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Introduction

§1. Statement of the Main Results

The main result of this paper is a Comparison Theorem (cf. Theorem A below) for
elliptic curves, which states roughly that:

The space of “polynomial functions” of degree (roughly) < d on the uni-
versal extension of an elliptic curve maps isomorphically via restriction
to the space of (set-theoretic) functions on the d-torsion points of the
universal extension.

This rough statement is essentially precise for (smooth) elliptic curves over fields of char-
acteristic zero. For elliptic curves in mixed characteristic and degenerating elliptic curves,
this statement may be made precise (i.e., the restriction map becomes an isomorphism)
if one modifies the “integral structure” on the space of polynomial functions in an appro-
priate fashion. Similarly, in the case of elliptic curves over the complex numbers, one can
ask whether or not one obtains an isometry if one puts natural archimedean metrics on
the spaces involved. In this paper, we also compute precisely what modification to the
integral structure/metrics in all of these cases (i.e., at p-adic and archimedean primes, and
for degenerating elliptic curves) is necessary to obtain an isomorphism (or something very
close to an isomorphism).

In characteristic zero, the universal extension of an elliptic curve may be regarded as
the de Rham cohomology of the elliptic curve, with coefficients in the sheaf of invertible
functions on the curve. On the other hand, the torsion points of the elliptic curve may
be regarded as a portion of the étale cohomology of the elliptic curve. Thus, one may
regard this Comparison Theorem as a sort of isomorphism between the de Rham and étale
cohomologies of the elliptic curve, given by considering functions on each of the respective
cohomology spaces. When regarded from this point of view, this Comparison Theorem may
be thought of as a sort of discrete or Arakelov-theoretic analogue of the usual comparison
theorems between de Rham and étale/singular cohomology in the complex and p-adic cases.
This analogy with the “classical” local comparison theorems can be made very precise,
and is one of the main topics of Chapter IX.

Using this point of view, we apply the Comparison Theorem to construct
a global/Arakelov-theoretic analogue for elliptic curves over number fields
of the Kodaira-Spencer morphism of a family of elliptic curves over a
geometric base.

This arithmetic Kodaira-Spencer morphism is studied in Chapter IX.
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Suppose that E is an elliptic curve over a field K of characteristic zero. Let d be a
positive integer, and n € E(K) a torsion point of order not dividing d. Write

£ 0gd- )

for the line bundle on E corresponding to the divisor of multiplicity d with support at the
point 1. Write

El - E

for the universal extension of the elliptic curve, i.e., the moduli space of pairs (M, V)
consisting of a degree zero line bundle M on E, together with a connection V7. Thus, joul
is an affine torsor on E under the module wg of invariant differentials on E. In particular,

since BT is (Zariski locally over E) the spectrum of a polynomial algebra in one variable
with coefficients in the sheaf of functions on FE, it makes sense to speak of the “relative
degree over E” — which we refer to in this paper as the torsorial degree — of a function on

ET. Note that (since we are in characteristic zero) the subscheme dET C ET of d-torsion

points of Ef maps isomorphically to the subscheme ;F C E of d-torsion points of E. Then
in its simplest form, the main result of this paper states the following:

Theorem AS™Ple. Lot E be an elliptic curve over a field K of characteristic zero. Write
El & E for its universal extension. Let d be a positive integer, and n € E(K) a torsion

point whose order does not divide d. Write £ < Og(d-[n]). Then the natural map

T(ET, £)<¢ - ] it

given by restricting sections of L over ET whose torsorial degree i1s < d to the d-torsion
points of Ef isa bijection between K -vector spaces of dimension d?.

The remainder of the main theorem essentially consists of specifying precisely how one must

modify the integral structure of F(ET, L)< over more general bases in order to obtain an
isomorphism at the finite and infinite primes of a number field, as well as for degenerating
elliptic curves.

To state the main theorem in its more general form, it is natural to work over a fine
noetherian log scheme S'°8 (cf. [Kato]). Over the base S'°8, we consider what we call a log
elliptic curve

Clog N Slog

(cf. Chapter III, Definition 1.1), i.e., the result of pulling back, via some morphism S'°& —
(Mlloﬁ)z, the universal log curve C'°9 — (ﬂlﬁ%)z- Here, (Mlﬁﬁ)z is the log moduli stack
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of elliptic curves over Z, equipped with its natural log structure defined by the divisor at
infinity, and C — (My,9)z is the unique (proper) semi-stable curve of genus 1, which we
equip with the log structure defined by the divisor in C which is the pull-back of the divisor
at infinity of (M )z.

In the general version of the main theorem, we must use line bundles — which play
the role of the line bundle £ in Theorem AS™Pe — equipped with a metric as in [Zh] in
a neighborhood of the divisor at infinity D C S. These metrized line bundles “£” live
on a “Zhang-theoretic version” E., 5 — So of C'°8 — S8 (cf. Chapter IV, §4,5), and
are discussed in detail in Chapter V, §1. For smooth elliptic curves, these line bundles are
ezactly the same as the line bundle “L” of Theorem As™Ple,

Next, it turns out that at finite primes the universal extension ET = Eis not quite
adequate; instead, one must modify it by multiplying the wg-portion of joul by a factor of
d (cf. Chapter V, §2). The resulting object E[Td] — F is an wpg-torsor which coincides with

ET over bases on which d is invertible. In a neighborhood of the divisor at infinity, one

f

must consider a version of E[ d which is compatible with Zhang’s theory of metrized line

f

bundles. This version of E[ d

is denoted by

T
B 1

(cf. Chapter V, §2). For smooth elliptic curves in characteristic zero, EIO’[d] s the same
as ET.

In the general form of Theorem A, we would like to consider sections of the metrized

line bundle L over EIO’M of torsorial degree < d. It turns out, however, that if one just
considers the usual global section or push-forward functor in the naive sense, then one
does not get the desired isomorphism at finite or degenerating primes. In order to get
the desired isomorphism at such primes, one must modify the integral structure at those
primes. The resulting push-forward functor is denoted

(F)+(Z] 4 ) <Hoo,et)
oo, [d]

(cf. Chapter VI, Definition 1.3). For smooth elliptic curves in characteristic zero, this
push-forward is the same as the usual one. Finally, by restricting such sections of £ over
EIQ[d] to the d-torsion points dEIO in EIO’[d], one obtains an evaluation map

E{oo, et} : (fs)«(L] )<H{oo,et} — (fs)«(L] t )

El,[d] (aEs

(cf. Chapter V, Proposition 2.2; Chapter VI, Theorem 3.1 (1)). For smooth elliptic curves
in characteristic zero, this is the same as the map considered in Theorem As™Ple,
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We are now ready to state the main theorem of this paper (cf. Chapter VIII, §0,
Theorem A):

Theorem A. (The Hodge-Arakelov Comparison Isomorphism) Let d,m > 1 be
integers such that m does not divide d. Suppose that S'°8 is a fine noetherian log scheme,
and let

Clog N Slog

be a log elliptic curve over S'°8 such that the divisor at infinity D C S (i.e., the pull-
back of the divisor at infinity of (Mi,0)z via the classifying morphism S — (Mi)z) is a
Cartier divisor on S. Also, let us assume that étale locally on the completion of S along
D, the pull-back of the Tate parameter q to this completion admits a d-th root, and that
we are given a torsion point

n € Eoo,S<Soo)

of order precisely m which defines line bundles Ly, Z:,n (cf. Chapter V, §1). If d is

odd (respectively, even), then let £ def Lyt (respectively, £ def 7oy ). Then:

st,n

(1) (Compatibility with Base-Change) The formation of the push-forward (cf.
Chapter VI, Definition 1.3)

(fs)o(Z] 4 ) “{ooet)
oo, [d]

(along with its natural filtration by torsorial degree) commutes with base-change
(among bases S'°® satisfying the hypotheses given above).

(2) (Zero Locus of the Determinant) Assume that S is Z-flat. The scheme-
theoretic zero locus of the determinant det(={co,et}), i.e., the determinant of
the evaluation map (cf. Chapter V, Proposition 2.2; Chapter VI, Theorem 3.1,

(1))

E{oo, et} : (fs)«(L] )<Hoo, et} — (f3)«(L] T )

Ejo‘[d] (aEs

1 given by the divisor

d-[n () (aB)]
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(where 4E is the kernel of multiplication by d on Ey). In fact, the divisor of poles
of the inverse morphism to Z{oo,et} is contained in the divisor [n () (4E)].

(3) (Analytic Torsion at the Divisor at Infinity) For each ¢, there is a sequence
of elements

2

a, ={(a,)o...,(a)i-1}; (a); ~ é—d

of Q>0 -log(q), where (a,); goes roughly (as a function of j) as % (cf. Chapter
VI, Theorem 3.1, (2)), such that the subquotients of the natural filtration on the

domain of Z{c0,et} admits natural isomorphisms:

(1 FI)(f9)o(L] + )<Uoo,et}) — %'eXp<—<aL>j>-<fs>*<Z|Ex,s>®oS '

T
B oo )

(where T is the dual of wg) forj =0,...,d—1. Moreover, the sections of L| s
o0, [d]
that realize these bijections have q-expansions in a neighborhood of infinity that

are given explicitly in Chapter V, Theorem 4.8.

(4) (Integrality Properties at the Infinite Prime) Suppose that D = 0, and S
is of finite type over C. Let us then write L, =, dET, E[];] for L, ={o0, et}, dEIO,

EIO’[d]. Then one may equip L with a (smooth, i.e., C*°) metric | ~ |z whose
curvature is translation-invariant on the fibers of E — S. Moreover, such
a metric is unique up to multiplication by a (smooth) positive function on S(C).
Then | ~ |z defines a metric on the vector bundle (fs)*(£|dET) (i.e., the range

of 2), namely, the L?-metric for “L-valued functions on dEJ[ 7 (where we assume

that the total mass of dE]L is 1). Since = is an isomorphism, this metric thus
induces a metric on (fs)«(L| + )<? (i.e., the domain of =), which we denote by
E
[d]

[~ et

and refer to as the étale metric. On the other hand, by using the canonical real
analytic splitting of EL}(C) — E(C) (i.e., the unique splitting which is a contin-

uous homomorphism), we may split sections of (fs).(L| : )<4 into components
[d]

which are real analytic sections of L@ 15" (where v < d) over E(C). Since T

gets a natural metric by square integration over E, these components have natural
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L?-norms determined by integrating their | ~ |% over the fibers of E(C) — S(C).
This defines what we refer to as the de Rham metric

|| ~ [lpr

on (fs)«(L| + )<4. The relationship between the étale and de Rham metrics may
E
t
be described using three “models”:

(A.) The Hermite Model: This model states that if we fiz r < d,

and let d — oo, then over any compact subset of S(C), the étale metric

[| ~ [let on F"((fs)«(L] : )<4) converges (up to a factor < e™t" > 1)
Ed

to the metric || ~ ||pr, as well as to a certain metric “|| ~ ||lam,”

defined by considering Hermite polynomials scaled by a factor of
(constant)-v/d in the derivatives of the theta functions € (fs).«(L|g) =
Fl((fs)*(ﬁlET )<7).

[d]

(B.) The Legendre Model: This model states (roughly) that over
any compact subset of S(C), a certain average — which we denote
|| ~ |lw,p, — of translates of the étale metric || ~ ||t on (fs)«(L] + )<d
[d]
is equal (provided d > 25), up to a factor of (constant)?, to the de
Rham metric || ~ ||pr, as well as to a certain metric
fined by considering discrete Tchebycheff polynomials scaled by
a factor of d in the derivatives of the theta functions € (fs)«(L|g) =
Fl((fs)*(ﬁlE]L )<4). These discrete Tchebycheff polynomials are dis-
d

| ~ |ren” de-

[d]
crete versions of the Legendre polynomials, and in fact, if we let d — oo
with the said scaling by d, then the discrete Tchebycheff polynomials
converge uniformly to the Legendre polynomials.

(C.) The Binomial Model: This model involves the explicit q-expan-

sions (where we write E = Gy, /q%, and q is a holomorphic function

which is defined, at least locally, on S(C)) referred to in (3) above, which

are essentially binomial coefficient polynomials (scaled by 1) in

the derivatives of the theta functions € (fs)«(L|g) = Fl((fs)*(£|ET )<9).
d

If we divide these functions by appropriate powers of q, then the norm
|| ~ |lqca for which these functions divided by powers of q are or-
thonormal satisfies the following property: If d > 12, and Im(1) >
200{log?(d) + n - log(d) + n - log(n)} (where q¢ = exp(2mit)), then:

-1, ,—32d

n A~ laca S~ les < €] ~ |lqca
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Here, the factor of n=' that appears is the ezxact archimedean ana-
logue of the poles that appeared at finite primes in (2) above.

Finally, for each of these three models, the combinatorial /arithmetic portion of the
analytic torsion (i.e., the portion not arising from letting the elliptic curve E degenerate
— ¢f. (8) above for the portion arising from degeneration of the elliptic curve) induced on
(F’”“/F’")((fs)*(ﬁ\ET )<?) by the metrics || ~ |lpr; || ~ llamys | ~ llrens || ~ llw.p, ;

[dl
|| ~ |lqcc (in their respective domains of applicability) as r — d, goes (modulo factors of
the order (constant)?) as

~ ()t (d)!

which is precisely what you would expect by applying the product formula to the com-
putation of the “analytic torsion” in the finite prime case, which consists of a factor
of precisely (r)~! (cf. Chapter V, Theorem 3.1; Chapter VI, Theorem 4.1; Chapter VII,
Proposition 3.4).

In particular, Theorem A, (3), tells us that the necessary modification to the integral
structure of the degree j portion of the push-forward at the p-adic and degenerating primes
is a factor of
L <
i

J

2
The factor ¢3¢ involving the g-parameter is of fundamental importance in the theory of
this paper. Because (as a function of j) this factor varies like a “Gaussian exp(—z?)” and
gives rise to poles (relative to the usual push-forward) in the modified push-forward that
we consider in Theorem A, we refer to the modification in integral structure arising from
this factor as the Gaussian poles. The factor of é in the exponent may be justified by the
following calculation: On the one hand, if one thinks in terms of degrees of vector bundles
on (Ml,o)c, the degree of the usual push-forward goes roughly as

d—1 d—1 1 2

; ) 1 1
deg(q%”) = j-deg(tg) ~ §d2 -deg(tg) = —§d2 . Elog(q) =~51 -log(q)

where “log(g)” is a symbol that stands for the element in Pic((Mi)c) defined by the
divisor at infinity. (It turns out that the contribution to the degree by the line bundle L is
negligible.) On the other hand, the sum of the degrees resulting from the Gaussian poles
is

d

2

=0

—

-2 1 3 1 2
-log(q) ~ 3¢ o5 -log(q) = = -1og(q)

OO|%
IS

<



In other words, the factor of 8—1d is just enough to make the total degree 0. Since the
restriction of £ to the torsion points is (essentially) a “torsion line bundle” (i.e., some
tensor power of it is trivial), the degree of the range of the evaluation map is zero — i.e., the
factor of SLd 1s just enough to make the degrees of the domain and range of the evaluation
map of Theorem A equal (which is natural, since we want this evaluation map to be an
isomorphism). In fact,

It turns out that the proof of the scheme-theoretic portion of Theorem
A in Chapter VI, §3,4, is based on precisely this sort of “summation of
degrees” argument.

In this proof, however, in order to get an exact isomorphism, it is necessary to compute
all the degrees involved precisely. This computation requires a substantial amount of work
(involving, for instance, the theory of [Zh]) and is carried out in Chapters IV, V, VL.

On the other hand, the key point of the archimedean portion of Theorem A is the
comparison of the étale and de Rham metrics || ~ |let, || ~ ||[pr. Unfortunately, we are
unable to prove a simple sharp result that they always coincide. Instead, we choose three
natural “domains of investigation” — which we refer to as models — where we compare these
two metrics using a particular system of functions which are well-adapted to the domain
of investigation in question. One of the most important features of these three models is
that they each have natural scaling factors associated to them. The three models, along
with their natural scaling factors, and natural domains of applicability are as follows:

Hermite Model (scaling factor = d%) : nondegenerating F, fixed r < d

Legendre Model (scaling factor = d) : nondegenerating F, varying r < d

Binomial Model (scaling factor = 1) : degenerating F

It is interesting to observe that the exponents appearing in these scaling factors, i.e.,
0, %, 1, which we refer to as slopes, are precisely the same as the slopes that appear when
one considers the action of Frobenius on the crystalline cohomology of an elliptic curve
at a finite prime — cf. the discussions at the end of Chapter VII, §3, 6, for more on this

analogy.

Finally, we apply Theorem A to construct an arithmetic analogue of the Kodaira-
Spencer morphism, as follows. In the following discussion, we write

s < 71 ((5°%)q, 5)

for the algebraic fundamental group of the base S'°&. Thus, if S def Spec(Ok), where Ok is
the ring of integers of a number field K, then IIg = Gal(K /K) is the absolute Galois group
of K. In this discussion, we make the technical assumption that if d is even, then Ilg acts
trivially on the 2-torsion of the elliptic curve in question. Then it follows from Mumford’s
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theory of algebraic theta functions that Ilg acts naturally (up to poles annihilated by 4)
on the range of the Comparison Isomorphism of Theorem A. Thus, Theorem A tells us
that, by transport of structure, we get an action of Ilg on the domain of the Comparison
Isomorphism which is (roughly) integral at all primes (finite and infinite). Since this
domain is equipped with a natural Hodge filtration, we thus get a morphism

K%ith . HS — Sl[t(HDRxS’)

where Filt(Hpr)(S) is a certain flag variety of filtrations of the domain of the Comparison
Isomorphism, which we denote by Hpgr (since it is a sort of de Rham cohomology). This
morphism, which we refer to as the arithmetic Kodaira-Spencer morphism of the given
family of elliptic curves, has remarkable integrality properties (cf. the discussion preceding
Chapter IX, Definition 3.4). In Chapter IX, §1,2, we explain in detail how this arithmetic
Kodaira-Spencer morphism is a wvery precise analogue of the classical Kodaira-Spencer
morphism for families of complex and p-adic elliptic curves (cf. also [Katz2]). In the
construction of all of these Kodaira-Spencer morphisms, the main idea consists, as depicted
in the following diagram:

Kodaira-Spencer morphism:

motion in base-space — induced deformation of Hodge filtration

of the idea that the Kodaira-Spencer morphism is the map which associates to a “motion”
in the base-space of a family of elliptic curves, the deformation in the Hodge filtration of
the de Rham cohomology of the elliptic curve induced by the motion. We refer to Chapter
IX for more details.

