is an example.

Corollary 7.60. The following formula holds in 1 pl’ 610 d(—¢1 — ):
5 = p( o — £ fr0)-

Proof. The two sides of the formula have the same weight equal to —¢; — ¢» and the
same Serre—Tate expansions (cf. Remark 7.27 and Theorem 7.28). So they must be
equal by the Serre—Tate expansion principle (Remark 7.54, Part 4). |

Remark 7.61. The formula in Corollary 7.60 is interesting in that fj 5, /3.5 in the
right-hand side do not belong to M pl’q, (they are “genuinely singular along the super-
singular locus”, cf. Corollary 7.57, Part 4) while the left-hand side does belong to
M pl, &> 90, intuitively, the “singularities” in the right-hand side “cancel each other out.”
In view of Corollary 7.58 one has similar formulae (exhibiting similar “cancellations
of singularities”) for every f € I} 4, .6, (W) With w of degree deg(w) = —2.

Finally we address the total §-overconvergence aspect, there by strengthening the
results in [12].

Theorem 7.62. Let B = B{(N) be the natural bundle over an open set X C Y1(N)
of the modular curve Y{(N) over R, for N > 4, N coprime to p, and assume the

reduction mod p of X is contained in the ordinary locus of the reduction mod p of
Y1(N). Then the following hold:

(1) For every weight w of degree deg(w) = 0 and every [ € I;’q)’ord(w) the ele-
ment fB e O(J, (B)) is totally 8 -overconvergent.

(2) Forevery f asin (1) the map (fB)¥ : B(R¥2) — K¢ extends to a contin-
uous map (fB)Cr : B(Cp) — Cp.

Proof. By Corollary 7.58 we may assume f is either f; 3 or fia. Assume f = fia; the
other case is similar. Note that since fia is induced via a face map from the form f?
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we are reduced to check Part 1 in case n = 1; but this was proved in [12, Corol-
lary 5.12]. For Part 2 we proceed exactly as in the proof of Proposition 7.38; note that
in our case here, since & ( fia) = 1, we will simply have

(F)P)*e(P) = u(P)? ! (7.55)
for u as in that proof. u

Remark 7.63. The maps (fZ)C» in Part 2 of Theorem 7.62 satisfy a compatibility
property with respect to isogenies at points with coordinates belonging to R because
of the isogeny covariance of f?, f3; however we do not know if the maps (fZ)C»
continue to satisfy a compatibility property with respect to isogenies at points with
coordinates not belonging to R. For this to hold it would be sufficient to “naturally
extend” the crystalline definition of £?, f; in the proof of Theorem 7.55 to the rami-
fied case.

7.9 Finite covers defined by §-modular forms

Throughout the discussion below fix an element 7 € IT and ® = (¢4, ..., ¢,) with
n > 1. We recall the forms ff: fori € {1,...,n}; cf. Theorem 7.6. For an affine

open set X = Spec(A) C Y1(N) with non-empty reduction mod = denote by Ey
the corresponding universal elliptic curve over X. Assume there is a basis @ for the
1-forms on Ex /X (which can be achieved by shrinking X) and consider the unique
elements

Jri € Jp g, (D \ T34 (A)
such that there exist (necessarily unique) integers n; > 0 with
T fri = fEH(Ex [ X, 0, J% 4, (4)) € T3 4. (4).
We continue to denote by fn,i the images of these elements in J ; »(A4). Our main
result here is the following theorem.

Theorem 7.64. There exists an affine open set X = Spec(A) C X1(N) of the modular
curve X1(N) over Ry, with non-empty reduction mod m, and a basis w for the 1-
forms on Ex /X such that the ring homomorphism

Z —> J;@(A)/(];n,l’ ) fvn,n)

is a finite algebra map.

If the map above is an isomorphism (which happens for instance if 7 = p as one
can easily see from the proof below) then one can view the arithmetic differential



Finite covers defined by §-modular forms 85

equations fv,,,l, - fv,,,n as defining an ‘arithmetic flow’ on X; in the more general
case when the map in the theorem is merely a finite algebra map one should view
Sz, fan as defining a structure slightly more general than that of an ‘arithmetic
flow.’

Proof. Since the source and the target of the map in the theorem are p-adically com-
plete rings it is enough to show that there exists X = Spec(A) such that the map

AfTA = (J] (A frs - Jan))/ ()

is a finite algebra map. Start with an arbitrary X as in the paragraph before our
theorem. Replacing X by an affine open set we may assume there is an étale map
R, [y] — A, so we have identifications

~

Jag(A) = AlSziy] . J)o(A) = AlBz1y.....8zn)].