62. Technical Roots: the Work of Mumford and Zhang

Let K be an algebraically closed field of characteristic 0. Let E be an elliptic curve
over K. Let £ be the line bundle of Theorem A®™P!® Then instead of considering sections
of L over ET, one can consider sections of £ over E. Such sections may be restricted to
L|,r. Moreover, by the theory of algebraic theta functions (cf. [Mumfl,2,3]), the restriction
L|,r of L to the d-torsion points 4F C E has a canonical trivialization L|,5 = L|. @k O,k
(where e € E(K) is the zero element) — at least when d is odd. Thus, by composing the
restriction morphism with this trivialization, we obtain a morphism (as in [Mumf1,2,3]):

F(E,E) — ‘C|dE = [’|8 K OdE

i.e., one may think of sections of L over E as functions on 4F. These functions are
Mumford’s “algebraic theta functions.”

12



Now let us observe that dimg (T'(E, £)) = d, while dimg (£|. @ O,r) = d*. That is
to say, Mumford’s theory only addresses a fraction (more precisely: é) of the functions in
Ll @k O,p. Thus, it is natural to ask:

Is there a natural extension of Mumford’s theory that allows one to give
meaning to all the functions of L|. ®x O,r as some sort of “global”
sections of L?

Theorem A®™Pe provides a natural, affirmative answer to this question: i.e., it states these
functions may be interpreted naturally as the sections of L over the universal extension

Ef of torsorial degree < d.

In more classical terms, to consider the universal extension amounts essentially to
considering the derivatives of (classical) theta functions (cf., e.g., [Katzl], Appendix C).
For instance, if one takes K = C, and writes

def P2 P2
97-(2) — § 67717'71 .627r2zn

nez

for the “standard theta function” (where z € C, 7 € 9 o {w € C | Im(w) > 0}), then

up to the operation of taking the Fourier expansion, this theta function is essentially a
“Gaussian e™™™° ” and its derivatives P(%) - 0-(z) (where P(—) is a polynomial with
coefficients in C) are given by polynomial multiples of (which are equivalent to derivatives
of ) the Gaussian:

P2mi-n)- emiTn’

Just as theta functions are the “fundamental functions on an elliptic curve” (more precisely:
generate the space of sections of £ over F), these derivatives are the “fundamental functions
on the universal extension of the elliptic curve” (more precisely: generate the space of

sections of L over ET) This point of view is discussed in more detail in Chapter 111, §5, 6,
7; Chapter VII, §6. As one knows from elementary analysis, the most natural polynomial
multiples/derivatives of a Gaussian are those given by the Hermite polynomials. It is thus
natural to expect that the Hermite polynomials should appear naturally in the portion
of the theory of this paper concerning the behavior of the comparison isomorphism at
archimedean primes. This intuition is made rigorous in the theory of Chapters IX, X. In
fact, more generally:

The essential model that permeates the theory of this paper is that of
the Gaussian and its derivatives. This model may be seen especially in
the “Gaussian poles,” as well as in the “Hermite model” at the infinite

prime (cf. §1).
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In the classical theory over C, the most basic derivative of the theta function is the so-
called Weierstrass zeta function (cf. [Katzl], Appendix C). It should thus not be surprising
to the reader that various generalizations of the Weierstrass zeta function — which we refer
to as Schottky- Weierstrass zeta functions (cf. Chapter 111, §6, 7) — play a fundamental role
in this paper.

So far, in the above discussion, we concentrated on smooth elliptic curves. On the other
hand, when one wishes to consider degenerating elliptic curves, Zhang has constructed a
theory of metrized line bundles on such degenerating elliptic curves (cf. [Zh]). In this
theory, one can consider the curvatures of such metrized line bundles, as well as intersec-
tion numbers between two metrized line bundles in a fashion entirely similar to Arakelov
intersection theory. Using Zhang’s theory of metrized line bundles, it is not difficult to ez-
tend Mumford’s theory of algebraic theta functions in a natural fashion to metrized ample
line bundles on degenerating elliptic curves (cf., e.g., Chapter IV, §5, for more details).
Unfortunately, however, just as Mumford’s theory only addresses sections over the original
elliptic curve (as opposed to over the universal extension, as discussed above), Zhang’s
theory also only deals with the theory of metrized line bundles over the original (degener-
ating) elliptic curve. Thus, it is natural to ask whether one can generalize Theorem As™ple
to the case of degenerating elliptic curves in such a way that the resulting generalization
of the portion of I‘(ET, L) arising from sections over F is compatible with Zhang’s theory
of metrized line bundles (and their sections) over E. In other words, it is natural to ask:

Can one “de Rham-ify” the theory of [Zh], so that it addresses the “met-

ric” behavior of sections of L not only over E, but over ET, as well?

An affirmative answer to this question is given by the theory of Gaussian poles, or “analytic
torsion at the divisor at infinity” — cf. Theorem A, (3) in §1; Chapters V, VL.

Another way to view the relation to Zhang’s theory is the following. One consequence
of the theory of [Zh] is the construction of a natural “metric” (or integral structure) on the
space wg of invariant differentials on a (degenerating) elliptic curve. If we regard wg as a
line bundle on the compactified moduli space of elliptic curves, then Zhang’s “admissible
metric” on wg essentially amounts to the (metrized) line bundle wg(— 1 - 00) (where oo is
the divisor at infinity of the moduli space), i.e., the line bundle wg with integral structure
at infinity modified by tensoring with O(—1—12 - o0). Moreover, it follows from Zhang’s
theory that there is a natural trivialization

1

_E.OO):@

wE(

of this metrized line bundle over the moduli space. The 12-th tensor power of this trivializa-
tion is the cuspidal modular form usually denoted “A” ([KM], Chapter 8, §8.1). Similarly,

Theorem A, (3), states that by allowing “Gaussian poles” in the sections of F(ET, L), one
gets a natural isomorphism between I‘(ET, L) (with this modified integral structure) and
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a vector bundle which is trivial (in characteristic zero) over some finite log étale covering
of the compactified moduli (log) stack of elliptic curves. That is to say,

One may regard the theory of Gaussian poles/analytic torsion at the
divisor at infinity in Theorem A, (3), as a sort of “GLy-analogue” of
the isomorphism of line bundles (i.e., Gy, -torsors) wg(—15-00) = O —
or, alternatively, a G Lo-analogue of the modular form A.

Note: The reason that we mention “GLs” is that the vector bundle on the “étale side”
of the comparison isomorphism of Theorem A arises naturally (at least in characteristic
zero) from a representation (defined by the Galois action on the d-torsion points) of the
fundamental group of the moduli stack of elliptic curves into G Lo, whereas the isomorphism
w E(—% -00) 2 O naturally corresponds to an abelian representation (i.e., a representation
into Gy, which is, in fact, of order 12) of this fundamental group — cf. [KM], Chapter 8,
68.1.

63. Conceptual Roots: the Search for a Global Hodge Theory

§3.1. From Absolute Differentiation to Comparison Isomorphisms

Let K be either a number field (i.e., a finite extension of Q) or a function field in
one variable over some coefficient field & (which we assume to be algebraically closed in
K). Let S be the unique one-dimensional regular scheme whose closed points s correspond
naturally (via Zariski localization of S at s) to the set of all discrete valuations of K (where
in the function field case we assume that the elements of £* are units for the valuations).
We shall call S the complete model of K. Of course, in the number field case, it is natural
to “formally append” to S the set of archimedean valuations of K.

Let

E— S

. . . . . . def
be a one-dimensional, generically proper semi-abelian scheme over S, ie., Ex = F ®g K

is an elliptic curve over K with semi-stable reduction everywhere. Then E defines a
classifying morphism

a:S— (Mio)z

to the compactified moduli stack of elliptic curves over Z. It is natural to endow S with
the log structure arising from the set of closed points at which £ — S has bad reduction.

—1
Then « extends to a morphism a!°8 : S'°8 — (Mfﬁ)z in the logarithmic category.
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Now, in the function field case, if we differentiate o, we obtain the Kodaira-Spencer
morphism of £ — S:

H:E . w%z %/ Oé*Q log — Qslog/k

(M75)z

(where wg is the restriction to the identity section of £ — S of the relative cotangent
bundle of E over S). Since wg is naturally the pull-back via « of an ample line bundle
on (Mi)z, and kg is typically nonzero (for instance, it is always nonzero if K is of
characteristic zero and E — S is not isotrivial (i.e., trivial after restriction to a finite
covering of S)), the existence of the Kodaira-Spencer morphism kg gives rise to a bound
on the height of £ — S by the degree of Qgiog /. The thrust of a family of conjectures
due to Vojta (cf. [Lang], [Vojta]) is that this bound (or at least, a bound roughly similar
to this bound) in the geometric case (i.e., the case when K is a function field) also holds
in the “arithmetic case” (i.e., the case when K is a number field). Thus,

In order to prove Vojta’s Conjecture in the arithmetic case, it is natural
to attempt to construct some sort of arithmetic analogue of the Kodaira-
Spencer morphism.

Indeed, this point of view of approaching the verification of some inequality by first trying
to construct “the theory underlying the inequality” is reminiscent of the approach to
proving the Weil Conjectures (which may be thought of as inequalities concerning the
number of rational points of varieties over finite fields) by attempting to construct a “Weil
cohomology theory” for varieties over finite fields which has enough “good properties” to
allow a natural proof of the Weil Conjectures.

Of course, if one tries to construct any sort of naive analogue of the Kodaira-Spencer
morphism in the arithmetic case, one immediately runs into a multitude of fundamental
obstacles. In some sense, these obstacles revolve around the fact that the ring of rational
integers Z does not admit “a field of coefficients” F; C Z. If such a field of absolute
constants existed, then one could consider “absolute differentials Qz ,,” or

13 9
Qo /F,

Moreover, since moduli spaces tend to be rather absolute and fundamental objects, it
is natural to imagine that if one had a field of absolute constants “Fi,” then (M )z
should descend naturally to an object (M g)r, over Fi, so that one could differentiate
the classifying morphism « : S — (My )z in the arithmetic case, as well, to obtain an
arithmetic Kodaira-Spencer morphism

« R2 ~v % )
: = —lo — o
KE @ Wp « Q(Mll’%)Fl Qgios /7,

and then use this arithmetic Kodaira-Spencer morphism to prove Vojta’s Conjecture con-
cerning the heights of elliptic curves. (Note: In this case, Vojta’s Conjecture is also referred

to as “Szpiro’s Conjecture.”)
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Unfortunately, this sort of “absolute field of constants F;” does not, of course, exist
in any naive sense. Thus, it is natural to look for a more indirect, abstract approach. In
the geometric case, when k = C, the algebraic curve S defines a Riemann surface S®". Let
us write Ug C S for the open subobject where the log structure of S8 is trivial. Then
the first singular cohomology module of the fibers of E — S naturally forms a local system

H. (E/S,Z)

sing

on the Riemann surface U&". One the other hand, the first de Rham cohomology module
of the fibers of £ — S forms a rank two vector bundle

on Ug". This de Rham cohomology admits a Hodge filtration, which may be thought of as
a natural exact sequence:

0— wp — Hphr(E/S,0) — 15 — 0

Moreover, this vector bundle Hj (E/S, Og) on U2" admits a connection Vpgr — called the
Gauss-Manin connection — which allows one to differentiate sections of Hpy (E/S, OF).
Using this connection Vpgr to differentiate the Hodge filtration gives rise to a natural
morphism

2
@Slog/k — Tg

(where O guos /j, is the dual to Qgies /1) which is dual to the Kodaira-Spencer morphism s .
Thus,

Another way to think of our search for “F1” or “a notion of absolute
differentiation” is as the search for an arithmetic analogue of the Gauss-
Manin connection Vpgr on the de Rham cohomology Hpyr(E/S, OR).

This is the first step towards raising our search for an arithmetic Kodaira-Spencer mor-
phism to a more abstract level.

Next, let us recall that the de Rham isomorphism defines a natural isomorphism

HllDR(E/S7 OE) = Hsling(E/S7 Z) Xz OU;“

(in the complex analytic category) over UZ". Moreover, the sections of Hjg(E/S, OF)
defined (via this isomorphism) by sections of Hsling(E /S, Z) are horizontal for Vpr. Thus,
we conclude that:
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To construct the Gauss-Manin connection Vpr, it is enough to know
the de Rham isomorphism between de Rham and singular cohomology.

The de Rham isomorphism is a special case of the general notion of a Comparison Iso-
morphism between de Rham and singular/étale cohomology. In the last few decades, this
sort of Comparison Isomorphism has been constructed over p-adic bases, as well (cf., e.g.,
[Falt1,2], [Hyodo]). In the arithmetic case, we would like to construct some sort of analogue
of the Kodaira-Spencer morphism over S which also has natural integrality properties at
the archimedean places, as well (since we would like to use it conclude inequalities concern-
ing the height of the elliptic curve Ef ). Put another way, we would like to construct some
sort of arithmetic Kodaira-Spencer morphism in the context of Arakelov theory. Thus, in
summary, the above discussion suggests that:

In order to construct this sort of arithmetic Kodaira-Spencer morphism,
a natural approach is to attempt to construct some sort of Comparison
Isomorphism in the “Arakelov theater,” analogous to the well-
known complex and p-adic Comparison Isomorphisms between de Rham
and étale/singular cohomology.

The construction of such an Arakelov-theoretic Comparison Theorem is the main goal of
this paper. To a certain extent, this goal is achieved by Theorem A (cf. §1). For a detailed
explanation of the sense in which the Comparison Isomorphism of Theorem A is analogous
to the well-known complex and p-adic Comparison Isomorphisms, we refer to Chapter
IX. Unfortunately, however, for various technical reasons, the arithmetic Kodaira-Spencer
morphism that naturally arises from Theorem A is not well enough understood at the
time of writing to allow its application to a proof of Vojta’s Conjectures (for more on these
“technical reasons,” cf. §5.1 below; Chapter IX, Example 3.5, and the Remark following
Example 3.5). In the remainder of the present §3, we would like to explain in detail how we
were led to Theorem A as a global, Arakelov-theoretic analogue of the well-known “local
Comparison Isomorphisms.”

§3.2. A Function-Theoretic Comparison Isomorphism

In §3.1, we saw that one way to think about absolute differentiation or an abso-
lute/arithmetic Kodaira-Spencer morphism is to regard such objects as natural conse-
quences of a “global Hodge theory,” or Comparison Isomorphism between the de Rham
and étale cohomologies of an elliptic curve. The question then arises:

Just what form should such a Global Comparison Isomorphism — i.e.,
i suggestive notation

Hpr(E) ® 77 =2 HL(E) ® 7?
— take?
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For instance, over C, such a comparison isomorphism exists naturally over C, i.e., when
one takes 77 = C. In the p-adic case, one must introduce rings of p-adic periods such as
Bpr, Berys (cf., e.g., [Falt2]) in order to obtain such an isomorphism. Thus, we would like
to know over if there is some sort of natural “ring of global periods” over which we may
expect to obtain our global comparison isomorphism.

In fact, in the comparison isomorphism obtained in this paper (cf. §1, Theorem A),
unlike the situation over complex and p-adic bases, we do not work over some “global
ring of periods.” Instead, the situation is somewhat more complicated. Roughly speaking,
what we end up doing is the following:

In the Hodge-Arakelov Comparison Isomorphism, we obtain a compar-
ison isomorphism between the de Rham and étale cohomologies of an
elliptic curve by considering functions on the de Rham and étale co-
homologies of the elliptic curve and then constructing an isomorphism
between the two resulting function spaces which is (essentially) an
isometry with respect to natural metrics on these function spaces at all
the primes of the base.

Indeed, for instance over a number field, the de Rham cohomology and étale cohomology are
finite modules over very different sorts of rings (i.e., the ring of integers of the number field
in the de Rham case; the profinite completion of Z, or one of its quotients in the étale case),
and it is difficult to imagine the existence of a natural “global arithmetic ring” containing
both of these two types of rings. (Note here that unlike the case with Shimura varieties,
the adeles are not a natural choice here for a number of reasons. Indeed, to consider the
adeles here roughly amounts to simply forming the direct product of the various local (i.e.,
complex and p-adic) comparison isomorphisms, which is not very interesting in the sense
that such a simple direct product does not result in any natural global structures.) Thus:

The idea here is to abandon the hope of obtaining a global linear iso-
morphism between the de Rham and étale cohomology modules, and
instead to look for an isomorphism (as mentioned above) between the
corresponding function spaces which does not necessarily arise from a
linear morphism between modules.

In the present §, we explain how we were led to look for such a “function-theoretic com-
parison isomorphism,” while in §3.3 below, we examine the meaning of the nonlinearity of
this sort of comparison isomorphism.

In order to understand the motivating circumstances that naturally lead to the in-
troduction of this sort of function-theoretic point of view, we must first return to the
discussion of the case over the complexes in §3.1 above. Thus, in the following discussion,
we use the notation of the discussion of the complex case in §3.1. One more indirect way
to think about the existence of the Kodaira-Spencer morphism is the following. Recall the
exact sequence
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0— wp — Hyr(E/S,0) — 15 — 0

which in fact exists naturally over S®'. The Gauss-Manin connection Vpgr acts on the
middle term of this exact sequence (as a connection with logarithmic poles at the points
of bad reduction), but does not preserve the image of wg. One important consequence of
this fact is that:

(If one imposes certain “natural logarithmic conditions” on the splitting
at points of bad reduction, then) this exact sequence does not split.