The theorem will be proved if we show that for every i € {1,...,n) the image f oy
of f,” in the ring (4/7wA)[8x,; y] is not contained in the ring A /mA. Note that by
definition f =i 7 0 for all i. Assume for some i we have f ni € A/mA and seek a
contradiction. Consider the natural map

Ex t 1y (A) = RalT6rsT]

defined similarly to the Serre—Tate expansion map. Since the reduction mod 7 of this
map,
Er t Iy g, (A (1) = (A/A) 8, y] = k[T ]85, T]

is injective it follows that the image Ex (f ;) € k[T][8x,i T] of £, is non-zero and
is contained in k[T]. Let z be a variable and consider the k [7']-algebra isomorphism

. _ 871,1'(1 + T)
o k[T]lz] = k[T]6=:T], o(z)= TR
We have
0# 0 (€x(f ) €k[T] C k[T]z]. (7.56)

By the compatibility of &, with the Serre—Tate expansion map and in view of Remark
7.27 it follows that there exists an integer N € Z such that

X N\ _ ~1-¢; | N m ™ nz(1+T)
&(fri) =u(T)™" n;( D (I+ 1) )’

for some invertible series u(T') € R,[T]*. Letting A, € k be the image of

N+n
1yl e R,
m
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we have that

d
0 Ex(f i) =u(T)77 Y Amz™ € k[T]2] (7.57)

m=1

for some d > 1 which by (7.56) implies

d
0% Y Amz™ € k[T] C k[T][z],

m=1
a contradiction. [

Remark 7.65. The integer N and the polynomial S(z) = Zflzl Aiz' in the above
proof can be computed explicitly. Indeed, let e be the ramification index of R, over
R. Then —N is the minimum of the s-adic valuations of the numbers % hence

writing m = p“s withs € Z \ pZ we have
—N = min{p“s —ke |k >0, s > 1} = min{p* — ke | k > 0}.

On the other hand the function f : R — R defined by f(x) = p* — ex has a unique
minimum at
0 loge — loglog p
o log p '

Soif e < log p then f is strictly increasing on Zso which implies that N = —1 and
S(z) = z. On the other hand if e > log p and k¢ € Z>¢ is such that 8 € [k, ko + 1]
then the restriction of f to Zx attains its minimum either at xo or ko + 1 or at both
(the last case occurring if and only if e = p¥o+1 — p¥k0) Consequently we have that
S(z) is either Az2C or AzP°T" or 1270 4 1/zP " for some A, A/ € k* (the last

case occurring if and only if e = p*0T1 — pko),

7.10 Application to modular parameterizations

We present in what follows an application of Theorem 7.64 along the lines of [13,
Theorem 1.3]. In this section, we prove Theorem 1.1 as well as the enhanced version
of Strassman’s theorem. We need some notation first.

We fix again 7 € I1 and n > 2. Consider an elliptic curve E over R, and a
surjective morphism of R-schemes

©®:X,(N) > E

where X1 (V) is the complete modular curve over R . In particular, one can take £
to come from an elliptic curve over Q and ® to be induced by a new form of weight 2
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as in the Eichler—Shimura theory. We denote by
OR,: X1(N)(Rz) = E(Ry)

the induced map on R,-points. Similarly, for an open set X = Spec(4) C X;1(N)
and a function g € A we denote by

&R  X(Rx) = Ry
the induced map on R -points. For such a g we consider the sets of zeros of g:
Z(g) ={P € X(Ry) | gr,(P) = 0} C X(Rx).

Definition 7.66. A point P € X;(N)(Ry) is called a quasi-canonical lift if the cor-
responding elliptic curve is ordinary with Serre-Tate parameter a root of unity. For
an open set X C X;(N) we denote by QCL(X(R)) the set of all points in X(Ry)
that are quasi-canonical lifts.

For every 6, -character ¢ € X}T o (E) denote, as usual, by
YR, : E(Ry) > Ry

the induced group homomorphism. For instance, if # = 2 one can take ¥ = v » from
Section 5.2. For n > 3 one can take v to be any Rj-linear combination of images of
Yr1,2 via the different face maps.

Theorem 7.67. There exists an affine open set X = Spec(A) C X1(N) with non-
empty reduction mod 7 such that for every 8 -character ¥ € X! q,(E ) there exists a
monic polynomial G € A[t] with the property that for every P € E (Ry) the following
holds:

QCL(X(Rx)) N OF! (Ker(Yr,,) + P) C Z(G(Yr, (P))).

Proof. Take X as in Theorem 7.64. Then for every ¢ € X}m)(E ) consider the com-
position

0f : Lo (V) S 11 0(B) 5 G,
which we identify with an element (still denoted by)
OF € O(Jz 6 (X1(N)) C O(J7 6(X)) = Jz 4(A).
By Theorem 7.64 the image of © in the ring
Jr oA/ (far.-.. frm)
is integral over A hence there exists a monic polynomial

GO)=t"4+gt5 '+ +g, €A[t], g1.....g5€A
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and there exist A1,...,hy, € J;@(A) such that
O +g1- (O 4t gy =hi far ot fan

in the ring J! 5 (A4). Let us denote by gi g, fvﬂ,i,Rn, and hj g, , respectively, the
functions X(R;) — R, induced by g;, fn,i, and ;. Then for all Q € X(R,) we get
an equality

(VR (OR, (O))° + 21,8, (0) - (R, (OR (O™ + - + 258, (O)
= "8 () frut,Re (Q) + -+ + hn g, (Q) - frn R ().

By Proposition 7.39 we have
friRe(Q) =0 for i €{l,....n}, Q € QCL(X(Rx)).