Indeed, if this exact sequence split, then one could use this splitting to obtain a connection
on wg induced by Vpgr. Moreover, if the “natural logarithmic conditions” are satisfied,
it would follow that this connection on wg has zero monodromy at the points of bad
reduction, i.e., that the connection is regular over all of S**. But since wg is the pull-back
to S of an ample line bundle on (Mj )z, it follows (so long as E — S is not isotrivial)
that deg(wg) # 0, hence that the line bundle wg cannot admit an everywhere regular
connection. That is, we obtain a contradiction.

Another (essentially equivalent) way to think about the relationship between the fact
that the above exact sequence does not split and the existence of the Kodaira-Spencer
morphism is the following. If one considers the w%g—torsor of splittings of the above
exact sequence (together with the “natural logarithmic conditions” at the points of bad
reduction), we obtain a class

n € H (S,ws?)

where the subscript “c” stands for “cohomology with compact support.” (The reason that
we get a class with compact support is because of the “natural logarithmic conditions” at
the points of bad reduction.) On the other hand, if we apply the functor Hl(—) to the
Kodaira-Spencer morphism, we obtain a morphism

H(S,wg?) — HI(S, Qgion ) = HL (S, Q1) = k

Moreover, the image of 1 under this morphism can easily be shown to be the element of
H!(S,Qg/)) = k which is the degree of the classifying morphism o : S — (M )¢, i.e.,
deg(a) € Z C C = k, which is nonzero (so long as E — S is not isotrivial). This implies
that 7 is nonzero.

Thus, in summary,

An indirect way to “witness the existence of the Kodaira-Spencer mor-
phism” 1s to observe that the above exact sequence does not split, i.e.,
that the w%2-t0r50r of splittings of this sequence is nontrivial.
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This point of view is discussed in more detail in [Mzk2], Introduction, §2.3. Also, we
observe that this nonsplitting of the above exact sequence may also be regarded as a sort
of “stability of the (vector bundle plus connection) pair” (Hpg(E/S,Og),Vpr). This
type of stability of a bundle equipped with connection is referred to as “crys-stability” in
[Mzk2] — cf. [Mzk2], Introduction, §1.3; [Mzk2], Chapter I, for more details.

Fig. 1: The split case.

Now let us return to the arithmetic case. In this case, S = Spec(Ok) (where Ok is
the ring of integers of a number field K). Moreover, we have a natural exact sequence of
O x-modules:

0— wp — Hhr(E/S,0) — 15 — 0

which extends naturally to an exact sequence of Og-modules with Hermitian metrics at
the infinite primes, i.e., an exact sequence of arithmetic vector bundles on S (where S
denotes the formal union of S with the set of infinite primes of K) in the sense of Arakelov
theory. Then one can consider whether or not this exact sequence of arithmetic vector
bundles splits. Moreover, just as in the complex case, one can think of this issue as the
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issue of whether or not a certain Arakelov-theoretic wi?>-torsor splits. (The notion and
basic properties of torsors in Arakelov-theory are discussed in Chapter I.) Thus,

One way to regard the issue of constructing an arithmetic Kodaira-
Spencer morphism is as the issue of constructing a theory that proves
that/explains why this Arakelov-theoretic w%Q—torsor does not split.

Indeed, the nonsplitting of this torsor is very closely related to the Conjectures of Vojta
and Szpiro — in fact, the existence of (for instance, an infinite number of) counterexamples
to these conjectures would imply (in an infinite number of cases) the splitting of this torsor
(cf. Chapter I, Theorem 2.4; Chapter I, §4).

Fig. 2: The non-split case.

From a more elementary point of view, the nonsplitting of this torsor may be thought
of in the following fashion. First of all, an arithmetic vector bundle over S may be thought
of as an (Ok-) lattice in a real or complex vector space. Thus, for instance, in the case
K = Q, one may think of H\(E/S,OF) as a lattice in R?, while the arithmetic line
bundles wgr and 7 may be thought of as lattices in R. In the case of arithmetic line
bundles, to say that the degree of the arithmetic line bundle (cf. Chapter I, §1) is large
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(respectively, small) amounts to saying that the points of the lattice are rather densely
(respectively, sparsely) distributed. Note that since wg is the pull-back to S of an ample
line bundle (ﬂl,o)z, its degree tends to be rather large. Thus, to say that the torsor in
question splits is to say that Hjy (E/S, Og) looks rather like the lattice of Fig. 1, i.e., it
is dense in one direction and sparse in another (roughly orthogonal) direction. We would
like to show that HLg (E/S, Og) looks more like the lattice in Fig. 2, i.e.:

We would like to show that the lattice corresponding to Hp (E/S, Op)
is roughly equidistributed in all directions.

Since we are thinking about comparison isomorphisms, it is thus tempting to think of the
comparison isomorphism as something which guarantees that the “distribution of matter”
in the lattice Hhg (E/S, O) is as even in all directions as the “distribution of matter” in
the étale cohomology of E. Also, it is natural to think of the “distribution of matter issues”
involving the étale cohomology, or torsion points, of F/ as being related to the action of
Galois. (The action of Galois on the torsion points is discussed in Chapter II.) Thus, in
summary:

It is natural to expect that the global comparison isomorphism should
be some sort of equivalence between “distributions of matter” in the de
Rham and étale cohomologies of an elliptic curve.

Typically, in analytic number theory, probability theory, and other field of mathematics
where “distributions of matter” must be measured precisely, it is customary to measure
them by thinking about functions — i.e., so-called “test functions” — (and the resulting
function spaces) on the spaces where these distributions of matter occur. It is for this
reason that the author was led to the conclusion that:

The proper formulation for a global comparison isomorphism should be
some sort of isometric (for metrics at all the primes of a number field)
isomorphism between spaces of functions on the de Rham and étale co-
homologies of an elliptic curve.

This is precisely what is obtained in Theorem A.
63.3. The Meaning of Nonlinearity

In §3.2 above, we saw that one of the central ideas of this paper is that to obtain
a “global Hodge theory,” one must sacrifice linearity = additivity, and instead look for
isometric isomorphisms between spaces of functions on the de Rham and étale cohomology.
Put another way, this approach amounts to abandoning the idea that the de Rham and
étale cohomologies are modules, and instead thinking of them as (nonlinear) geometric
objects. Thus, one appropriate name for this approach might be “geometric motive theory.”
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This approach contrasts sharply with typical approaches to the “theory of motives” or to
“global Hodge theories” which tend to revolve around additivity/linearization, and involve
such “linear” techniques as the introduction of derived categories that contain motives. In
some sense, since we set out to develop a global Hodge theory in the context of Arakelov
theory, the nonlinearity of the Comparison Isomorphism of Theorem A is perhaps not
so surprising: Indeed, many objects in Arakelov theory which are analogues of “linear”
objects in usual scheme theory become “nonlinear” when treated in the context of Arakelov
theory. Perhaps the most basic example of this phenomenon is the fact that in Arakelov
theory, the space of global sections of an arithmetic line bundle is not closed under addition.
This makes it difficult and unnatural (if not impossible) to do homological algebra (e.g.,
involving derived categories) in the context of Arakelov theory.

Another way to think about the nonlinearity of the Hodge-Arakelov Comparison Iso-
morphism is that it is natural considering that the fundamental algebraic object that
encodes the “symmetries of the Gaussian,” namely, the Heisenberg algebra — i.e., the Lie
algebra generated by 1, x, y, and the relations [x,y] = 1, [z,1] = [y,1] = 0 (the étale
counterpart of which is the theta groups of Mumford) — is closely related to nonlinear
geometries. In the field of noncommutative geometry, the object that represents these
symmetries is known as the noncommutative torus. Since the Gaussian and its derivatives
lie at the technical heart at the theory of this paper, it is thus not surprising that the
nonabelian nature of the symmetries of the Gaussian should manifest itself in the theory.
In fact, in the portion of the theory of this paper at archimedean primes, it turns out that
the Comparison Isomorphism in some sense amounts to a function-theoretic splitting of
the exact sequence 0 — d-Z — Z — Z/d-Z — 0, i.e., a function-theoretic version of a
bijection

(Z/d-Z)x (d-Z)=Z
This sort of splitting is somewhat reminiscent of the “splitting” inherent in regarding Z as
being some sort of “polynomial algebra over F;.” Moreover, this archimedean portion of

the theory is also (not surprisingly) closely related to the derivatives of the Gaussian and
the symmetries encoded in the Heisenberg algebra. Thus, in summary:

It is as if the symmetries/twist inherent in the inclusion “Fy C Z” are
precisely the symmetries/twist encoded in the noncommutative torus (of
noncommutative geometry).

We refer to the discussion of Chapter VIII, §0, for more details on this point of view.

§3.4. Hodge Theory at Finite Resolution

So far, we have discussed the idea that the appropriate way to think about Comparison
Isomorphisms is to regard them as (isometric) isomorphisms between spaces of functions
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on the de Rham and étale cohomologies of an elliptic curve. The question then arises:
How does one define such a natural isomorphism? The key idea here is the following:

Comparison Isomorphisms should be defined as evaluation maps, given
by evaluating functions on the universal extension of an elliptic curve —
which is a sort of “HRr(E,0F),” i.e., a kind of de Rham cohomology
of the elliptic curve — at the torsion points of the universal extension
(which may naturally be identified with the étale cohomology of the el-
liptic curve).

In fact, one of the main observations that led to the development of the theory of this
paper is the following:

The classical Comparison Isomorphisms over complex and p-adic bases
may be formulated precisely as evaluation maps of certain functions on
the universal extension at the torsion points (or the “singular cohomol-
ogy analogue of torsion points”) of the universal extension.

This key observation is discussed in detail in Chapter IX, §1, 2. In the complex case, it
amounts to an essentially trivial reformulation of the classical theory. Perhaps the best way
to summarize this reformulation is to state that the subspace of functions on the “singular
cohomology analogue of torsion points” arising from the theta functions on the elliptic
curve is itself a sort of “function-theoretic” representation of the Hodge filtration induced
(by the de Rham isomorphism) on the singular cohomology with complex coefficients
of an elliptic curve. In fact, this observation more than any other played an essential
role in convincing the author that (roughly speaking) “theta functions naturally define
the Comparison Isomorphism” (hence that any global Comparison Isomorphism should
involve theta functions). In the p-adic case, this “key observation” amounts to what is
usually referred to as the p-adic period map (cf., e.g., [Coln|, [Colz1,2|, [Font], [Wint]; the
beginning of Chapter IX, §2, of the present paper) of elliptic curves (or abelian varieties).

Thus, in summary, the complex, p-adic, and Hodge-Arakelov Comparison Isomor-
phisms may all be formulated along very similar lines, i.e., as evaluation maps of functions
on the universal extension at the torsion points of the universal extension. Of course, the
difference between the Hodge-Arakelov Comparison Isomorphism and its local (i.e., com-
plex and p-adic) counterparts is that unlike in the local case, where the spaces of torsion
points involved are “completed at some prime,” in the Hodge-Arakelov case, we work with
a discrete set of torsion points. It is for this reason that we find it natural to think of
the theory of the present paper as a “discretization” of the well-known local comparison
isomorphisms. Another way that one might think of the theory of the present paper is as
a “Hodge theory at finite resolution” (where we use the term “resolution” as in discussions
of the number of “pixels” (i.e., “picture elements, dots”) of a computer screen).

At this point, the reader might feel motivated to pose the following question:
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If the Hodge-Arakelov Comparison Isomorphism is indeed a comparison
isomorphism analogous to the complex and p-adic comparison isomor-
phisms, then what sorts of “global periods” does it give rise to?

For instance, in the case of the complex comparison isomorphism, the most basic period
is the period of the Tate motive, i.e., of H' of Gy,, namely, 2mi. In the p-adic case, the
corresponding period is the copy of Z,(1) that sits naturally inside Be,ys. The analogous
“period” resulting from the theory of the present paper, then, is the following: Let U be the
standard multiplicative coordinate on Gy,. Then U — 1 forms a section of some ample line
bundle on Gy,, hence may be thought of as a sort of “theta function” (cf. especially, the
Schottky uniformization of an elliptic curve, as in [Mumf4], §5). Then, roughly speaking,
the “discretized Hodge theory” of the present paper amounts essentially — from the point
of view of periods — to thinking of the period “2mi” as

nh—>Holo n- (U - 1)’U:exp(27ri/n)
i.e., the evaluation of a theta function at an n-torsion point, for some large n. For the
elliptic curve analogue (at archimedean primes) of this representation of 2mwi, we refer
especially to Chapter VII, §5, 6, of the present paper.

In fact, another way to interpret the theory of the present paper is the following.
First, let us observe that the classical complex comparison isomorphism (i.e., the de Rham
isomorphism) is centered around “differentiation” and “integration,” i.e., calculus on the
elliptic curve. Moreover, in some sense, the most fundamental aspect of calculus as opposed
to algebraic geometry on the elliptic curve is the use of real analytic functions on the
elliptic curve. In the present context, however, we wish to keep everything “arithmetic”
and “global” over a number field. Thus, instead of performing calculus on the underlying
real analytic manifold of a (complex) elliptic curve, we approximate this classical sort of
calculus by performing calculus on a finite (but “large”) set of torsion points of the elliptic
curve. That is to say:

We regard the set of torsion points as an approximation of the under-
lying real analytic manifold of an elliptic curve.

Indeed, this notion of “discrete torsion calculus” is one of the key ideas of this paper.
For instance, the universal extension of a complex elliptic curve has a canonical real analytic
splitting (cf. Chapter III, Definition 3.2), which is fundamental to the Hodge theory of the
elliptic curve (cf., e.g., [Mzk2], Introduction, §0.7, 0.8). Since this splitting passes through
the torsion points of the universal extension (and, in fact, is equal to the closure of these
torsion points in the complex topology), it is thus natural to regard the torsion points
of the universal extension as a “discrete torsion calculus approximation” to the canonical
real analytic splitting (cf. Remark 1 following Chapter III, Definition 3.2). This “discrete
torsion calculus” point of view may also be seen in the use of the operator “6” in Chapter
III, §6,7 (cf. also Chapter V, §4), as well as in the discussion of the “discrete Tchebycheff
polynomials” in Chapter VII, §3.
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§3.5. Relationship to Ordinary Frobenius Liftings and Anabelian Varieties

Finally, before proceeding, we present one more approach to thinking about “absolute
differentiation over F';.” Perhaps the most naive approach to defining the derivative of a
number n € Z (cf. [lhara]) is to fix a prime number p, and then to compare n with its
Teichmiiller representative [n], € Z,. The idea here is that Teichmiiller representatives
should somehow represent something analogous to a “field of constants” inside Z,. Thus,
we obtain a correspondence

1
pr 2—?(71 — [n]p)
Unfortunately, if one starts from this naive point of view, it seems to be very difficult to
prove interesting global results concerning this correspondence, much less to apply it to
proving interesting results in diophantine geometry.

Thus, it is natural to attempt to recast this naive approach in a form that is more
amenable to globalization. To do this, let us first note that to consider Teichmiiller repre-
sentatives is very closely related to considering the natural Frobenius morphism

by A—- A

on the ring of Witt vectors A ef W (F,). In fact, the Teichmiiller representatives in A are
precisely the elements which satisfy the equation:

dg(a) =a?

Put another way, if a is a unit, then it may be thought of as an element € G, (A). Moreover,
G, is equipped with its own natural Frobenius action ®g_ , given by U +— UP (where U
is the standard multiplicative coordinate on Gy,). Thus, the Teichmiiller representatives
are given by those elements of a € Gy, (A) such that

@A(a) = (I)Gm (CL)

In fact, this sort of situation where one has a natural Frobenius action on a p-adic (for-
mal) scheme, and one considers natural p-adic liftings of points on this scheme modulo
p which are characterized by the property that they are taken to their Frobenius (i.e.,
® 4) conjugates by the given action of Frobenius occurs elsewhere in arithmetic geometry.
Perhaps the most well-known example of this situation (after G,,) is the Serre-Tate theory
of liftings of ordinary abelian varieties. Recently, this theory has been generalized to the
case of moduli of hyperbolic curves ([Mzk1,2]). We refer to the Introductions of [Mzk1,2]
for more on this phenomenon. In the theory of [Mzk1,2], this sort of natural Frobenius
action on a p-adic (formal) scheme is referred to as an ordinary Frobenius lifting.
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The theory of ordinary Frobenius liftings is itself a special (and, in some sense, the
simplest) case of p-adic Hodge theory. Thus, in summary, from this point of view, the
naive approach discussed above (involving the correspondence p — %(n — [n]p)) may be
thought of as the approach given by “looking at the p-adic Hodge theory of Gy, at each
prime p.” In particular, the relationship between the approach of this paper and the above
naive approach may be thought of as the difference between discretizing the various local
p-adic Hodge theories into a global Arakelov-theoretic theory (as discussed in §3.1 — 3.4
above) and looking at the full completed p-adic Hodge theories individually.

In fact, there is another important difference between the approach of this paper

—1
and the above naive approach — namely, the difference between G, and ./\/lf% (the log
moduli stack of elliptic curves). That is to say, unlike the example discussed above, which

is essentially concerned with rational points of G,,, the theory of this paper concerns

“absolute differentiation for points of M1 787 At the present time, the author does not

know of an analogous approach to globally discretizing” the local Hodge theories of G,

(i.e., of doing for G, what is done for Mlﬁﬁ in this paper). Also, it is interesting to observe
that, unlike many theories for elliptic curves which generalize in a fairly straightforward
manner to abelian varieties of higher dimension, it is not so clear how to generalize the
theory of this paper to higher-dimensional abelian varieties (cf. §5.2 below). Thus, it
is tempting to conjecture that perhaps the existence of the theory of the present paper

in the case of M1 o is somehow related to the anabelian nature of /\/l1 o (cf. [Mzk3],
[IN]). That is to say, one central feature of anabelian varieties is a certain “extraordinary
rigidity” exhibited by their p-adic Hodge theory (cf. [Groth]; the Introduction to [Mzk3]).
In particular, it is tempting to suspect that this sort of rigidity or coherence is what allows
one to discretize the various local Hodge theories into a coherent global theory. Another
interesting observation in this direction is that the theta groups that play an essential role
in this paper are essentially the same as/intimately related to the quotient

m1(E — pt.)/[m1(E — pt.), [ (E — pt.), 71 (E — pt.)]]

of the fundamental group 7 (E — pt.) of an elliptic curve with one point removed (which is
itself an anabelian variety). This sort of quotient of the fundamental group plays a central
role in [Mzk3].