Hence for all P € E(R;) and all Q € QCL(X(R:)) N 9;3711 (Ker(yr,) + P) we
have the equality O g, (Q) = ¥'g, (P) hence

(VR (P))* + &1,R, (Q) - (YR, (P))"™ + -+ + g5k, (Q) =0,
which implies Q € Z(G(Yr, (P))). ]

We conclude with a finiteness result; cf. Corollary 7.69 below. We need the fol-
lowing variant of Strassman’s theorem [32, page 306]. The classic case is that of the
affine line over a not necessarily discrete valuation ring (DVR). We need here the case
of an arbitrary smooth curve over a complete discrete valuation ring; the fact that the
valuation ring is discrete greatly simplifies the proof.

Lemma 7.68 (Strassman’s theorem for curves over a DVR). Let V be a complete
DVR with maximal ideal generated by w € V. Fix X/V a smooth affine curve with
connected closed fiber and let (9/(—)?) be the w-adic completion of O(X). Then every
non-zero g € (9/(Y) has finitely many zeros in ?(V) = X(V).

Proof. Set A= (O (X) and for g € A denote by Z(g) the set of zeros of g in ?(V) =
X (V). Without loss of generality, assume g is not in nAaswisa regular element.
Note the usual bijection Z(g) =~ Homy (Z /(g), V). For each map ¢ in this set denote
by P, the kernel of ¢ and by M,, the kernel of the composition

AN DV > k=V/aV

Claim. The map Homy (Z/(g), V) — Spec(Z/(g)), @ — P, is injective.

Indeed, if P,, = Py, and t: Ry — A/(g) is the natural map then for all x € 4
we have

P1(x = Up1(x) = @1(x) —@1(x) =0
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hence x — t(¢1(x)) € Py, = Py, s0

0= @2(x — t(p1(x))) = @2(x) — @1(x)

and our claim is proved.

Similarly, we have that the map Homy(ﬁ/(g), k) — Spec(:i/(g, m)) is injec-
tive. Since A/mA is regular and connected, it is an integral domain of dimension 1.
It follows that 2/ (g, m) is an Artin ring, and therefore it has a finite spectrum. In
particular, the set Homy (Z /(g), k) is finite.

Consider the natural map

p: Homy (4/(g). V) — Homy (4/(g). k). (7.58)

As the target of this map was shown to be finite the lemma follows by showing that
the fibers of (7.58) are also finite. Fix a V-homomorphism ¢y: Z/ (g) = V and let
@: 2/ (g) — V be any V-homomorphism such that ¢ and ¢( induce the same map
@ = @0: A/(g) — k hence M, = M. In particular, P, is contained in M. But
there are only finitely many prime ideals of A/(g) contained in M, because the
ring (2 /(2)) M,, is local and Noetherian of dimension 1. We conclude by the claim

above that there are only finitely many V' -homomorphisms ¢ : A /(g) — V for which
@ = @¢ which proves the finiteness of the fibers of the map (7.58). u

Corollary 7.69. There exists an open set X C X1(N) with non-empty reduction mod
7 such that for every § -character { € X}T o (E) there exists a finite set ¥ C Ry with
the following property. For all P € E(Ry) if ¥z (P) € X then the set

QCL(X(Ry)) N OF! (Ker(Yr,) + P)
is finite.

Proof. Let G be the polynomial in Theorem 7.67. Then, in view of Lemma 7.68
applied to V' = R, it is enough to take X the set of all roots of G. |

Remark 7.70. The above result is a ramified version of [13, Theorem 1.3] which
dealt with the case # = p and with the set of canonical lifts in X(R). The group
Ker(g,, ) in Corollary 7.69 contains the torsion of E(R;) but is generally bigger
than the torsion. For n = 2 and ¥ = v » this group was explicitly described in our
arithmetic “Theorem of the kernel,” cf. Theorem 7.42. As remarked before that theo-
rem, for every E that is ordinary but not a quasi-canonical lift the group Ker(y'r,,) is
not torsion.
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7.11 §-Serre operators

We conclude now by applying, as in the ODE case, §-Serre operators and §-Euler
operators to produce systems of differential equations satisfied by our partial §-mod-
ular forms. In this subsection we assume 7 is arbitrary, ¥ = p, and we consider an
affine open subset X C Y;(/N) with non-empty reduction mod p, where N > 4 is
coprime to p. We let B := B1(N) = Spec(®mezL™) — X be as in Definition 7.12.
Recall from [10, Section 8.3.2 and Remark 3.58] the classic Serre operator

az@Lma@Lm

mez meZ

(which has the property d(L®™) C L®™*2) and the Euler operator

D: @ L — @ L™, :D(Zam) = Moy, Oy € L™

meZ mezZ

(which has the property that D (L®™) C L®™). The above operators induce R-de-
rivations of the algebra O(B;(N)). Hence, if 4 € M} we may consider the induced
derivations

> Du: O(J, 6(B1(N))) — O(J, o(B1(N)));

cf. Proposition 2.24. Note that under the identification (7.5) we have O = xj—x and
hence, forw = ) a,¢y and f € (9(J1f’q,(X)) we have

Du(f -x*) = p’ -y f-x".