Finally, we remark that one point of view related to the discussion of the preceding
paragraph is the following: One fundamental obstacle to “differentiating an integer n €
Z (or Q-rational point of Gy,) over F;” is that the residue fields F, at the different
points of Spec(Z) differ, thus making it difficult to compare the value of n at distinct
points of Spec(Z). On the other hand, the theory of the present paper — which involves

differentiating Z-valued points of the moduli stack of log elliptic curves Mlﬁﬁ — gets around
this problem effectively by taking the set of d-torsion points as one’s absolute constants
that do not vary even as the residue field varies. Note that relative to the discussion of
§3.4, this set of torsion points should be regarded as a discrete analogue/approximation to
the underlying real analytic manifold (which, of course, remains constant) of a family of
complex elliptic curves.
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§4. Guide to the Text

In this §, we give brief summaries of the contents of the various chapters of this paper.

In Chapter I, we discuss the notion of a “torsor” in Arakelov theory, give various
criteria for when such torsors split, and finally, explain how such torsors arise naturally
in arithmetic geometry. In Chapter II, we consider the issue of the extent to which the
Galois action on the torsion points of an elliptic curve over a number field is transitive. We
remark that neither of these two chapters is logically necessary for the proof of the main
results of this paper. (Thus, the reader who is only interested in the proof of Theorem A (of
§1), for instance, may skip these two chapters.) The reason for the inclusion of these two
chapters is that they help to clarify the background of the Hodge-Arakelov Comparison
[somorphism, as explained in the discussion of §3.2 above.

The bulk of the remainder of the text is devoted to the proof of the Hodge-Arakelov
Comparison Isomorphism. In Chapter III, we review basic facts concerning the universal
extension of an elliptic curve, and especially its relation to the Schottky uniformization of
an elliptic curve. In Chapter IV, we review Mumford’s theory of algebraic theta functions
([Mumfl1,2,3]) and Zhang’s theory of metrized line bundles ([Zh]) and derive various conse-
quences of these theories as they relate to the theory of the present paper. In Chapter V,
we construct the evaluation map that gives rise to the Hodge-Arakelov Comparison Isomor-
phism and verify various basic properties of this evaluation map. Finally, in Chapter VI, we
prove the scheme-theoretic portion of the Comparison Isomorphism by means of (among
other things) a rather involved computation of degrees (cf. the discussion immediately
following the statement of Theorem A in §1).

The next two chapters (VII and VIII) are devoted to the theory of the Comparison
Isomorphism at archimedean primes. In Chapter VII, we discuss various natural systems of
orthogonal functions, which provide natural coordinate systems in the spaces of functions
that appear in the study of the Comparison Isomorphism. Many of these systems of
orthogonal functions are closely related to the well-known classical systems of Legendre
and Hermite. Finally, in Chapter VIII, we apply the theory of Chapter VII to complete
the proof of the archimedean portion of the Hodge-Arakelov Comparison Isomorphism.

In the final chapter of the text, Chapter IX, we explain how the Hodge-Arakelov Com-
parison Isomorphism may be applied to construct an arithmetic Kodaira-Spencer morphism
for elliptic curves over number fields. We also explain how the Hodge-Arakelov Comparison
Isomorphism and the arithmetic Kodaira-Spencer morphism derived from it are related to
more classical comparison isomorphisms and Kodaira-Spencer-type morphisms over com-
plex and p-adic bases.
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§5. Future Directions

§5.1. Gaussian Poles and the Theta Convolution

In some sense, the most fundamental outstanding problem left unsolved in this paper
is the following:

How can one get rid of the Gaussian poles (c¢f. §1)7

For instance, if one could get rid of the Gaussian poles in Theorem A, there would be
substantial hope of applying Theorem A to Vojta’s Conjectures (cf. Chapter IX, Example
3.5, and the Remark following Example 3.5). For instance, if we take m = 2d in Theorem
A (so that the metrized line bundle £ is symmetric), then one gets an action of {1} on
the domain and range of the Comparison Isomorphism (which is itself compatible with this
action). If one then decomposes the domain without Gaussian poles into eigenspaces for
this action (and uses the fact that everything is compatible with the action of the theta
groups involved), then one obtains natural w$>/-torsors (where j > 1 is an integer) that
split if and only if these eigenspaces of the domain split into direct sums of nonpositive
powers of wg. Thus, if one could somehow get the Galois (i.e., Ilg) action resulting
from the Hodge-Arakelov Comparison Isomorphism to exist without the Gaussian poles,
then wiolations to Vojta’s Conjecture would result in a complete splitting of the domain
(without Gaussian poles) into nonpositive powers of wg. Since, moreover, this Galois
action is not likely to preserve the Hodge filtration, one would then most likely obtain
morphisms from various powers of wg into strictly smaller powers of wg, which would
result in a contradiction (since wg tends to have positive degree).

The above sketch of an argument (i.e., that one might be able to apply Theorem
A to Vojta’s Conjectures if only one could get rid of the Gaussian poles) provides, in
the opinion of the author, strong motivation for investigating the issue of whether or not
one can somehow eliminate the Gaussian poles from Theorem A. Moreover, the following
argument indicates how this might be done: As discussed in §2, in some sense, one may
regard the theory of this paper as the theory of the Gaussian and its derivatives. The
classical example of the theory of the Gaussian and its derivatives is the theory of Hermite
functions. The Hermite functions, which are various derivatives of the Gaussian, are not
themselves polynomials, but rather of the form: (polynomial) - (Gaussian). Thus, it is
natural to divide the Hermite functions by the Gaussian, which then gives us polynomials
which are called the Hermite polynomials. In the theory of this paper, the original Gaussian
corresponds (relative to taking the Fourier expansion) to the algebraic theta functions of
Mumford (i.e., before we consider derivatives); the “unwanted” Gaussian that remains in
the Hermite functions corresponds to the Gaussian poles. Moreover, since multiplication
and division after taking the Fourier expansion correspond to convolution, it is natural
to imagine that the image of the “domain without Gaussian poles” of the Comparison
Isomorphism (of Theorem A) should correspond to those functions on the torsion points
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that are in the image of (the morphism given by) convolution with the (original) theta
function — which we refer to as the “theta convolution” for short. Thus, it is natural to
conjecture that:

By studying the theta convolution, one might be able to construct a Ga-
lois action like the one needed in the argument above, i.e., a “Galois
action without Gaussian poles.”

In [STC], we study this theta convolution, and obtain, in particular, a theta-convoluted
comparison isomorphism, which has the property that, in a neighborhood of the divisor
at infinity, when one works with an étale (i.e., isomorphic to Z/dZ) Lagrangian subgroup,
and a multiplicative (i.e., isomorphic to p,) restriction subgroup, then the Gaussian poles
vanish, as desired (cf. [STC], especially Remark 1 following Theorem 10.1, for more de-
tails). In fact, this point of view is already implicit in the present paper in the theory of
the metrics “|[ ~ ||, p 7 of Chapter VIIL, §1,2. Even in the case of the theta-convoluted
comparison isomorphism, however, the Gaussian poles fail to vanish (in a neighborhood
of the divisor at infinity) if either the restriction subgroup fails to be multiplicative or the
Lagrangian subgroup fails to be étale.

In these cases, it is tempting to suspect that (at least at p-adic primes) perhaps by
working over some sort of base like “B,ys” — over which p; and Z/d - Z become isomor-
phic — these technical problems involving étale restriction subgroups and multiplicative
Lagrangian subgroups may be overcome. In fact, this point of view is already implicit
in the discussion of Chapter IX, §2, of the present paper. It is the hope of the author
to discuss these issues in a sequel to the present paper and [STC] devoted to the p-adic
aspects of the theta convolution (cf. the Introduction to [STC]).

§5.2. Higher Dimensional Abelian Varieties and Hyperbolic Curves

Once results such as Theorem A (of §1) have been established for elliptic curves, it is
natural to attempt to generalize such results to higher dimensional abelian varieties and
hyperbolic curves. Unfortunately, however, even in the case of the abelian varieties, where
one expects the generalization to be relatively straightforward, one immediately runs into
a number of problems. For instance, if one considers sections of an ample line bundle £
over the universal extension of an abelian variety of dimension g, the dimension over the
base field of the space of global sections of torsorial degree < d is:

(d_1+g>-d9<d29
g

(where we assume that the dimension of the space of global sections of £ over the abelian
variety itself is equal to d9) if ¢ > 1. Thus, the naive generalization of Theorem Asimple
cannot possibly hold (i.e., since the two spaces between which one must construct an
isomorphism have different dimensions). Nevertheless, it is the hope of the author that
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someday this sort of technical problem may be overcome, and that the theory of this paper
may be generalized to arbitrary abelian varieties. If such a generalization could be realized,
it would be interesting if, for instance, just as the various models (Hermite, Legendre,
Binomial) that occur in the archimedean theory of the present paper correspond naturally
to the possible slopes of the action of Frobenius (on the first crystalline cohomology module
of an elliptic curve) at finite primes (cf. the discussion of this phenomenon in §1), it were
the case that the corresponding models in the archimedean theory for arbitrary abelian
varieties correspond to the possible Newton polygons of the action of Frobenius (on the first
crystalline cohomology module of an abelian variety of the dimension under consideration)
at finite primes.

Another natural direction in which to attempt to generalize the theory of this paper
would be to extend it to a global/Arakelov-theoretic Hodge theory of hyperbolic curves.
Indeed, the “complex Hodge theory of hyperbolic curves,” which revolves around the Kobe
uniformization of (the Riemann surfaces corresponding to) such curves by the upper half-
plane, has already been extended to the p-adic case ([Mzk1,2]). Moreover, the theory of
[Mzk1,2] may also be regarded as the “hyperbolic curve analogue” of Serre-Tate theory.
Thus, it is natural to attempt to construct a “global Arakelov version” of [Mzk1,2], just as
the theory of the present paper in some sense constitutes a globalization of the Serre-Tate
theory /p-adic Hodge theory of elliptic curves (cf. Chapter IX, §2).
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Chapter I: Torsors in Arakelov Theory

§0. Introduction

In this Chapter, after reviewing various well-known facts from Arakelov theory, we
discuss the notion of a torsor in the Arakelov context and prove various results (Theorems
2.4, 3.2; Corollary 2.5) concerning the existence of splittings of such torsors. Finally, in §4,
we discuss how such torsors arise naturally in arithmetic geometry, and, more specifically,
how they relate to the main goal of this paper, which is to understand the structure of the
arithmetic torsor defined by the universal extension of an elliptic curve.

61. Arakelov Theory in Geometric Dimension Zero

In this §, we review basic facts concerning Arakelov theory in the case of geometric di-
mension zero. Our references will be [GS] and [Szp]. Arakelov theory provides a convenient
language for expressing many well-known results in elementary number theory.

We begin by introducing notation. Let K be a number field, i.e., a finite extension

of Q. Let Ok be its ring of integers. Let d def [K : Q] (i-e., the degree of K over Q).

Let 71 (respectively, r2) be the number of real (respectively, complex) places of K (so
d = r1 + 2ry). Let ¥ be the set of embeddings K — C. If o € 3, we write @ for the
embedding obtained by composing ¢ with complex conjugation. Also, if o € ¥, we shall
write €, for [K, : R]. Let Dg € Z~( be the absolute value of the discriminant of K over

Q.

Definition 1.1. We shall call (cf. [GS], §2.4.1) a pair M = (M, h) an arithmetic vector

bundle over K (of rank r ) if M if a finite, flat O x-module (such that dimg (M ®e, K) =),

and h = {h,}sex is a set of Hermitian metrics h, on M, f M ®o, K, such that the

metric hg is the complex conjugate of the metric h,. We shall refer to an arithmetic vector
bundle of rank one as an arithmetic line bundle.

Example 1.2. The Og-module Ok equipped with the metrics given by the absolute
value | |, defined by o € ¥ defines a natural arithmetic line bundle. We shall denote this
arithmetic line bundle by O

Example 1.3. Consider the Og-module wg ' Homg (Ok,Z) (cf. [Szp], §1.3). Observe
that the trace defines a natural element Tr € wgx. Moreover, there exists a unique metric
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on (wk ), such that |Tr|, = e,. We shall denote the resulting arithmetic line bundle by
WEK.

Note that if L and M are arithmetic vector bundles, then one can form various new

arithmetic vector bundles as follows: L ®5, M; Homg (M, L); e Homg (M,Ok);

e Homg (M,wg); (for i € Z>g) A* M. (Note that our notation differs from that of

[GS].) All have naturally defined metrics, which we leave to the reader to make explicit. If
L, M, and P are arithmetic line bundles, then we define an exact sequence of arithmetic
line bundles

O—L—-M-—P—0

to be an exact sequence of the underlying O g-modules such that: at each o, (i) the metric
on L, is induced by restricting the metric of M,; (ii) the metric on P, is induced by the
metric on the orthogonal complement to L, in M, .

Let M be an am’tiwietic vector bundle. Then we would like to define a number of
invariants associated to M. Let us write

HO (M) Lo {m € M such that |m|, < 1 Vo € X}

and

hO(M) © log(#H(M)) € R

Next, we could like to define the degree deg(M) of M. First of all, if M is an arithmetic
line bundle, then for any m € M, we define (cf. [GS], §2.4.1)

deg(M) = log(#(M/O -m)) — Y log(jm|,) € R

This real number is easily seen (by means of the product formula of elementary number
theory) to be independent of the choice of m € M. Note that if M is an arithmetic line
bundle, and h°(M) > 0 (so H(M) has at least one nonzero element), then it follows from
the definition of H°(M) that deg(M) > 0.

More generally, for M of arbitrary rank r, we let deg(M) j:ef deg(A"™ M). If L is
an arithmetic line bundle, then deg(M ® L) = deg(M) + r - deg(L). Moreover, deg(—) is

additive on exact sequences. Finally, we would like to define the Euler characteristic x (M)
of M:

X(M) & deg(M) + 7 x(Ok)
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where

def

x(Ok) = 7y - log(2) — % log(Dg)

(In [Szp], §1.3, a different, but equivalent definition of x(—) is given in terms of logarithms
of volumes.) The invariant y(—) is additive on exact sequences.

Proposition 1.4. We have: deg(@g) = —2 - x(Of) = log(Dx) — 2r3 - log(2).
Proof. See [Szp|, Lemma 1.4. O
Next, we would like to review the main result (Theorem 2) of [GS].

Theorem 1.5. There exists a universal constant C' € R~y which is independent of K
such that the following inequalities hold:

—C'- (nd) - (log(nd) + 1) < K(M) = 0(M") — x(M) < C - (nd) - (log(nd) +1)
for any arithmetic vector bundle M of rank n > 0 over a number field K.

Proof. This is essentially Theorem 2 of [GS]. It is easy to see (using the fact that N! < NV
and Stirling’s formula (see, e.g., [Ahlf], Chapter 5, §2.5 — cf. also Chapter VII, Lemma 1.5)
to estimate the size of the I' function) that the number “C'(rq,r2,n)” of loc. cit. can be
bounded uniformly (with respect to n, M, K) by C-(nd) - (log(nd) + 1), for some universal
C € Ryy. O

62. Definition and First Properties of Torsors

Next, we would like to define the notion of an arithmetic torsor over an arithmetic
vector bundle. Thus, let M be an arithmetic vector bundle over K.

Definition 2.1.  We shall call a pair T = (T, s) an arithmetic torsor over M, or, simply,
an M -torsor if T has the structure of an M-torsor T — Spec(Og) on Spec(Ok ), and
s = {S,}oex is a collection of rational points s, € T(K,) such that sz is the complex

conjugate of s,. We shall refer to the {s,} as the approzimands of the arithmetic torsor
T.

36



Let T be an M-torsor. Then we shall be especially interested in the issue of when T
“splits,” or “is trivial.”

Definition 2.2. We shall say that T splits if there exists a t € T(O) such that for each
o € X, the element t — s, € M, satisfies |t —s,| < 1. In this case, t will be called a splitting
of T, and we shall write t € T(Ok). If ¢ > 0 and |t — s,| < € for all ¢ € %, then we shall
call t a splitting of proximity €, or, simply, an e-splitting. If t — s, = 0 for all o € ¥, then
we shall say that the torsor T is trivial.

Example 2.3. Suppose that 0 — M — P — Og — 0 is an exact sequence of arithmetic
vector bundles (over K). Then the splittings Ox — P of this exact sequence form an M-
torsor T in a natural way: Indeed, if we forget about metrics, then the splittings Ox — P
form an M-torsor T' — Spec(Og). Thus, it remains to define the “splittings at the infinite
prime,” i.e., the s,. We take s, to be the splitting defined by the orthogonal complement
to M, in P,. This gives us an M-torsor T. In fact, it is easy to show that every M-torsor
arises in this way. Moreover, T is trivial if and only if P = M @ Og-.

Next, we would like to use Theorem 1.5 above to show that if L is a line bundle of
large degree, then every L-torsor splits.

Theorem 2.4. There exists a universal constant Cq € R depending only on d = (K : Q]
with the following property: Let L be an arithmetic line bundle over K such that the
mequality

deg(L) > log(Dx) + Oy
is satisfied. Then any L-torsor T splits.

Proof. Let A € Rwg. Let us write Z()\) for the arithmetic line bundle over Q defined
as follows: The underlying Z-module of Z()\) is Z, while the norm of 1 € Z is given by
|1] = A~L. Thus, if X is much greater than 1, Z(\) will have lots of global sections (i.e., its
h® will be large). Since the underlying Z-module of Z(\) is Z, one can regard H°(Z()))
as a (finite) subset of Z. Let Ny be the product of all the positive elements of this subset.
Thus, Ny € Z, and every nonzero element of H(Z())) divides Ny.

Next, let C' be the universal constant of Theorem 1.5. Let C, 2o 2C(d+1)(1+1log(d+
1)) +1 € R. Let A be a real number > 1 and such that log(\) > C’. Let Cy be a positive
real number such that Cy > C’, and Cy > log(Ny). In the following, we would like to show
that this Cy has the property stated in the theorem.