Proposition 7.71. Assume we are given a derivation D:@,,c; L™ — @,,cz L™ so
that there is ¢ > 0 with d(L™) C L™*¢ for all m > 0. Then, for all © € M, and all
w € 7, the induced derivation (cf. Proposition 2.24)

Dyu:0(J5,6(B1(N)) — O(J, 6(B1(N)))

satisfies
Du(M, ¢ x (W) C My g x (0 + cdp).
Proof. Similar to [10, Proposition 3.56]. ]

Recall from [10, Section 8.3.3] that if X has reduction mod p contained in the
ordinary locus then we may consider the Ramanujan form

Pel? (7.59)

Then, as in [10, equation (8.94)], we consider the derivation

8*::8+PD:@L"‘—>@L”’

mez meZ
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which has the property that 9*(L™) C L™*2 forall m € Z.
On the other hand, as in [10, Section 8.3.5] we may consider the canonical deriva-
tion
0 = (1+ T)% : R[T] — R[T].

As in Proposition 2.24 one shows that for every u € M, there is a unique derivation

a(l‘f.n . Sr

r
for_>S

for
satisfying
() 0" F = p" - ¢, 0" F forall F € R[T];
(2) ¥i"pyF = Oforall F € R[T] and all v € M \ {u}.
It is given by
Frsd"F =1+ T¢u)

38, T

Finally, recall the injective homomorphism & : q, ora(W) — S from Remark
7.54, Part 4. With the notation above we have the followmg

Proposition 7.72. For every u € M, and every w € Z3 we have an equality
*  oc
Eo0d, =0,"08

of maps M <I>X(w) — ST

for*

Equivalently, forw =Y a,¢, and f € M q, x (w) we

AIE(S))
BT

have

€], f) = E@uf +aup PP f) = (1+T%)

Proof. Similar to [10, Proposition 8.42]. The value of € in loc. cit. is 1 in view of the
comment after [10, equation (8.52)]. ]

Remark 7.73. Note that for u =i € {1,...,n} we easily compute

O,
Y = (1 + T9)——

— T¢l
a5~ 4t

BST{ (i — p)log(1+T)}=1. (7.60)

The following corollary follows from the ODE case in [10, Proposition 8.64].
Corollary 7.74. The following equality holds:

F £ = 0 £ — pPo £ = . (7.61)

Proof. For convenience we repeat the argument. The form 97 f;  has weight ¢; — 1

(cf. Proposition 7.71) and Serre-Tate expansion ¢ (cf. Proposition 7.72 and Remarks
7.26 and 7.73) while the form ¢ fia has the same weight and Serre—Tate expansion
(cf. Theorem 7.55); hence the two forms must coincide by the Serre—Tate expansion
principle. |
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One can get new results along these lines in the PDE case; here is an example.

Corollary 7.75. For n = 2 the following equalities hold:

01 fi% = 1 fi5 — PP A5 = cpf? fan,
9 fi—azfﬁt PP? fl% = —cpfi fra.
(81 Jet pP¢l fjet)(azfjet pP¢2fJet) —|—62p2 = 0.

Proof. The form 97 flje; has weight ¢; — ¢, (cf. Proposition 7.71) and Serre-Tate
expansion cp (cf. Proposition 7.72 and Remarks 7.26 and 7.73) while the other form
cp fla /2,5 has the same weight and Serre-Tate expansion (cf. Theorem 7.55); hence
the two forms must coincide by the Serre—Tate expansion principle which proves the
first equality. The second equality is proved similarly. The third equality follows by
multiplying the first two equalities. |



Appendix

Partial -jet spaces with relations

Throughout this memoir, commutation relations between Frobenius lifts on particular
fields K played no role; and similarly, no role was given to the inverses of our Frobe-
nius lifts. In short, we assumed no dependence among the Frobenius lifts chosen. The
aim of the Appendix is to briefly discuss a more general theoretical framework in
which commutation relations and inversion of Frobenius lifts are “built into” our jet
spaces. We will also provide some simple computations illustrating the complexity of
this more general framework.

A.1 Main definitions

We now discuss technical structures on monoids which help to describe relationships
among Frobenius lifts and their inverses. At the most basic, for every homomorphism
p : M — M’ of monoids with identity one defines its kernel K, to be the set of all
pairs (i, v) € M x M such that p(it) = p(v).

Fix in what follows 7w € I, R, K, as in Subsection 2.3, and a family

¢:(¢1v"'7¢n)

of distinct Frobenius elements in & (K2/Q,). Furthermore, fix an integer n* so that
0 <n* <nand set

Q" = (Ppt1s-- - Putnr) i= (¢1_1, cey ¢;*1)

By convention, for n* = 0 we take ®* = @. Foralli € {1,...,n*} we write i * =
n + i. From now on we set

M = Mpype, M":=M] ..
We have a canonical monoid homomorphism
can, : M — & (K, /Q)p)

defined by
cang (i) = ¢pi, 1 €{1,...,n+n*}.

Finally, fix a homomorphism of monoids with identity

o: M — M
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into a monoid with identity M’ such that (ii*, 0) and (i *i, 0) belong to the kernel K,
foralli € {1,...,n*} and assume p is compatible with 7 in the sense that

K, C Kean,, -

We set
K5 == (M" x M") N K,.
We will also fix a subset M, C M with following properties (such a set always exists):
(1) For all € M there exists a unique element iz € M, such that p(u) = p(ir).
(2) For all u € M we have || > ||, where | | denotes the length of a word.
Example A.1. We will consider later the following special cases:
(i) (Invertible case) Take n = n* and p : Ml = Ml,, — G where G is a group. In
case G is the free group on n generators and p sends 1, ..., n into the generators one
can take M, to be the set of all words u € M such that no sequence of 2 consecutive

letters in w is of the form ii™* or i*i.
(ii) (Abelian case) Take n* = 0 and

p:M:=M, = My =M, := 73,

the canonical homomorphism p(i) = (0,...,1,...,0) with 1 on the i -th position. We
assume that ¢, ..., ¢, commute on K, so p is compatible with . In this case we
can take M, C M to consist of all words of the form 1°1 ... n’. We will identify M,
with Ml via the bijection induced by p.