Now let L be an arithmetic line bundle over K satisfying the inequality 7 in the state-
ment of the theorem. Then we wish to define a new arithmetic line bundle L) over K as
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follows: The underlying Og-module Ly will be the O-submodule Ny -L C L. The metric
on (L)), = L, is defined by taking A times the metric on L,. Thus, we have an inclusion
¢ : Ly — L which is “globally integral” in the sense that the following two conditions are
satisfied: (i) o € Ly maps to an element of L; (ii) o € (L), with absolute value < 1 maps
to an element of L, with absolute value < 1. It is then immediate from Definition 2.1 that
every L-torsor T arises from an Ly-torsor Ty by pushing forward via ¢.

Now let us consider the L-torsor T arising (cf. Example 2.3) from an exact sequence
0—>L—>M-—0Or —0

By the remark at the end of the last paragraph, it follows that this exact sequence can
always be obtained by pushing forward (via ¢) an exact sequence

0—Ly—My— 0O —0

Next, let us “push-forward” this exact sequence via “Spec(Ox) — Spec(Z)” so as to obtain
an exact sequence of arithmetic vector bundles over Q. Then, let us pull-back this exact
sequence via the morphism of Z-modules Z — Oy given by the structure of O as a
Z-algebra. This gives us an exact sequence

0— Zi\ — ﬁ;\ —Z—0
Finally, let us tensor this exact sequence with Z()). This gives us an exact sequence
0— E;\()\) — ?l)\()\) — Z()\) —0

We would like to use Theorem 1.5 to compute the number of global sections of the arith-
metic vector bundles in this exact sequence.

First, let us observe that

X(TA(N) = —log(Ny) + x(I)
= —log(Ny) + deg(L) + x(Ok)

In particular, deg(f; (\)) = —log(Ny) + deg(L). Thus,

deg(Homz(fl/\()\),Z)) =log(Ny) — deg(L) + log(Dg) — 275 - log(2)
< log(Ny) + log(Dg) — deg(L)

< Cq+log(Dg) — deg(L)
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(where the last inequality follows from the fact that we chose Cy to be > log(Ny)). It

thus follows that Homz(fl)\(A),Z)) is an arithmetic line bundle over K whose degree is
negative. Thus, by [Szp], Lemma 1.1, this arithmetic line bundle has no global sections.
Similarly, since x(Z(\)) = deg(Z()\)) = log()\), we conclude that Homs(Z(A),Z) has no

global sections. It thus follows that Homs (P +(\), Z) also has no global sections.
Now we are ready to apply Theorem 1.5. We thus obtain that

h0(Py(\) = x(Py(A) — C(d + 1)(1 + log(d + 1))

)+ x(L ( ) — CL+C(d+1)(1 +log(d + 1))
> (log(A) — C) + x(Z\ (V) + Cd(1 + log(d))
> 10(L\(N))

> log(A

Thus, there exists a section s € H° (FI/\()\)) whose image s’ in Z(\) is nonzero. Thus, s’ € Z
divides V. Then, unraveling all of the complicated definitions reveals that if we divide the
section s by the integer s’, we obtain a section s € M whose image in Ok is 1. Thus, it
remains to analyze s” at the infinite primes. Let us denote (for o € X) by d, (respectively,
0”) the orthogonal projection of s (respectively, s”) to (Zi\()\))g (respectively, L,). Then
since s is “integral at ¢,” it follows that

0012 <1052 +A72- () <1

On the other hand, 67| = (s')"" - |[d5|s. Thus, it follows immediately that [0}], < 1.
In other words, s” defines a splitting of the torsor T'. This completes the proof of the
theorem. ()

Remark. Theorem 2.4 is the number-theoretic analogue of the following well-known fact
concerning line bundles on algebraic curves: If X is a smooth, geometrically connected,
proper curve over a field k, and £ is a line bundle on X such that deg(£) > deg(wx/x) +1,
then H! (X, £) = 0.

Corollary 2.5. There exists a universal constant Cyq € R depending only on d = (K : Q]
with the following property: Let E be an arithmetic vector bundle of rank r over a number
field K which is equipped with a filtration of arithmetic vector bundles

0=FEyCE,CE;C...CE, 1CE,=F

such that for alli = 0,...,r, the subquotients L; e, i/Ei_1 are arithmetic line bundles

which satisfy the mequalzty
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deg(L;) > log(Dg)+ d-log(r)+ Cy4
Then any E-torsor T splits.

Proof. Given an E-torsor, we may assume that the E-torsor arises (by push-forward)
from some torsor over E(r—1) & E ®z Z(r~ 1)
forward of this E(r~!)-torsor via the surjection E(r~!) — L,(r~!) — where we note that

by assumption,

. By applying Theorem 2.4 to the push-

deg(L.(r~ ")) > log(Dg) + Cp

so it is alright to apply Theorem 2.4 to L,(r~!) — we obtain a splitting of the resulting
L,(r~1)-torsor. Thus, to split the E(r~!)-torsor in question, it remains to split a certain
E,_1(r~1)-torsor. Continuing in this fashion (i.e., pushing forward the E,_;(r~!)-torsor
via the surjection E,._1(r=!) — L,_;(r~1), splitting the resulting L,_;(r~!)-torsor by
Theorem 2.4, etc.) we see that relative to the E(r~!)-torsor in question, we obtain a
splitting sz of the underlying E(r~!)-torsor whose distance at an archimedean prime o
from the approximand (cf. Definition 2.1) at o is

<l+1+4+...4+1=r

(i.e., a total of r “1”’s), where the r “1”’s arise from the distance from the approximands of
the torsors over Li(r~1), La(r~1),..., L.(r~1) that we split in the process of constructing
sg. On the other hand, to say that sg has distance < r from the approximands of the
E(r~1)-torsor in question means precisely (by the definition of the “(r=1)”) that if we
regard sp as a splitting of the original E-torsor, the distance of sp at an archimedean
place o from the approximand (of the original E-torsor) at o is < 1, i.e., that sp defines
a splitting of the original E-torsor, as desired. ()

§3. Splittings with Bounded Denominators

Unfortunately, Theorem 2.4 is only useful when considering collections of torsors all
of which are defined over number fields of bounded degree (over Q). Ideally, however,
we would like to be able to consider collections of torsors over various number fields of
arbitrarily large degree. In this case, we are not able to obtain as sharp a result as
Theorem 2.4, and instead must settle for splittings with denominators, as follows:

Let M be an arithmetic vector bundle over K. Let T = (T, s) be an M-torsor. Thus,
T is an M-torsor. Since Spec(Ok) is affine, there exists a splitting of T, i.e., an Og-
isomorphism o« : "= M. Now let t € T(K) = Tk (K) be a splitting of the Mg-torsor Tk
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(where the subscript K denotes “®@, K”). Then we may define the ideal of denominators
of ¢ as follows:

7, Y {ae Ok | a-ax(t) e M}

(where ay : T = M ). Since, for any m € M, we have a-ak(t) € M <= a-ak(t+m) €

M, it follows that Z; does not depend on the choice of a. Note that Z; will always be a
nonzero ideal in Og. Also, let us write

Den(t) def log(Ok /1) + Z max{0,log(|t — s4|s)}

where the sum ranges over all o € X. Note that ¢ defines an (integral) splitting (cf.
Definition 2.2) € T'(Ok) if and only if Den(t) = 0.

Definition 3.1. For t € Tx, we shall refer to the ideal Z; C Ok as the ideal of de-
nominators of t. Morever, we define the size of the denominators of t to be the number
Den(t) € R>¢. If A € R, then we shall call a section ¢t € T'(K) a splitting with denominators
of size < X if Den(t) < A. Finally, we shall say that ¢ is integral at a prime p (respectively,
o € X)) of K if p does not lie in the support of Ok /Z; (respectively, |t — s,|s < 1).

Theorem 3.2.  There exists a universal constant C' € R with the following property: Let
E be an arithmetic vector bundle of rank r over a number field K which is equipped with
a filtration of arithmetic vector bundles

0=EyCE,CE;C...CE,1CE,=F

such that for all i = 0,...,r, the subquotients L; def E;/E;_1 are arithmetic line bundles

which satisfy the inequality
deg(Li) > log(Dk)
(where d def [K : Q]). Then any E-torsor T admits a splitting with denominators of size
< %log(DK) + C - rd(log(rd) + 1)

(cf. Definition 3.1).
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Proof. Just as in the proof of Theorem 2.4, for A € R, we write O () for the arithmetic

line bundle over K defined as follows: The underlying Ox-module of O ()) is O; the

norm of 1 € Ok at each o € X is given by |1, -1 Thus, if A\ is much greater than 1,

O ()\) will have lots of global sections (i.e., its h” will be large). Observe further that if
A > 1, then one has a natural inclusion

6[{ = 6[((1) — 6}(()\)

(which induces the identity map O — Ok on the underlying O x-modules). This inclusion
is integral at all the primes (finite and infinite) of K.

If E is an arithmetic vector bundle on K, let us write E(\) ©E ®F Ok (\). Note

that

deg(E(\)) = deg(E) + rd - log(\)

If A > 1, we have a natural inclusion
E\ZY—FE

(given by tensoring the inclusion of the preceding paragraph with E(A~!)). Note that
by “pushing forward” (or, equivalently, executing a “change of structure group”) via this
inclusion, any E(A~!)-torsor induces an E-torsor. Moreover, it follows easily from the
definitions that every E-torsor arises in this fashion from some (not necessarily unique)
E(\1)-torsor.

Now let A € R be > 1. Let us assume that we are given an E-torsor, together
with an E(A™!)-torsor from which it arises. This E(A~!)-torsor may be thought of as
corresponding to an exact sequence (cf. Example 2.3)

0—-E\NY)—=M-—0g—0

If we tensor this exact sequence with O ()), then we obtain an exact sequence

0—FE— M\ — Og(\) —0

Now we would like to compute (cf. the proof of Theorem 2.4) the various h?’s of this exact
sequence. Let us write C’ (> 0) for the universal constant of Theorem 1.5. Then Theorem
1.5 implies that

=
P
=
=
v
=
~
=
=~
=

*) — (r +1)C"d(log(d) + log(r + 1) + 1) + x(M(N))
) —2C"rd(log(rd) +2) + (r + 1)x(Ok)
= deg(E) +d - log()\) — 2C"rd(log(rd) + 2) + (r + 1)x(Ox)
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Next, let us observe that for i = 0,...,r, we have

deg(L;) = deg(@k) — deg(L;) < log(Dx) — deg(L;) < 0

(by Proposition 1.4 and the assumptions on E). Thus, in particular, we have (for i =
0,...,7) h%(L;) = 0. Since the given filtration on E induces a filtration on E~ with
subquotients equal to Z: (for i =0,...,r), we thus obtain:

*

h(E) =0
In particular, Theorem 1.5 implies that

h’(F) < x(E) + C'rd(log(rd) + 1)
=deg(E) + - x(Ok) + C'rd(log(rd) + 1)

Putting everything together, we see that

hO(M(N) — hY(E) > x(Ok) + d - log()\) — 3C"rd(log(rd) + 2)
> d-log(\) — %log(DK) — 3Crd(log(rd) + 2)

Now let us set

of 1
A ﬁlog(DK) + C - r(log(rd) + 1)

where € %' 7C’. Then we obtain that RO(M (X)) — RP(E) > 0, i.e., there exists some
globally integral m € M ()\) whose image m’ in O ()) is nonzero. Moreover, the zero locus
of m" € Ok (\) has logarithmic degree = deg(Ox()\)) = d - log()\). Thus, sorting through
the definitions, we conclude that % defines a splitting of the torsor T with denominators
of size

1
<d-\= §log(DK) + C - rd(log(rd) + 1)

as desired. O
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84. Examples from Geometry

In this §, we survey various examples of Arakelov-theoretic torsors that arise naturally
i arithmetic geometry. For a more detailed discussion of the ideas surrounding this topic,
we refer to the Introductions of [Mzkl1,2] (especially, §0.8, 2.3, of the Introduction to
[Mzk2]). In particular, we explain the relationship of the general notion of a torsor in
Arakelov theory to the main topic of this paper, which is, effectively, the study of a specific
Arakelov-theoretic torsor canonically associated to the universal extension of an elliptic
curve.

Let K be a finite extension of Q, whose ring of integers we denote Og. Let X be
a smooth scheme over Ok. Let L be a line bundle on X. Then L admits a connection
Zariski locally on X (since Zariski locally it is isomorphic to the trivial line bundle), hence
naturally defines a cohomology class

a(L) € HY(X,Qx/04)

which is the Hodge-theoretic first Chern class of the line bundle L. More geometrically,
one may think of the space of connections on L as a torsor

T, — X

over the vector bundle Qx /0, . That is to say, Qx,0, acts on T, (by adding a differential
w to a given connection V to form a new connection V+w), and moreover, any two sections
of Ty, differ by a section of 2x,0, -

Typically, this torsor will not admit any algebraic sections X — T}, over X (cf., e.g.,
[Mzk1], Chapter I, §3, Theorem 3.4). In fact, if the topological first Chern class of L (with
coefficients in Q) is nonzero, then it follows that such sections do not exist. For instance,
if L is ample and X is proper (of dimension > 1) over Ok, then its first Chern class will
be nonzero, so T, — X will not admit any global sections.

Write
X = X(C)
for the complex manifold associated to X over C. More generally, in the following dis-

cussion, we shall use ordinary Roman letters for algebraic objects over Z, and calligraphic
letters for the associated complex analytic objects. (The sole exception to this rule will be

the notation “O” for the structure sheaf.) Thus, we write 7. e Tr(C). Then one may
consider real analytic sections

s: X =1,
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of the torsor 7, — X. Typically, holomorphic sections will not exist (for instance, if X is
proper, then holomorphic sections are equivalent to algebraic ones). However, if one works
instead in the real analytic category, then it is not difficult to show that real analytic
sections always exist. For instance, if | — |z is a C'°™ metric on the line bundle £, then
it is a well-known fact from complex geometry (cf., e.g., [Wells], Chapter III, §2) that
| — |z defines a natural C*° connection V on L. Thus, (by taking the “(1,0)-part” of)
the connection V defines a C'*° section of the torsor 7, — X. If | — |z is real analytic
(and, in fact, it is not difficult to show that every C'°° metric may be approximated by
a real analytic one), then the corresponding section of 7, — X will be real analytic. In
summary,

Real analytic metrics on L define real analytic sections of Tp — X.

Moreover, if a real analytic | — |, defines the section s : 7 — X, then the real analytic
(1,1)-form

5(8) c Freal analytic(x, /\1,1 QX)

on X is (up to a universal constant factor) the curvature of the metric | — |..

Next, we list some typical examples of this sort of situation:

Example 4.1. X = an abelian variety over an open subset of Spec(Ok). In this case,
there is a unique (up to constant multiple) real analytic metric on £ whose curvature is
invariant with respect to translation (cf. [Mumf3], §12). Thus, we have canonical metrics
on L. For instance, in the case where X is an elliptic curve E, and L = Og(eg) (where eg
is the origin of E), T, has a natural abelian group scheme structure (cf. Chapter III, §1,
4). This abelian group scheme is called the universal extension of E and is denoted by joul
(cf. Chapter III for a more detailed discussion of the universal extension). Moreover, in

this case, the real analytic section & — & T defined by the canonical metric on £ is simply
the section defined by the real analytic subvariety

gl c et

which is the closure of the torsion points of £T. We refer to the discussion of the “Real
Analytic Splitting” in Chapter 111, §3, for more details. This splitting in the case of elliptic
curves will play a fundamental role in this paper.

Example 4.2. X = Ay, the moduli stack of principally polarized abelian varieties of
dimension g over Z. In this case, the Siegel upper half-plane uniformization of the analytic
stack A, carries a natural Kahler metric which is the unique metric on the Siegel upper
half-plane that is invariant with respect to the natural action of Spy,(R) on the Siegel
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upper half-plane. For instance, if ¢ = 1, then this metric is the well-known Poincaré
metric

dx N dy
Y2

on the upper half-plane. This metric induces a real analytic metric on the canonical bundle
of A, (which is well-known to be ample).

Example 4.3. X is a hyperbolic curve over an open subset of Spec(Ok ). (A “hyperbolic
curve” is a family of curves obtained by removing a divisor of degree r which is étale over
the base from a family of smooth, proper, connected genus g curves such that 2g—2+r > 0.)
In this case, it follows from a well-known theorem (“K&be’s uniformization theorem”) of
complex analysis that the univeral cover of the associated analytic object X is (a disjoint
union of copies of ) the upper half-plane. Thus, the Poincaré metric on the upper half-plane
descends to define a real analytic Kahler metric on X'. Moreover, this real analytic Kahler
metric defines a real analytic metric on the canonical bundle of X (cf. the Introductions

to [Mzk1,2).

Example 4.4. X = M, ,, the moduli stack of hyperbolic curves of type (g,r) over Z.
In this case, there is a canonical real analytic Kahler metric on the associated analytic
object M, , called the Weil-Petersson metric. This real analytic Kahler metric defines a
real analytic metric on the canonical bundle of M, , (cf. the Introductions to [Mzk1,2]).

We also note that the case of open X, or of X which have semi-stable reduction over O,
may be handled in a parallel fashion to the smooth case, using log structures. Since we do
not need to use log structures in any rigorous sense in the present survey, we leave this
generalization to the reader.