As 1 is fixed throughout, we will sometimes drop  from the notation 85 ;, ¢ i;
this should not create confusion as the meaning of 8;, ¢; will be clear every time from
the context.

Definition A.2. Define the category Prol = Prol; o ¢+ , as follows. An object of this
category is a countable family of p-adically complete Noetherian flat R -algebras
S* = (87)r>0 equipped with the following data:

(1) R,-algebra homomorphisms ¢: S — S™t1;

(2) m-derivations §;: S” — S” ! with attached Frobenius lifts mod 7 denoted by
¢i:S" — S™lforl <i <n;

(3) ring homomorphisms ¢;: S” — S™ 1 forn + 1 < j <n +n*.

Foralli € {1,...,n + n*} we write

6 ifl<i<n,
€ 1=
l ¢ ifn+1<i<n+n*
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For u:=1iy...i; € M and r > 0 we write
€n =6y ...€ S — ST
. 1
bu=¢i,...bi, : S”— St

We require that ¢; on S” be compatible with the ¢; on R, fori € {1,...,n + n*},
and we have

piop=¢o¢p; forall i e{l,...,n+n"*},
by = oy on S" forall r >0, (u,v) € K,.

Morphisms in this category are defined in the obvious way.

Note that since (ii*,0), (i*i,0) € K% we always have in the above definition that

i (pi=(x)) = ¢ix(¢i(x)) = x

forall x € S” with r > 0 and all i € {1,...,n*}. So the homomorphisms ¢;= play
the role of “inverses” of ¢; fori € {1,...,n*}.

We next consider variables €, ys for w € M and s € {1,..., N} and consider the
rings

o~

70,0+ (Re[N]) := Rylepys |neM”, s e{l,...,N}].
We define ring homomorphisms
i Iy 0.0 (RxIN]) = o blen (Ra[ND), i €{l,....n+n"},
extending ¢; on R, by letting

d),(éy)__{(wy)’”rnem ifl1<i=<n,
i\€wls) - —

€iuYs ifn <i <n+n*
We then have w-derivations
8i : Iy por (Re[N]) = JL e (Re[N]), i €{1,...,n},
with
S (E,uys) = €in)s-
For each pair (i, v) € K7, define the N-tuple
Apyw = duy — duy.

For an ideal / in aring A we denote by / : p™ the ideal of all @ € A for which
there exists an integer m(a) > 0 such that p”"@qa e . If Aisa Z(py-algebra then

A/ : p™) ~ (A/I)/tors.
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Let I C R;[N]be anideal. For r > 1 define
I = (pnl, Ay | n €M, (1,v) € K)) 1 p® C J7 g o+ (Rz[N]).

Definition A.3. For every finitely generated R-algebra A := R,[N]/I define the
m-p-jet algebra of A by the formula

Jro,0% p(A) = Jp ¢ o+ (Rx[N])/ 1.

If m = 0 (hence ®* = @) we write J;’q,’@’p(A) =: J;’q),p(A).

Clearly the rings J 4 g« ,(A) are torsion free as groups, so they are flat over
R;. They are also Noetherian and p-adically complete. We claim they inherit -
derivations and ring homomorphisms from those on J g &« (Rz[N]). This follows
from the fact that for all i € {1,...,n 4+ n*} we have that the components of the tuple

@i (A ) belong to the ideal (A, v, Ajy,iv) and hence
8;1, C I. (A.1)

We claim JJ(A) 1= J 7 g g+ ,(A) := (J] ¢ o ,(A)) is an object of Prol. Indeed, for
all (1, v) € KJ, we have ¢ a5 = ¢vas where aj is the image of ys. So ppa = ¢ya
forall a € A. In particular,

dudna = ¢uva = Pyya = PyPpa

foralla € A and all n € M". Using the fact that 7 is a non-zero divisor in J (4) we
get that ¢, e,a = ¢y€ya for a € A. By p-adic continuity we get that ¢,,b = ¢, b for
allb € J;(A).

Remark A.4. (1) The object J;,q),q)*, o (A) has the obvious universal property: for
every object S* in Prol and every R -algebra homomorphism u : 4 — S there is a
unique morphism J7 g g o(A)—> S * in Prol compatible with u.

(2) One has the following compatibility with fractions. For every object S* =
(S”) in Prol and every f € S°\ nS° the sequence (§;) has a natural structure of
object in Prol. To check this it is enough to check that E)szvery r > 0 and every
i €{l,...,n 4 n*} we have that ¢; (f) is invertible in S;*'. If i € {I,...,n} the
element ¢; (f) = f? + né; f has inverse

f(-n () )

Ifi € {l,...,n*} we have

f=0¢i=@i(f) = ¢i=(/)F + ¢; () - =8 f




Structure over Q 97

hence the element ¢;+( /) has inverse

¢i*(]})”_l ¢i*}5if 4ol ()2 <¢i*f8if>2 n )

Using the above compatibility we get that for every finitely generated R, -algebra A4,
f € A\ A, and every r > 0 one has natural isomorphisms

T op(Ar) = (L., (A)r) - (A2)

In view of (A.2) the functors 4 = J 4 g+ p(A) can be globalized to give functors
X > Jl o0n p(X ) from (not necessarily smooth) schemes of finite type over R, to
p-adic formal schemes. In case ®* = @ we write J;’q),q)*’p(X) =: J;,q,’p(X).

(3) If n* = 0 and p is injective, then for A smooth over R, we have that the
ring J 4 4 ,(A) coincides with the ring J 4(A) previously defined in the body of
the memoir; this is because the ring J7 4(4) is, in this case, torsion free. So for X
smooth over R, we have that J 4 (X) coincides with the formal scheme J 4 (X)
defined in the body of the memoir.

(4) For every f € J;’q,,q,*’p(A) and X := Spec(A) we have an induced map

SR, : X(Rz) = Ry.

(1+¢7 -

A.2 Structure over Q

The 7-p-jet algebras mod 7 have a complicated structure as we shall presently see.
However, we have the following theorem about the behavior of these algebras over Q.
We need the following trivial fact.

Lemma A.5. Let A be a flat Ry -algebra, P a prime ideal in A not containing w,
A" = A®R, Kz, and P’ := PA'. Then Ap ~ A),.

In what follows for a local ring B we denote by B™" the completion of B with
respect to its maximal ideal. For a finitely generated R, -algebra A we simply denote
by J,(A4) the algebra J;,CI),CP*”O(A)' For u : A — R, an R,-algebra map with ker-
nel P we denote by P, the kernel of the surjective homomorphism J7(A4) — Ry
induced by u via the universal property of m-jet algebras; we refer to P, as the r-th
prolongation of P. We continue to denote by P € X(R,) the point of X := Spec(A)
definedby u : A — R.

Theorem A.6. Let A be a finitely generated Ry -algebra and A — Ry be an Ry -
algebra map with kernel P. Write A = Ry [y]/I where y is an N -tuple of variables
such that P = (y)/I and let P, be the prolongation of P. Then there is a canonical
isomorphism
Kz [pry | Tt € MJ]

(bl | 72 € M)

(J5 (A)p, )" =
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Moreover, if the image of some F € J| & ¢« (Rz[N]) in Kz [$yy | p € M"] belongs to
the ideal (Ay,v | (n,v) € K}) and if f is the image of F in J(A) then fg,(P) = 0.

Proof. In what follows (if not otherwise stated) 1 runs through M and (u, v) run
through K7. In particular, P, = (8,y)/Ir. By Lemma A.5 we have

(5 (A) s,y = (J5(A) R, Kn)(5,)- (A.3)
Note that
J5(A) ®Ry K = (Rx[8yy] @Ry Kn)/((n]. Apy) = ™) (A4)
>~ (Rx[8yy] ®R, Kz)/(Pyl, Apw).
Also, one easily checks that
((Rz[8yy] ®Rr, Kn)(&;y))for = Kﬂ[[&z)’ﬂ = Kﬂ[[ﬁbnyﬂ- (A5)

Finally note that since I C (y), we have that

Suf —dvf € (Auw). (A.6)

Using (A.5) and (A.6) we compute:

(Re[830]) ®ry K/ (b1, D)) s,) ™

~ (Rel$r)D) ®rx K)o/ G0l D) (a7
~ Krlpny]/ (@l Apw)
~ Knlgmy:71 € M1/ (gq1 |7 € M),

We conclude the first assertion of the theorem by combining the isomorphisms (A.3),
(A.4), (A.7). To check the second assertion of the theorem note that if the image of
FeJ] g o(Rx[N])in Kz[¢,y | 1 € M"] belongs to the ideal (A, | (1, v) €KJ)
Kr¢my | meM]
(9] | meMp)
So the image of f via the homomorphism J » (A)p, — K is zero. Hence the image

of f via the homomorphism J(A) — Ry is zero, hence fr,(P) = 0. ]

then the image of F in is 0 hence the image of f in J; (A)p, is zero.

Corollary A.7. Under the assumptions of Theorem A.6 if A is smooth over Ry then
the rings J; (A)p, are regular and the canonical homomorphisms

Iy (A, = Iy N (A)p,

are injective.
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Proof. If the Ry-algebra A is smooth the (y)-adic completion of A ® g, K is iso-
morphic to K, [T] for some tuple of variables 7" and hence

Kn [[¢My | ne M;H
(Pt | o € MY)
The latter power series ring is a regular local ring hence so is the ring J; (A) p,. Hence

the canonical homomorphisms in the theorem are injective because the corresponding
homomorphisms between the power series rings are injective. |

~ Kel$uT | e M.

Remark A.8. It would be interesting to know if for 4 smooth over R, the rings
J; (A) themselves are regular. If these rings even just domains then this would also
imply that the homomorphisms

JJ(A) — JJ(4)

are injective.

A.3 Invertible x-jets

Assume n =n* and p : Ml = Ml,,, — G with G a group; cf. Example A.1 (i). We refer
to the algebra J[ g 4 p(A) as the invertible m-jet algebra of order r of A attached
to p. The reduction modulo 7 of this algebra has a complicated structure as we shall
illustrate in what follows.