Thus, to summarize, we see that canonical line bundles L on smooth Ok -schemes X
naturally define torsors Tr, (over the sheaf of differentials Qx /0, on X ) which typically
have natural real analytic sections at the infinite primes of K arising from canonical real
analytic Kdhler metrics on X (C). In particular, if one is given an Og-rational point

S X(OK)

then, by restriction, one obtains a torsor Tr|, over the Og-vector bundle Qx /0, |z,
equipped with trivializations at the infinite primes of K (obtained by restricting the nat-
ural real analytic section of 7, — X). Since Qx,0, . also gets a metric (obtained by
restricting the Kéhler metric on X = X (C)), we thus see that we get precisely the data
of Definition 2.1, i.e., for each rational point x, we obtain an arithmetic torsor (as in §2)
naturally associated to x. This shows how arithmetic torsors arise naturally in arithmetic
geometry.
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In the present paper, we will especially be interested in the cases where X is either
(i) an elliptic curve E, or (ii) the moduli stack of elliptic curves over Z. In fact, the torsor
arising from Examples 4.2, 4.3, above in the case of the moduli stack of elliptic curves
may be thought of as precisely the torsor obtained from the tautological elliptic curve by
looking at tangent space to the origin of the universal extension of the tautological elliptic
curve (cf. Chapter III, Proposition 1.3; Chapter III, §3, “The Real Analytic Splitting”;
[Mzk2], Introduction, §0.7, 0.8). Thus, in summary, the torsors that we are interested in
in the present paper all arise as the restriction to some sort of rational point (where (ii)
above corresponds effectively to the case where the rational point is valued in some sort of
ring of “dual numbers”) of the arithmetic torsor

(et = B, & ceh
given by the universal extension of an elliptic curve. Put another way,

The main goal of the present paper is to understand the arithmetic torsor

(EJr — B, SE{ C ST) given by the universal extension of an elliptic curve.
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Chapter II: The Galois Action on Torsion Points

§0. Introduction

In some sense, the main goal of the present paper is to prove a comparison theorem that
relates the natural Arakelov-theoretic torsors arising from an elliptic curve (cf. Chapter I,
especially, Chapter I, §4) to the Galois action on the torsion points of the elliptic curve.
In Chapter I, we introduced the “torsor side” of this comparison; thus, in the present
Chapter, we wish to discuss the “torsion point side” of the comparison. More precisely, in
this Chapter, we show that, in certain situations, the Galois action on the torsion points
of an elliptic curve is as transitive as possible, i.e., that (cf. Theorem 4.4):

If we consider all elliptic curves over number fields of bounded degree
which have semi-stable reduction everywhere and at least one prime of
bad reduction, then for any prime number | of the order of the height hg
of the elliptic curve, the image of the associated Galois representation
in GLo(Z;) contains SLa(Z;).

In particular, the elliptic curve will not have any rational torsion points of order [. Thus,
this result may be regarded as a sort of “poor man’s uniform boundedness conjecture” (now
Merel’s theorem ([Mer]) — although, in fact, it is not strictly implied by Merel’s theorem).
Alternatively, it may regarded as an effective version of a theorem of Serre ([Ser|, Chapter
IV, Theorem 3.2).

The proof is similar to that of Faltings’ proof of the Tate Conjecture ([Falt]), only
technically much simpler. That is to say, the main technique is essentially the standard
one (going back to Tate) for proving “Tate conjecture-type results.”

§1. Some Elementary Group Theory

Let [ > 5 be a prime number. In this §, we review some well-known results concerning
the group theory of SLy(Z;).

Lemma 1.1.  Let G C SLy(F)) be the subgroup generated by the matrices o def (é }),
def
B= (1Y), Then G = SLy(F)).

Proof. Note that if u, A € F;, then 8* - o (where this expression makes sense since

both o and 3! are equal to the identity matrix) takes the vector v def (?) to (M;‘Jrl). In

48



particular, if we let def ((1) (1)), then for any A € F/*, we have v-v,\-v-v € G-v. We thus

obtain that A -v € G - v. Thus, in summary, we have proven that F? — {(g)} CG-w.

Now let us prove that an arbitrary element § € SLy(F;) is contained in G. By the
conclusion of the preceding paragraph, we may assume that §-v = v. But this implies that
0 is an upper triangular matrix all of whose diagonal entries are “1.” Thus, § is a power
of a;, hence contained in G, as desired. ()

Corollary 1.2. The finite group SLo(F;) is simple.

Proof. Let A € F/ be such that A* # 1. (Note that such X exists since [ > 5.) Let

¢ Xf (6\ )\0,1). Then e-a-eL-a=t =1 Thus, « (and, similarly, 3) is contained in the

commutator subgroup of SLo(F;), so Corollary 1.2 follows from Lemma 1.1. O

Lemma 1.3.  Let G C GLo(F)) be a subgroup that contains the matriz o et (1 1), as

01
well as at least one matriz that is not upper triangular. Then SLo(F;) C G.

Proof. Note that « generates an [-Sylow subgroup S of GLy(F;), and that the number
of [-Sylow subgroups of G Ly (F;) is precisely [ + 1. Since the normalizer of S in GLo(F;)
is the set of upper triangular matrices, and we have assumed that GG contains at least one
such matrix, it follows that the number ng of I-Sylow subgroups of G is > 2. On the
other hand, by the general theory of Sylow subgroups, it follows that ng is congruent to
1 modulo [. Since 2 < ng < [+ 1, we thus obtain that ng = [ 4+ 1. In particular, in
the notation of Lemma 1.1, we conclude that «, € G. Thus, by Lemma 1.1, we have
SLy(F;) C G, as desired. O

Corollary 1.4. Let 1 be a prime number > 5. Let G C GLo(Z;) be a closed subgroup

11

0 1), as well as a matriz which is

whose image H in GLo(F;) contains the matriz o ot (
not upper triangular. Then SLy(Z;) C G.

Proof. By Lemma 1.3, we have that SLy(F;) C H. Let G’ C SLo(Z;) be the commutator
subgroup of G. Thus, by Corollary 1.2, G’ surjects onto SLs(F;). Now by [Ser|, Chapter
IV, §3.4, Lemma 3, this implies that SLy(Z;) = G’ C G, as desired. ()

§2. The Height of an Elliptic Curve

Let K be a number field, of degree d over Q. Let E' — Spec(Ok) be a semi-abelian
variety of dimension 1 whose generic fiber Ex is proper. Thus, F is an elliptic curve over
K. Let us write
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WE

for the finite, flat Ox-module of rank one consisting of the invariant differentials on F.

If 0 : K — C is a complex embedding, then we get a natural metric on (wg), et

(wg) ®Kk,» C by integration: if o € (wg),, then

|2 déf/ aANa
Es
d

(where E, kg ®K,- C, and @ is the complex conjugate of ). Thus, by equipping wg
which this metric at the archimedean places of K, we obtain an arithmetic line bundle Wg
(cf. Chapter I, Definition 1.1). Let us write

he < deg(@r) € R
This number is often referred to as the Faltings height of the elliptic curve E.
Next, let us observe that & — Spec(QOf ) defines a classifying morphism
(]5 . Spec((?K) — WI,O
where MLO is the moduli stack of semi-abelian varieties of dimension one over Z. As
is well-known, this stack has a “divisor at infinity” cop C My, whose complement
Mio € My is the moduli stack of elliptic curves over Z. Thus, we may consider the

divisor

oo & ¢ (copm) C Spec(Ok)

Moreover, we let

deg(oop) © log(#(Ouop)) € R

Now we have the following well-known result:

Proposition 2.1.  There exists a universal constant C (independent of K, d, and E)
such that: % -deg(oog) < hgp+d-C.

Proof. This follows immediately from the formula of Proposition 1.1 of [Silv2], together
with the fact that the archimedean term on the right-hand side of this formula is universally
bounded below by d - C, where C' is a universal constant independent of K, d, and E. ()
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Proposition 2.2. Let o € R. Then the number of isomorphism classes of elliptic curves
FEx over number fields K of degree < d such that hp < « s finite.

Proof. This follows from [Silvl], Proposition 8.2 and [Silv2], Proposition 1.1. O

§3. The Galois Action on the Torsion of a Tate Curve

Let K be a finite extension of Q,,, where p is a prime number. Let us denote its residue
field by k; the maximal ideal of its ring of integers by mg; and its associated valuation
map by vk : K* — Z (normalized so that vk is surjective). Also, let us write K for

an algebraic closure of K, and I'k o Gal(K/K). Let E — Spec(Of) be a semi-abelian
scheme of dimension one over Q. Let us assume, moreover, that the generic fiber Fx of
E is proper, while the special fiber Ej of E is equal to (G, )k, the multiplicative group
over k.

Let [ be a prime number (possibly equal to p). Let us write

M,(E) ¥ Hom(Z/1 - Z, BE(K))

for the “mod 1”7 Tate module of Ex. Thus, M;(E) is (noncanonically) isomorphic as an
F;-module to F?, and is, moreover, equipped with a continuous action by I'y (induced
by the natural action of I'r on K). Also, it is well-known (see, e.g., [FC], Chapter III,
Corollary 7.3) that M;(F) fits into a natural exact sequence of I' x-modules

0— Fl(l) — MI(E) — Fl — 0

where the “(1)” is a Tate twist, and “F;” is equipped with the trivial Galois action.
Moreover, the extension class associated to this exact sequence is precisely that obtained
by extracting an [*! root of the Tate parameter qr € mg. The Tate parameter is an
element of mg that is naturally associated to E and has the property that the subscheme
Ok /(qE) is equal to the pull-back via the classifying morphism Spec(Of) — Mj o of the
divisor oo C ﬂl,o. Thus, the above exact sequence splits if and only if ¢x has an I*" root
in K. Note that in order for this to happen, it must be the case that vk (qg) is divisible
by (. In particular, we have the following result:

Lemma 3.1. Suppose that N C M;(FE) is a one-dimensional F-subspace which is
stabilized by I'ic. Then either vk (qr) € - Z, or N is equal to the subspace Fi(1) C M;(E)
of the above exact sequence.

Definition 3.2. We shall refer to vk (qr) € Z~o as the local height of E.
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Next, let us recall that the submodule F;(1) C M;(E) defines a finite, flat subgroup
scheme

p CF

over Ok . Thus, we may form the quotient

def
E'"= E/u

Then E' — Spec(Ofk) is a one-dimensional semi-abelian scheme over O whose special
fiber is (G, )r and whose generic fiber is proper. Moreover, its Tate parameter qp satisfies

l
dr’ — 4Eg

Let us write

deg(oop) © log(#(Ox /(gr))) € R

Then we have

deg(cop:) =1 - deg(ocop)

84. An Effective Estimate of the Image of Galois

Let us write Q for an algebraic closure of Q. Let K be a subfield of Q of degree
d < oo over Q, and let £ — Spec(Ok) be as in §2.

Let | be a prime number. Suppose that we are given a subgroup scheme G C Ex
(over K) such that over Q, G becomes isomorphic to Z/l - Z. We shall call such Gk -
cyclic. Write (Eq)k for the quotient of Ex by G . Note that since (Eg) i is isogenous to
F, it has semi-stable reduction at all the primes of K, hence extends to a one-dimensional
semi-abelian scheme Fg — Spec(Ok).

Lemma 4.1. Suppose that G C Ey s l-cyclic, and that | is greater than the local
heights of E at all of its primes of bad (multiplicative) reduction. Then there exists a
universal constant C (independent of K, d, and E) such that

1
ﬁl -deg(oog) < hg+d-C+ 2d-log(l)
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Proof. Note that the assumption on [ implies (by Lemma 3.1) that at all the primes of
bad reduction, G corresponds to the subspace F;(1) of Lemma 3.1. Thus, at primes of
bad reduction, F; may be identified with the elliptic curve E’ discussed at the end of §3.
In particular,

deg(o0op,) =1 - deg(cok)

On the other hand, the degree | covering morphism (F¢)x — FExi extends (cf., e.g.,
[FC], Chapter I, Proposition 2.7) to a morphism Egs — FE. Thus, we have a natural
inclusion wg C wg, whose cokernel is annihilated by [. Moreover, since integrating a
(1,1)-form over E, differs from integrating over (E/G), by a factor of [, it follows that

deg(Wpg,) < deg(wg) + 2d - log(l)

Thus, Lemma 4.1 follows from Proposition 2.1. ()

Lemma 4.2. There exists a universal (positive) constant C' (independent of d) such
that for each positive integer d, there exists a finite subset £4 C My o(Q) with the following
property: Suppose that there exists an l-cyclic Gx C Ey, where [K : Q] = d; Ex is an
elliptic curve over K with semi-stable reduction at all primes and at least one prime of bad

reduction; and | > 100 - (hg + C - d?). Then the point of [Ex] € M1,(Q) defined by Ex
belongs to &;.

Proof.  First, observe that if v is any local height of Ex, then deg(ocog) > v - log(2).
Thus, Proposition 2.1 implies that by choosing C' appropriately, we may assume that
hg+C-d>>hgp+C-d> 1—12 -deg(oog). Thus, we obtain that

100
> .
> 15 deg(oog)
100 - log(2)
> (e
2 (5 )

> v

which shows that the hypotheses of Lemma 4.1 are satisfied. Thus, we conclude (from

Lemma 4.1) that if we choose C so that | > 48%;?5;” (cf. Lemma 4.3 below) then

1
—1-deg(oog) < hgp+d-C' + 2d-log(l)

12
[-log(2)

< o
<hg+d-C + 21
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for some universal constant C’. Next, observe that since Ex has at least one prime of bad
reduction, it follows that log(2) < deg(cog). Thus, substituting into the above inequality,
we obtain that

l'IOg(Q) /
24 >~ Ny C

On the other hand, 1054(12) > %, and, by assumption, { > 100 - hg, so (substituting) we
obtain that 2hg < hg +d-C’, i.e., hg < d-C’. But this implies, by Proposition 2.2, that

[E'x] belongs to some finite exceptional set &y, as desired. O

Lemma 4.3. Let x and y be real numbers such that x,y > 2, and x > 2y*. Then
x>y -log(z).

Proof. First observe that y > 3 - log(2) + log(y) for y > 2. Indeed, this is true for y = 1
(since 4 > 3 > 3 -1log(2)), and the function ¢(y) = y — log(y) has derivative 1 — %, which

is > 0 for y > 1. Thus when x = 2y2, we have x = 2y% > 2y - log(Q% ~y) =y - log(x), as
desired. Moreover, the function ¥(x) = x — ¥ - log(x) has derivative 1 — £, which is > 0
for x > 2y? > 2y >y (since y > 1). Thus, (z) is increasing for z > 2y, so ¢(x) > 0 for
x > 212, as desired. O

Theorem 4.4. There exist:

(1) a universal (positive) constant C' (independent of d); and

(2) for each positive integer d, a finite subset Eg C My0(Q)

with the following property: Suppose that

(i.) K C Q is a subfield of degree d < oo;

(ii.) Ex is an elliptic curve over K with semi-stable reduction at all
primes and at least one prime of bad reduction;

(iii.) the isomorphism class [Ex] € M10(Q) does not belong to Ey;

(iv.) | is a prime number > 100 - (hg + C - d?).

Then the image of the Galois representation Gal(Q/K) — GLo(Z;) associated to Ex
contains SLo(Zy).
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Proof. As we saw in the proof of Lemma 4.2, in the situation under consideration, the
local height of Ex at a finite prime of Fx of bad reduction can never be divisible by .
Since, by hypothesis, at least one such finite prime exists, it follows that the image of
Galois in GLy(F;) contains the element “a” (cf. Corollary 1.4), i.e., ((1) i) Moreover, by
Lemma 4.2, it follows that the image of Galois in GLy(F;) contains at least one matrix
which is not upper triangular. Thus, we conclude from Corollary 1.4 that the image of

Galois in GLo(Z;) contains SLs(Z;), as desired. O
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Chapter III: The Universal Extension
of a Log Elliptic Curve

§0. Introduction

In this Chapter, we review various well-known facts concerning the universal extension
of an elliptic curve. The main ideas that we discuss are as follows: Given a log elliptic
curve (cf. Definition 1.1) E' — S, we define its universal extension Ef - F (cf. Definition
1.2) as a certain group scheme of line bundles on E of degree 0 equipped with a connection.
For degenerating log elliptic curves (i.e., “Tate curves”), this universal extension admits
a canonical splitting (cf. Theorem 2.1) which is essentially uniquely characterized by the

fact that it is a group homomorphism. The universal extension ET = F also has a Hodge-
theoretic interpretation (cf. Theorem 4.2) as the Hodge-theoretic first Chern class of the
divisor defined by the origin of E. Moreover, this Hodge-theoretic interpretation of the
universal extension allows one to analytically continue (cf. Theorem 5.6) the canonical
splitting, relative to the function-theoretic context of [Mumf]. We construct this analytic
continuation by studying the Schottky- Weierstrass ¢-function (cf. §5), which is a certain
analogue of the classical Weierstrass (-function, but for the Schottky uniformization (as
opposed to the full uniformization by the complex plane, as in the classical case) of an
elliptic curve. This analytic continuation allows one to give explicit coordinates for the
torsion points of the universal extension (cf. Corollary 5.9), which play a fundamental role
in this paper. During our analysis of the universal extension, we pause, in §3 (cf. also
Remark 2 in §6), to review the complex analogues of the ideas discussed in this Chapter.
Finally, in §6, 7, we discuss certain “higher” analogues of the Schottky-Weierstrass (-
function.

§1. Definition of the Universal Extension

In this §, we would like to define a certain canonical extension of a “log elliptic curve”
— called the universal extension of the log elliptic curve — which will play a key role in the
present paper. One useful reference for this universal extension (in the non-logarithmic
case) is Appendix C of [Katz].

Let



be the moduli stack of one-pointed stable curves of genus one over Z (see, e.g., [Knud] for
more details). Note that M ; is equipped with a natural log structure (in the sense of

[Kato]) defined by its divisor at infinity. We denote the resulting log stack by Mllof Let

(C — M171,6 : ﬂl,l —C)

denote the tautological one-pointed stable curve of genus one. Now observe that the inverse
image on C of the divisor at infinity of M ; is a divisor with normal crossings on C, hence

defines in a natural way a log structure on C. Denote the resulting log stack by C!°8. Let

—log def —log .
M o = M . Thus, we have a natural log smooth morphism

—log

log
C% — Mg

together with a section € : Mg — C. Let & C C be the open substack of C of points
that are smooth over M, o. Since € maps into &, we have (by abuse of notation) a section
€: Mjo— E. Moreover,

(5 — M170,6 . ﬂm — 5)

forms a semi-abelian scheme (see, e.g., [FC], Definition 2.3 of Chapter I, for more details)
of dimension 1 over M g.