First note that since (ii*,0), (i*i,0) € Kf, fori € {1,...,n} the following ele-
ments belong to the ideals [, forallr > 2,5 € {1,...,N},andi € {1,...,n}:

Ajix 0,5 = $ipixys — Vs = (i ys)? + m8idixys — ys,
Aivios = Gixdiys — ¥s = (= ys)? + @7 7w - Pix8iys — ys.

Take now N =1, n = 2, y = y; (so we drop the index s), I = 0, and p =
can, : M = M4 — F) the natural homomorphism to the free group on 2 generators.
Consider the “linear relations:”
¢!

T

T
Fi = 68ipi=y — ¢ix8;iy.

Then we have

J2 6.0+ cany R [V]) = J2 6,00 (R [¥])/ ((A13,0. A31,0. A2a0, Aaz o) : p™)
= (J7 .0+ (Rx[¥])/(A13,0, Azao. F1, F2))/tors.
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A.4 Abelian x-jets

Assumen* =0and p: M := M, — My, := M, 1= Z2 o is the canonical homo-
morphism. We identify M, with the subset M, of M consisting of words of the
form 171 ... n'; cf. Example A.1, (ii). We assume that ¢1, ..., ¢, commute on K
so p is compatible with 7. The algebra J ¢ 5 . (4) = J] & db(A) is referred to as the
abelian w-jet algebra of order r. The reductlon modulo 7 of this algebra also has a
complicated structure and some comments on this will be made in what follows.

Assume for simplicity N = 1 y = y;, I = 0. We begin with the following obser-
vation.

Lemma A.9. For u =iy,...,i, and variable y we have
r r—2 r—1
$u(¥) =y 4+ 78, 1) (81,07 - (81—, ()P )(Si, )P mod 72

Proof. We proceed by induction on r. The case r = 1 holds by definition. For the
inductive step note that, for any fixed Frobenius lift ¢ mod = with associated -
derivation §, any m > 0 and any F' € R;[8,,y|n € M] we have

m-+1

P(FP") = (FP + a8F)?" = FP"" 4 p"n FPP"~DSF mod 72, (A.8)

Now assume r > 2 and set &’ =i, ...i, and ¢ = ¢;; so u = i; . By induction

b (y) = y”? "+ 7(8ip70) (Sizm) P -+ (84, _ 1Jr) (5iry)p’_2 mod 72,

Repeatedly using (A.8) we have

2

P8 7) Siy)? - (S5, 1) iy 3)” )
= (2P +78m) (8, 7)P +n86i2n) (G )P p 2885,y (81, 3) PP D)

= (87)Biym)? -+ 8y, )P (85, y)? " mod 72,
The result follows. ]

Foreach u =iy ...i, withr > 2 set
Fy = (81177)(81277)p (8 i 177) (81 y)?

Note in particular that F, has order 1. Note also thatif (x, v) € K7, then 1 and v must
have, in particular, the same length and the difference F,, — F,, is a p”~!-th power of
a linear polynomial in the variables §; y.

r—1

Proposition A.10. One has a surjective ring homomorphism

k(y,01y,...,0ny]
(Fu— For(n,v) €KL}

Buy: e M \M' = J! & (R [y])/ ().
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For n = r = 2 the above homomorphism is an isomorphism, i.e.,

kly,d81y.82y]
(817 - (82)P — Sa1 - (81y)P)

Proof. Recall that J/ 4 . (Rx[y]) is obtained as J 4 g+« (Rx[y]) divided by the ideal
I, = ({A,v}) - p®, where the generators run over all (u,v) € K7, From Lemma A.9,
n(F,—F,) = Ay, mod 72, and so F,—F, e, m). Then the first part of the
proposition follows. Assume now n = r = 2. Since x is a prime element in the ring
J]f,q,(R,, [¥]) and does not divide Fi3 »; in this ring it follows that

I = (A1221) 1 p° = (Fi2,21)

J7 o (Rx[Y])/ () = [67y.8182y. 8281y, 85 y].

which implies the second part of the proposition. ]

Remark A.11. In particular, for n = r = 2 the reduced ring

(J:ri@,ab(Rﬂ [y])/(”))red

is isomorphic to a polynomial ring in 6 variables. However, note that, contrary to
what one might expect, there is no equality (or even relation) in this ring between the
images of the variables 816,y and 6,8, y; instead we have an identification between
the images of (§;7)/? - 8,y and (8,7)"/? - §;y. As we see, a relation between the
images of the variables §16,y and 8,81y pops up in the ring J ¢, o (Re[y]D/(); cf.
Proposition A.12.

To tackle the case n = 2 and r = 3 note that since p > 3,
P12y = $1(y? + wéay)
= (P +7é1y)” + ¢1(7m)((82)” + 7w182y)
= yp2 + pryP PV y 4+ w817 - (829) + w2817 - 818,y mod 7.

hence

v 1
A1221 —;Alzz —M—A+pB+HC mod 72

where

A =681 (829)F — 8o - (81y)?
B = y?? 7D (8 - 82y)
C = 5171’ . 5152)1 — 827‘[ . 8251)/.