Definition 1.1. We shall refer to (C'°% — mlﬁ%,e : Mo — &) as the universal log

elliptic curve. If S'°8 is a fine noetherian log scheme (see [Kato] for more details), then we

. i, ey
shall refer to the datum of a morphism « : S°% — Mﬁ% as a log elliptic curve.
This definition prompts the following basic remarks:

(1) The point of distinguishing Mlﬁ% from ﬂlff (even though both nota-
tions denote the same log stack) is that the natural log structures of the
tautological objects that they parametrize differ. This leads for instance
to different canonical p-adic uniformization theories (as in [Mzk1]).

(2) Let o : S'°8 — Hlﬁ% be a log elliptic curve. Then pulling back C'°8 —

1 . .
ME%; &, and e gives rise to C'°8 — S8 B — S e: E — S. Often,

by abuse of terminology, we shall say “let C'°8 — S1°8 be a log elliptic
curve.” This means that implicitly we assume that some « has been

given and that C'°% has been constructed from « in the fashion just
described.

This completes the discussion of the definition of a log elliptic curve.
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Let

flog . Clog _ Slog

be a log elliptic curve. Let

def
wg = e Qp/s

Thus, wg is a line bundle on S. Let W — S denote the affine group scheme defined by

wg. Thus, W is the spectrum of the symmetric algebra of 75 def wy (the dual bundle to
wg) over Og. Now we would like to define a natural extension of group schemes

0—>W—>ET—>E—>O

(cf. Appendix C, §C1, of [Katz]), as follows. First, let 7" be an S-scheme. Since BT will

be defined as a functor over E, points of E]L(T ) will consist of points of E(T') plus some
extra information:

We define ET (T') to be the set of isomorphism classes of pairs (z,V,),
where z € E(T), and V, is a logarithmic connection (with respect to

the morphism C'°¢ — §1°8) on the line bundle L, ef Oc¢, (x —e) (where
CT =C Xg T).

b (19 [P )]

(Here in the notation “O¢,.(z —e€),” we use “e” (respectively, “z”) to denote the (Cartier)
divisor defined by the image of the section e (respectively, z) in Cr.) It is immediately

clear that ET is a torsor over E under the group scheme W (since wg may be identified

with the push-forward of Qcuos /gi0s Via flog . Clos — Glog)  Moreover, ET has a natural
abelian group law of its own given as follows: The sum of (z,V,) and (y, V,) is the line
bundle L4, = L, ®o,,, Ly equipped with the connection V, @ V,,.

Definition 1.2. We shall refer to the exact sequence

0—>W—>ET—>E—>O

of smooth, abelian group schemes over S as the universal extension of E — S (or €% —
Slog),

Let

def 1 rlo
HE R fE O
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be the first (logarithmic) de Rham cohomology module of f°8 : C°& — S8 (see, e.g.,
[Kato]). Then H is a rank two vector bundle on S equipped with a filtration called the
Hodge filtration. This filtration gives rise to an exact sequence

0 —>wg—H—15—0

Proposition 1.3. There is a canonical isomorphism between H and the tangent space to

the group scheme ET at the origin. Moreover, the eract sequence above arising from the
Hodge filtration on 'H corresponds under this isomorphism to the filtration induced on the

tangent space at the origin to joul by the exact sequence 0 — W — Bl —E—o.

Proof. This follows immediately by working over the dual numbers S[e]/(¢?) and thinking
about the functorial definitions of ET and de Rham cohomology. ()

§2. Canonical Splitting at Infinity

We maintain the notations of §1. In this §, we would like to discuss certain canonical
splittings of the universal extension Bl - F of E.
In this §, we assume that the inverse image (via the implicit classifying morphism

a: Ss ﬂf(g) for the given log elliptic curve) of the divisor at infinity of Mg is a
(Cartier) divisor D C S. Write J for the ideal defining D. Thus, J is a line bundle on S.
Moreover, we have a natural identification:

Elp =(Gu)p

Now let S be the completion of S at D. Thus, S is a formal scheme. Let us write Es for
the formal object obtained by pulling back £ — S to S. Then one knows that

Es = (Gy)

S S

(where the isomorphism is an isomorphism of [7-adic formal group objects over the formal

scheme S ). Indeed, this is a relative simple special case (the case already known to Tate) of
the theory of [FC], Chapter III. In fact, this isomorphism is the unique such isomorphism
that reduces to the identity over D (by [FC|, Chapter I, Theorem 2.2).

Now let us pull-back the universal extension El “Ftoa morphism
f .
E§ -k 3
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over 5. We would like to construct a certain canonical section of this morphism. This
canonical section will be a homomorphism of group objects. Thus, by [FC|, Chapter I,
Theorem 2.2, it will exist and be unique once it is constructed over D.

The definition of this canonical section over D is given as follows: As discussed above,
we identify Ep with (Gy,)p. Let us think of the affine ring of (G,,)p as the ring of Laurent
polynomials in an indeterminate u. Now let « be a D-valued point of (Gy,)p. Then (as in

Appendix C, §C1, of [Katz]) points of Ef lying over = may be identified with sections of
Weios / s10 ®og Op that are regular away from x and e, but have a simple pole with residue

1 (respectively, —1) at x (respectively, e). For instance, if x corresponds to the section u,
of OF, then

def du du
Wy = —

(u—uz) (u—1)

is such a differential. Since the correspondence x — w, is clearly functorial, we thus obtain
a scheme-theoretic section

EDHEL

It remains to check that this is a homomorphism of group schemes. To see this, suppose
def

that y € E(D), z = x -y. Then the isomorphism between O¢,, (x —€) ® O, (y — e) and
Oc¢,, (z — €) is given by division by the rational function

(u—1)(u—uy)
(v — ug ) (u — uy)

Moreover, the logarithmic derivative of this rational function is clearly equal to w, —w, —wy.
This observation implies that the section constructed is a homomorphism of group schemes,
as desired.

Thus, in summary, we see that we have constructed a homomorphism of group objects
. f
k:FE 5 Eg

1

. . . . S . . . . .
are no nontrivial homomorphisms from Gy, into W (note: W is Zariski locally isomorphic
to G,), it follows that k is the unique such section. We state this as a theorem:

in the formal category over S which forms a section of EL — E5. Moreover, since there

Theorem 2.1. The extension

- » T
O—>WS—>ES—>E§—>O
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of group objects over the formal scheme S admits a unique splitting

. T
KVE:S,\—>E§

— which we shall refer to as the canonical splitting of this extension. In particular, it
follows that there exists a natural isomorphism

T
E§ & (Gm)g X Wg

of group objects over S.

Now recall that BT may be thought of as an wg-torsor over E. Thus, in particular,
we may write this torsor as an extension of coherent Opg-modules

0—-0p—7T—71glg—0

Let RET be the sheaf of quasi-coherent Og-algebras whose spectrum is Ef.

Bt = Spec(RET )

Thus, Zariski locally on F, RET is the symmetric algebra over Og of 7g|g. Moreover,

there is a natural inclusion
TCR &
E
and 7 generates RET as an Op-algebra. If 7 is a positive integer, let us denote by

the Og-submodule of RET generated by Og-linear combinations of products of 7 sections

of T. (Also, let R+ [0 ' op)

Definition 2.2. We shall refer to sections of OET that lie inside RET [i] as being of

torsorial degree < i. More generally, if £ is a line bundle on F, then we shall refer to
sections of £ ®p, OEJ[ that lie inside £ ®o,, RET [i] as being of torsorial degree < i.

Now by Theorem 2.1, we have a natural splitting
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T~ x
§_ESXWS

This natural splitting then induces an isomorphism

(where “[—]” means “the symmetric algebra of”). That is to say, whereas RET is, in gen-

eral, only Zariski locally isomorphic to a polynomial algebra, over S , it becomes naturally
isomorphic to a polynomial algebra (i.e., the symmetric algebra of 75|g.). Thus, if f is a
S

section of L ® O +» one can make the following definition:
E~

S

Definition 2.3. We shall refer to the degree i term of f (relative to the above isomor-
phism of (RET)§ with a polynomial algebra) as the degree i component

Comp,(f) € L @0, 75" | 5~

of f.

§3. Canonical Splittings in the Complex Case

Before proceeding, we pause to review the basic theory of the universal extension and
its canonical splittings over the complex numbers (cf., e.g., [Katz], Appendix C). Thus,

let £ be an elliptic curve over C. Then its universal extension Ef may be constructed
analytically as follows: First, recall the de Rham isomorphism

Hpg(E,Op) = Hg,y(E, C)

sing

between the de Rham cohomology (algebraic or holomorphic) of E and the singular coho-
mology of F with complex coefficients. Let

def

A CHE Hyr(E,Op)

be the subgroup defined (using the de Rham isomorphism) by

HY (E,2ni-Z)C H: (E,C)

sing sing
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Thus, A is a free Z-module of rank 2, and C ®z A = H.

Now by Proposition 1.3 and the well-known theory of the (complex analytic) expo-
nential map of a complex Lie group, we have a natural uniformizing map

H—>ET

compatible with the additive group structures of ‘H and ET. Moreover, the kernel of this
homomorphism (cf. the discussion at the end of [Katz|, Appendix C, §C5) is

ACH

Thus, we have the following:

Proposition 3.1. If E is an elliptic curve over C, then (the complex Lie group defined
by) Bl is naturally isomorphic to the quotient

H/A

where 'H is the first de Rham cohomology module of E, and A is the Z-submodule arising
from the singular cohomology of E with coefficients in 2mi - Z.

Next, we would like to discuss certain canonical splittings that exist in the complex
analytic case. In fact, in the complex analytic case, there are three different types of
canonical splitting, all of which are well-known and classical, and all of which will be
relevant to the theory of the present paper (but in different ways). The three canonical
splittings that we will consider are the following:

The Real Analytic Splitting: Write Ar (respectively, Ac) for A ®z R (respectively,
A ®z C). Define

Br < Ag/A C Ag/A = ET

Thus, ER is a real analytic submanifold of ET. Moreover, it is easy to see that Fr maps
bijectively onto E, i.e., we have an isomorphism of real analytic Lie groups

EFr =2 FE

Unlike F, however, Fr is only a “real analytic torus,” not a complex analytic torus inside
ET. Put another way, Fr defines a real analytic section
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/{R:E—>EJr

of EY — E which is a homomorphism in the category of real analytic Lie groups.

Definition 3.2. We shall refer to kg : £ — ET as the canonical real analytic section of
El - E.

Remark 1. Note in particular that since kg is a group homomorphism, it maps torsion

points of E to torsion points of Ef. Thus, although kg is only defined in the real analytic
category, its restriction to torsion points can be defined entirely algebraically. For instance,
if F is defined over a number field, then the restriction of kg to torsion points of E' is also
defined over a number field. This fact will be of fundamental importance in this paper.

Remark 2. Although the following discussion will not be very relevant to the present
paper, the reader might wonder (in view of the choice of notation) whether kg is, in some
sense, “analogous” to the formal analytic x of Theorem 2.1. In fact, there is an analogy:

Namely, Er C joul may be obtained as the invariant subset of a certain natural complex

conjugation morphism on et Moreover, frequently in discussions of global motives, it is
natural to think of complex conjugation as “Frobenius at the infinite prime.” On the other

hand, the splitting £ may also be constructed p-adically as follows: Ef may be thought of
as a certain crystal in group schemes on the log crystalline site of S°8. Put another way,

Ef is, in essense, the log crystalline cohomology of C'°8 — §1°8 with coefficients in OX.

Moreover, as a log crystalline cohomology object, ET s equipped with a natural Frobenius
action. The section k may then be constructed p-adically as the unique Frobenius invariant

section of ET — E. That is to say, both x and kg may be constructed as invariant subsets
of Frobenius actions at finite and infinite primes, respectively. We refer to the discussion
of [Mzk2], Introduction, §1, for more details.

The G,,-Splitting: To define this splitting, fix a rank one Z-submodule:

A CA

This splitting defines an intermediate covering of the covering defined by the exponential
map of E:

TE —)TE/Al —)TE/A:E
(where by abuse of notation, we also denote by A the image of A C H under the projec-
tion H — 7p arising from the Hodge filtration). Note that 75/A; is isomorphic (by an

isomorphism which is unique up to composition with the inversion map) to G, (i.e., the
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multiplicative group Gy, over C, regarded as a complex analytic Lie group). Thus, in the
following discussion, we shall make the following identification:

TE/A1 = Gm

In other words, the choice of A; defines a uniformization of E by G,,. In particular, we
may think of this uniformization as giving a presentation of E as follows:

E:Gm/qz

where ¢ € G,,, = C*. This uniformization of F is referred to as the Schottky uniformization
of E (and depends on the choice of Ay C A).

Now let us consider the universal extension E]L of £. Now we have a commutative
diagram:

Ay = A = A
N N N

M)A ©zC C Ac=H — 715

If we form the quotient of the second line by the first, we then obtain two morphisms

(A)e/A1 — Eflg. — G

whose composite is an isomorphism. Put another way, we have constructed a holomorphic
section

kp, G — EJ[|Grm

of the pull-back of ET — E by G,, — E.

Definition 3.3. We shall refer to xy, as the Gy, -splitting associated to Ay.

Remark. This splitting is the complex analogue of the splitting of Theorem 2.1. Indeed,
it is not difficult to check that if, in the context of Theorem 2.1, i.e., of a degenerating
elliptic curve, one takes for Ay C HY  (E,2miZ) = H;"*(E,Z)" (where “v” denotes the
dual Z-module) the Z-submodule which is the annihilator of the submodule

Ker{H:™8(E,Z) — H3"%(the degenerate elliptic curve, Z) = Z}
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i.e., the annihilator of the wvanishing cycle, then for this choice of Ay, the splitting ra,
just constructed coincides with the complex analytic splitting of the universal extension
defined by the k of Theorem 2.1 in a (complex analytic) neighborhood of the point at
infinity oo € M o(C). Indeed, the fact that these two splittings coincide follows from the
fact that there do not exist any nontrivial homomorphisms of complex Lie groups C* — C.

The n-Splitting: Here, we follow the treatment of [Katz|, Appendix C, §C5. Fix a C-
linear isomorphism C =2 wg. This isomorphism makes it easier to describe the splitting in
question. In fact, however, the splitting will be entirely independent of the choice of iso-
morphism C = wg. Once this isomorphism is fixed, we get a choice of invariant differential
w = dz (where z is the standard coordinate on C), and so we can write

E=C/A
(where by abuse of notation, we also denote by A the image of A C H under the projection

‘H — 71g arising from the Hodge filtration). Moreover, one has the Weierstrass p-function
(see, e.g., [Ahlf], p. 272, for a treatment)

0#£XEA

Let us write z < p(z), and y def ©'(2) (the derivative with respect to z). Then, as stated
in [Katz], Appendix C, §C5, the differentials

define by integration

(for A € A) a basis of F = Homgz(A, C) = Ac (where we use the fact that the cup pairing
on cohomology defines a natural isomorphism of A with its dual). Thus, in particular, we
can write

H=(C-w)®(C-n)

Moreover, although w and n depend on the choice of isomorphism wg = C, this decompo-
sitton does not. Thus, we get a natural splitting

ky:Te — H
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of the exact sequence 0 — wy — H — 75 — 0 (cf. the discussion preceding Proposition

1.3). Here, we shall often think of 7 and H as the universal covering spaces of E and E]L,
respectively.

Definition 3.4. We shall refer to x,, as the n-splitting of H — 7.

Remark. The relationship of this splitting with the theory of this paper is as follows:
In [Katz], Appendix C, §C2, a certain natural algebraic rational section of the universal
extension is constructed. This section will be discussed from the point of view of the present
paper in §4 below. It is then shown in [Katz], Appendix C, §C6, that the Weierstrass (-
function may be thought of as the difference between this algebraic rational section and
the splitting of Definition 3.4. On the other hand, in the present paper, we will consider
(cf. §5 below) the difference between this algebraic rational section and the splitting of
Theorem 2.1. This difference will play an important role in the theory of the present
Chapter. Moreover, we would like to think of this difference — which we will refer to as
the Schottky-Weierstrass (-function — as being analogous to the classical Weierstrass (-
function. In fact, we shall see below in §5 that many of the important properties of the
Schottky-Weierstrass (-function are proven by arguments exactly analogous to those used
to prove the basic properties of the classical Weierstrass (-function. The reason for the
inclusion of the word “Schottky” here is that this “Schottky-Weierstrass (-function” is a
sort of Weierstrass (-function with respect to the Schottky uniformization Gy, — E of E
(cf. the discussion surrounding Definition 3.3 above).

64. Hodge-Theoretic Interpretation of the Universal Extension

In this §, we show how to interpret the universal extension as the Hodge-theoretic first
Chern class of a certain divisor. The material of this § follows immediately from (the
obvious logarithmic generalization of) [Falt], Lemma IV.4, but, for the convenience of the
reader, we give a self-contained treatment here. In particular, the theory of the present §
will allow us to give a functorial definition of the splitting of [Katz], Lemma C2.1, which
will play an important role in §5 below. In [Katz|, by contrast, only an explicit definition
of this splitting in terms of certain “special functions” was given, without any explanation
of its functorial definition. In fact, for proving the results of §5 below, it will be important
to know the definition of this splitting in terms of special functions, but nonetheless it is
interesting to know that this splitting can be defined by means of abstract nonsense.

Let C'°8 — S1°8 be a log elliptic curve. Let
m,m:Cxsg B — FE

be the projections to the first and second factors, and denote by £ = Ag C E xg E C
C x g E the diagonal section. (Thus, Ag is a (closed) divisorin C xg E.) Let
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Z—>CXSE

be the torsor of relative logarithmic differentials (i.e., differentials with respect to the
logarithmic morphism 758 : Cl°8 X gios E'°8 — E°%) that are regular everywhere, except
at the divisor Ag, where they have a simple pole with residue 1. Thus, Z is an wg|cox -
torsor (where we think of the differentials “wg” as arising from the first factor of C' x g F)
on C'x g E. Another way to think of Z is that it is the torsor defined by the Hodge-theoretic
first Chern class in

R'(m2)+(C x5 E,wg|cxsE)
of the divisor Ag.
Similarly, let
Y - C Xg FE

be the torsor of relative logarithmic differentials (i.e., differentials with respect to the

logarithmic morphism 7r12°g 1 C1°8 X gi05 B'°8 — E'°8) that are reqular everywhere, except at
(1))

the divisor {e} x E C C xg E, where they have a simple pole with residue 1. (Here, “e
denotes the origin of E.) Thus, Y is an wg|c« ¢ g-torsor on C' xg E. Another way to think
of Z is that it is the torsor defined by the Hodge-theoretic first Chern class in

R'(m2).(C x5 E,wr|lcxsE)

of the divisor {e} x E C C xg E. Note that in fact, Y is the pull-back to C' xg E via m;
of the torsor

Tor_’C

which is the Hodge-theoretic first Chern class of the divisor {e} in C.