Leti € {1,2}. Using the fact that for any element z in a §,-ring we have

8.z =0 mod 7
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and assuming for simplicity that R, # R (so p/m € wR;) we get that

8:(A) = 8:817 - (829)P" — 8:6a7 - (81)P” mod 7,

8i(pB) =0 mod 7,

Si(nC)=68;m-C? mod 7.

Hence
8i(A1221) =8i(A+ pB + 1C) mod 7
=0;(A) + 6; (pB) + 8; (w C) mod 7
=5;817 - (820)7 = 8i8a7 - (1)

+5i7['(517t-5152y—527[-8251y)p mod .

On the other hand, by (A.1) and since A12,21 € (A12,1) : p™ it follows that
§i(Ar221) € Is = (Apw | (.v) €K3) 2 p™.

In particular, we have proved the following.

Proposition A.12. Assume that R, # R. The image of the element

8 - ($177 - 8182y —827 - $:281)7 +8:817 - (520)7” —8:827 - (513)7” € J2 5 (Ruly])

in the ring J;’Qab(R,, [y]/ () is 0.

Note that the image of the above element in J. ;’jq)(Rn [y])/ () is a p-th power. A
similar (but slightly more complicated) formula holds in case R, = R.

A.5 §;.p-characters

We conclude with a discussion of characters for i-p-jets. Specifically, partial charac-
ters restrict to 7 -p-characters, but we will show this restriction map is not injective in
the abelian case. It is a question whether the restriction map is surjective.

Definition A.13. Fix G a smooth commutative group scheme over R, . The R,-
module
X 0.0+ ,(G) :=Hom(J ¢ o+ ,(G), Ga).

will be called the module of §;.,-characters of G of order < r. Let

Prree  Myqpnx — Fy

be the unique homomorphism of monoids with identity into the free group F, on
{1,...,n} that is the identity on M, and sends i * into i ! for all i € {1,...,n}.
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Note that K. C Kp, so we have an induced closed immersion J g g« ,(G) —

Iy o.0n, Phee (G). The latter induces a restriction R,-module homomorphlsm

res

Xjrﬂd)ﬂd)*,ptree(G) - XT[ CD CI)* (G)

For the further development of the theory it is important to understand the behavior
of this canonical restriction. Note that in case ®* = @ we have that J” Py pree(G)
and X7 g g+ Piree (G) identify with J 4(G) and X7 4(G) as defined in the body of
the memoir.

Of particular interest are the abelian &-characters of a commutative smooth
group scheme G, defined as the §,_,p-characters, i.e., the elements of the R, -module

X ¢.(G) := Hom(J g ,(G), Gy).
We therefore have a naturally induced restriction homomorphism
X7.0(G) = X1 0.0(6). (A.9)

Define the K,-module of abelian symbols K J’I,d,, b as the free K -module with basis
M, and define R;,q,’ab similarly. We would like to briefly look into the abelian & -
characters of G, and G,,.
Write G, = Spec R [T]. Recall from Corollary A.7 that we have an injective
homomorphism
O0r.0.0Ga))p, = Kx [uT:p € ML] (A.10)

where P, = (6,,T: € M"). We may define
rt<1>abT - Z Knd’uT - K,,[[d);LT:,u S M;b

neMy,

and similarly for R} g 7 which again are naturally isomorphic to the groups of
abelian symbols. As in the non-abelian case, the image of X7 4, ., (G,) via the homo-

morphism (A.10) is contained in K7 4 ., 7', so we get an induced homomorphism

;,@ ab(Ga) - Kn<1>abT w = W(T) (All)

If G has relative dimension 1 with invariant 1-form w, the standard theory pro-
vides again a map of p-formal schemes & : G, — G. This again yields for each
¥ € X] ¢.(G) acomposition 0 & € X7 4 . (Ga),

¥~
Yob& :J! <I>ab(Ga) —> nr,<I>,ab(G) — Gy,.
We get an induced homomorphism

X:r,¢,ab(G) e Kr <1>de W = (W © 8 )(T) (Alz)
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Writing (Y 0 E)(T) = Y_Au¢, T we define

OW) := D hudu € K o

to be the abelian Picard—Fuchs symbol of yr.
Write now G,, = Spec R;[x,x™!]. Let n = 2 and note that ¢ (x) is invertible
in the ring

Jﬁ,cp(Gm) = Ry[x,x71,81x,82x,82x, 8182, 8281 x, 5§x]A.

We can now show the restriction map (A.9) can fail to be injective.

Proposition A.14. Let N be the smallest integer so that W := % log (ﬁ;g;) be-
longs to the ring J3,¢(Gm)' Then the restriction of ¥ € X 4(Gm) 10 X7 g 1 (Gm)

vanishes.

Proof. We can write

A
14 12,21(X)
21X h21x

$r2(x) p1a(x) 1\ _ P12X — P21 X
$o1(x) t (¢21(X) 1) =i

which yields

o $12(x) _7TN ,,7T_" A1z21(x)\"
TIOg(¢21(X)) B 72(_1) n ( $21x ) '

Clearly the latter series is in the ideal generated by A3 21 hence lies in the ideal /5
and is therefore zero in O (J 3,<I>, »(Gm)). [

Remark A.15. The previous discussion offers a glimpse into what the theory of
abelian 6, -characters should look like; the first non-trivial steps would have to tackle
the case of elliptic curves which will not be pursued at this time.
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