Let us denote by

Zn — FE;, YA — F
the restrictions of the torsors Z and Y to Ap C C' xg E. Thus, Za and YA are wg|g-

torsors on E. Since the composite of E = Ag — C xg E with 7 is the natural inclusion
FE — C, it follows that

YA — T0r|E
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i.e., the torsor associated to the Hodge-theoretic first Chern class of the divisor {e} in C.

On the other hand, we propose to show in the following that when 2 is invertible on
S, the torsor Za is trivial, and, moreover that one can construct an explicit trivialization
of Za: Let J be the sheaf of ideals on C' xg E that defines Ag. Then we have an exact
sequence

0—T/T° =TT —T|T*> =0

We will regard this exact sequence as an exact sequence of Og-modules via the action of
Opg arising from the second factor of C' xg E. We would first like to show that this exact
sequence (of Og-modules) admits a natural splitting when 2 is invertible on S.

We construct this splitting as follows: First, observe that the isomorphism

CXSE§C><SE

given by (a, 8) — (a—0, 3) (where a is a point of C, § a point of E, and we use the fact that
the group scheme F acts on C') maps Ag C C xg E isomorphically onto {e} x E C CxgFE.
Thus, if Z. C C' is the sheaf of ideals defining {e} C C, then we have an exact sequence of
sheaves

0—72/12 - 1./I2 - T./]T* — 0

of Og-modules such that the exact sequence of the preceding paragraph is the pull-back
via m; : C xg E — C of this exact sequence. Thus, it suffices to construct a splitting of
this exact sequence. To do this, we consider the automorphism “—1” on E, which extends
to an automorphism of C. This automorphism induces an automorphism « of the above
exact sequence (which covers the automorphism “—1” of C'). Moreover, the automorphism
« is of order 2, and (as one sees easily by identifying Z./Z2 with the cotangent space wg
to C at e) induces multiplication by —1 (respectively, 1) on Z./Z? (respectively, Z2/Z3).
Thus, the endomorphism 1 - (1 — a) of the above exact sequence induces a splitting of the

2
above exact sequence, as desired.

Thus, we obtain a splitting

Sy:TJ)T*—T|T°

of the exact sequence

0—T%T = T/T*— T/T*—0

Now let s be a local section of J/J? in a (Zariski) neighborhood of Ag. Then S7(s) lifts
(noncanonically) to a local section ¢ of J with a zero of order 1 at Ag. Thus, if we form
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the logarithmic derivative % of t (where we differentiate with respect to the first factor

of C' xg F), we get a differential which is regular in a neighborhood of Ag, except that it
has a simple pole at Ag with a residue of order 1. Thus, % defines a section of Z over
this neighborhood. Moreover, one checks immediately that the restriction of this section
to Apg is independent of the choice of s and t. Thus, we get a section

SAZE—>ZA

of ZA which is globally defined over E. That is to say, we have proven the following;:

Proposition 4.1. If 2 is invertible on S, then the torsor Zn — E admits a canonical
section Sa : E — Za (as defined above).

Next, let us observe that it follows from the definition of the universal extension Ef
in §1 that the torsor

Z-Y
formed by taking the difference of the torsors Y and Z on C' x g FE is trivial on the fibers of

w9 : C' xg F — FE, and, moreover, that the torsor Z —Y may thus be “pushed forward” via

7o to form an wg-torsor on E which is (by definition) equal to Et - E. In fact, because
Z —Y is trivial on the fibers of mo, it is in fact equal to the pull-back by 75 of the torsor

El W E In particular, since the composite of F = Ap — C xg E with 75 is the identity,
it follows that we have a natural equality of wg-torsors on E:

Zn—Ya=(Z-Y)|a, = ET

Thus, by Proposition 4.1, we obtain that:

Theorem 4.2. If 2 is invertible on S, then there is a canonical isomorphism of wg-
torsors on B

Bl = —T,|p

between ET — E and —1 times the torsor associated to the Hodge-theoretic first Chern
class of the origin {e} C E.

Next, we would like to observe a certain consequence of Proposition 4.2:
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Corollary 4.3. Even if 2 is not invertible on S, the wg|g-torsor EY - E extends

-1 . . . .
naturally to an wg|c-torsor E}Lj — C. If S8 = (ijﬁ)z, then this extension is unique.

Proof. We begin with the case where 2 is invertible. Then Theorem 4.2 implies that

EJr — FE is isomorphic —Ty,|g, which is just the restriction to E C C' of the torsor
—T, — C. This proves extendability.

. . Wi .
Next, we prove uniqueness in the case where S°8 = (Mf%)z. Write Dg C S for the

divisor at infinity, and D¢ C C for the complement of F in C' with the “reduced induced”
scheme structure. Thus, Do maps isomorphically down to Dg, and Do = Dg =2 Spec(Z).
Uniqueness then follows from the fact that D¢ has codimension 2 in C' (which is a regular
algebraic stack).

. —1
Thus, it remains to prove extendability in the case where S8 = (M f%)z. Note that

(relative to the notation introduced in the preceding paragraph) there is a natural exact
sequence of “local cohomology groups”:

e Hl(C’,wE|C) — HI(E,wE|E) — HQDC(C’,wE]c) — ...

where H%C denotes “cohomology with supports in D¢c.” On the other hand, it is well-
known that since the subscheme Do C C'is a local complete intersection of codimension 2,
the cohomology module H2DC is flat over Z. (Indeed, this amounts to a well-known compu-
tation involving the Koszul complez (cf., e.g., [Mats]): If t; and ¢2 are local parameters on
S at D¢, then this cohomology is a direct limit of Z-modules of the form Z[tq, t2]/(t7,t5),
as n — 00.) Thus, it follows that the vanishing of the obstruction to extending Bl to C
may be checked after restriction to Spec(Z[3]). This completes the proof of the corollary.

O

Remark. The reader may find it strange that despite the fact that we have shown the

torsors Eg — (' and —T,, — C to be isomorphic after one inverts 2, we may not conclude
immediately that they are isomorphic even without inverting 2. The reason for this is the
possibility of the existence of 2-torsion in H'(S,wg). In fact, we shall see later that the

isomorphism between EL — (' and —T,, — C does, in fact, fail to be integral at the prime
2 (cf. the Remark following Corollary 5.8).

Note that Corollary 4.3 thus implies that the vector bundle 7 considered in the dis-
cussion preceding Definition 2.3 extends naturally to a vector bundle 7o on C' that fits
into an exact sequence

0—0c—Tc— TElc —0
extending the exact sequence of loc. cit.
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Finally, we make the connection with the splitting of [Katz], Lemma C2.1. The point is
the following: The torsor —T;,. — C'is the torsor of differentials that are regular everywhere
except for a simple pole at the origin of residue —1. Thus, over

UL - {e

this torsor is just the torsor of global regular differentials. In particular, over U, it admits
a section given by the “zero differential.” Moreover, in a neighborhood of e, it is easy to
see that the zero differential, regarded as the sort of differential parametrized by —T,,, has
a pole of order 1 at e. Thus, we get a section

Sor : U — =T,

with a pole of order 1 at the origin.

Now let us assume that 6 is invertible on S. Then one obtains two sections

81,82 U — EL

of the universal extension over U: the first is given by transporting S, by means of
the isomorphism of Theorem 4.2; the second is that of [Katz], Lemma C2.1. To review,
this section of [Katz] is defined as follows: For an elliptic curve defined by the equation
y? = 423 — gox— g3, the section S, is defined by associating to a point P of U the differential

y+y(P) dr

2{z —x(P)}

(which is regular everywhere except at e and P, and has residues —1 at e and +1 at P).
In fact, strictly speaking, Katz only defines this section for smooth C' — S, but one checks
easily that the above definition defines a section for arbitrary C. Moreover, both sections
have a pole of order 1 at e. Indeed, this follows immediately from the definition for &y; for
So, it follows from, say, [Katz|, Theorem C6, (2). Thus, their difference defines a section

0 eN(C,wglc(e))

We would like to show that § = 0. To do this, it suffices to consider the universal case:
ie., Slog = leﬁ ®z Z[%]. Then it follows immediately from an elementary application of
Riemann-Roch on the fibers of C' — S that § in fact lies in I'(C,wg|c) = T'(S,wg). On
the other hand, it is well-known (cf., e.g., [KM], p. 227) that I'(S,wg) = 0. Thus, 6 = 0,

as desired. In other words, we have proven the following result:

Corollary 4.4. Suppose that 6 is invertible on S. Then the isomorphism —T,, = EI;
maps the section So; : C' —{e} — =Ty, defined above to the section of [Katz], Lemma C2.1.
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In particular, the section of [Katz], Lemma C2.1, defines a unique section C' —{e} — E;g,
even when 6 is not invertible.

§5. Analytic Continuation of the Canonical Splitting

The purpose of this § is to show that the canonical splitting k of Theorem 2.1 may
be “analytically continued” to a splitting in the category of “entire functions” on the uni-
formization of a degenerating elliptic curve in the sense of [Mumf] (i.e., the formal algebraic
analogue of the Schottky uniformization). Although this splitting will not be periodic, it
will satisfy a simple rule with respect to the period of the degenerating elliptic curve (i.e.,
shifting by a period affects the splitting by adding a constant). In order to analyze this
splitting, we will also use the splitting S, of Corollary 4.4. The difference between
and S, will be a sort of Weierstrass (-function with respect to the Schottky uniformiza-
tion. Thus, we will refer to it as a Schottky- Weierstrass (-function. We will discuss this
(-function (as well as its “close relatives”) in more detail in §6, 7 below. In the present §,
we show how to translate the material of [Katz], Appendix C, §C6, C7 into the context of
Mumford’s construction. Although, strictly speaking, this Schottky version of the theory
of [Katz], Appendix C, §C6, C7, is not logically necessary for the proofs of the main results
of the present § (or, for that matter, of the present paper), we present it here nevertheless
because we feel it to be both interesting and generally culturally relevant to what we do
discuss here. Also, we remark that “in principle,” what we discuss here is “well-known,”
but I do not know an adequate reference for it.

We begin by reviewing the set-up in [Mumf], especially [Mumf], §5. To do this, we
must introduce some notation. Let K be a finite extension of Q, and let Ok be its ring
of integers. In this §, we let

O

be a Zariski localization of O, i.e., a ring such that Spec(O) is an open subscheme of
Spec(Ok). Let

AL Oq; Y Spec(A)

(where ¢ is an indeterminate). Moreover, we equip S with the log structure defined by the

divisor D % V(¢) € S. Let S be the formal scheme obtained by regarding O[[¢]] as a
topological ring with the g-adic topology. Let

E— S
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be the semi-abelian scheme obtain by forming the quotient of G, by the period “q” (as
in [Mumf] or [FC], Chapter III). Then E — S arises in a natural way from a log elliptic
curve C'°8 — S92 Let us write

Lo Y Oc(e); Ly Lolp

(where e is the divisor defined by the identity section).

Next, we would like to consider various kinds of analytic functions. First, recall that
we have a natural identification

Let us write R' for the coordinate ring of E7. Thus, one can think of R as:

B =A{U.U"}}

i.e., Laurent series with coefficients converging to zero in A. Let us write

RaElg C RP0]; (respectively, Rz C R%'[0])

where 6 is an indeterminate, for the A-subalgebra of R%'[f] generated (respectively, gen-
erated g-adically) by the elements

{qk2+k 2kt -G,qu U2k . equffk: L2kl 6

where k ranges over all elements of Z. That is to say, R%lg (along with its g-adic completion
R’;) is the ring “Ry 5" used by Mumford (cf. [Mumf], p. 306) to construct E as a quotient

of Gy,. In this context, it is natural to think of R%'[6], R%lg and R’y as graded rings, in
which elements of R have degree zero and 6 has degree one.

Next, recall from the theory of [Mumf] that there is a natural action of Z on

o~ & Proj(R%%) and cx X Proj(RYy)

defined by letting 1 € Z act by:
Urq-U; 0—q-U?-0
In the following, we shall denote this group of automorphisms by

Zet
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Thus, we shall identify the elements of Z.; with Z and write, for instance, “l¢; € Zeg,” but
we prefer to use the notation Zg for the group of automorphisms, in order to distinguish
it from, for instance, Z regarded as a subring of O.

Now it follows from the theory of [Mumf] that in our notation Cg is formed by taking
the quotient of C’%O by this action of Z.. In fact, the special fiber

(COO)SPl = (Cg‘o)Spl

(i.e., fiber over V(q) C S) of C™ is an infinite chain of P'’s, connected to each other at
“0” and “oco.” Thus, each irreducible component of (C* )y, is a copy P!, labeled by an
element of Zey. The action of Ze, on the irreducible components (thought of relative to
this labeling) is just the action of Ze on Ze by addition. (See [Mumf] for more details.)
Another way to think of C'* is as a sort of Néron model for G, over S relative to the open
immersion S —V (q) C S. Thus, the irreducible components of the special fiber correspond
naturally to the g-adic orders of elements of Alg™!].

Relative to the point of view of [Mumf] (cf. especially [Mumf], p. 289), the ample line
bundle “O(1)” on C’%" obtained by regarding R’; as a graded ring (as discussed above) may

be identified in a natural fashion with the pull-back (relative to the quotient C%O — C’g)

®2
Loz
S

to C’%O of £LE?. Thus, the elements of R’ of degree i define sections of L%;.f

. S
Conversely, I claim that all sections of L’%;.f over C%o arise in this way. Indeed, it suffices

S

over O2°.
S

to note that:

(1) The global sections of E%?.\i over the irreducible component of (C'°®)g4y1

S
marked “0” are spanned over O by the restrictions to this irreducible
component of the sections

U—’L' . 91'7 U—i—|—1 . 9i7 o ’9i7 Ui—l X 91’ U’L . 91

(2) The sections

Uit gl gt g g Uil i Ut g

all vanish when restricted to any irreducible component of (C'*°)sp, that
lies on the same side of the component marked 0 as the point U = 0 of
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the components marked 0. (Indeed, acting on any of these sections by
a positive integer € Z sends these sections to zero modulo q.)

By translating these two observations over to the other irreducible components of C*y),
one sees easily that one may construct arbitrary sections of L‘(X’CQZ;O) _over (C*°)sp1 by means
sp

of elements in R’;. This completes the proof of the claim. Thus, in summary,
F(C:g\o, E?ﬁ%) = degree i portion of R’z
S

Put another way, 6 defines a trivialization of the line bundle E%; over Eg = (Gm)§

S
with respect to which global sections may be written as certain Laurent series in U whose
coefficients (€ A) decay fairly rapidly.

In particular, suppose that ¢*& € I'(C, L) is the section given by the embedding
Oc¢ — Oc(e) = Lo. Then, by restricting 0?8 to C’g\o, we can write its square (o®!8)2
analytically as some element

(O’alg)2|cg\o — (O_an)Q .0 c R/E
S
where (0°")? € R2 is some (topological) A-linear combination of the elements

2 2 2 _
[k UL K2k gtk g2k 1}{kez}

The advantage of working with (¢2)? is that it is an explicit Laurent series. For conve-
nience, in the following, we shall often write just 02 for (¢**)2. In terms of normalizations
of 08 (relative to multiplication by elements of A*), we would like to think of o®¢ as

being chosen so that the square differential at the origin e of E determined by o2 (which

has a zero of order 2 at the origin) is equal to (d log(U))?.

Next, let

mer
cx
S
denote the ring of meromorphic functions on C%O . By this, we mean those functions which
can, Zariski locally on the formal scheme C%o, be written as a quotient of a regular function
(i.e., a section of Oce) by a nonzero regular function. Thus, the zeroes and poles of a
S
meromorphic function on C:;’\O have finite order. Note, further, that we have a natural
mjection,
o= = Q(RE)
S
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(where “Q)” denotes “the quotient field of”). Indeed, the fact that this morphism is an
injection follows by considering the situation at the nodes of C/;\O, where this injectivity

essentially amounts to the fact that the natural map

O[[X, Y]] — (O[XN(X~DIY]]

(where X and Y are indeterminates) from power series over O in X and Y to power series
in Y with coefficients in O[[X]](X 1) is injective.

Observe that if f is a function on C’g\o which can be written as a quotient of a (regular)

section of L¥2N over Cg\o by a nonzero (regular) section of L&V over Cg\o (for some N),
then

feRes
S

For instance, since both @ (# 0) and ¢? - § are regular sections of £? over C:;’f’, it follows
that

0= (0%-0)-07t c REZ
s
Finally, if ¢ € REE, let us write
S
r det gy 990
oUu

Note that since ¢ € RES, we also have ¢’ € REL.
S S

Next, we would like to make use of the Weierstrass normal form of the elliptic curve
E (as in [Katz], §C2). That is to say, we fix the differential

au

d log(U) = i

and take the resulting rational functions x and y on E such that dx/y = d log(U) (as in
[Katz], §C2). Thus, the elliptic curve F is defined by the equation

?JQ = 4z° — g2 — g3

where the zero section e is the point at infinity (of the affine curve define by this equation).
In order to do this, one must assume that 6= € O. Thus, for the rest of this §, until stated
otherwise, we shall assume that 671 € O. (We will state explicitly (after Proposition 4.5)
when this assumption is no longer in force.)
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Thus, x is a rational function on C' with the following properties:

(i) = has a pole of order two at the origin, and no other poles;
(ii) z is even;

(iii) the section of 7‘%’2 defined by looking at the “leading term” of z at

the origin is equal to (U-3;)2.

Moreover, y is the rational function on C' given by U g—g. (Note that since the derivation
U % is algebraic, this statement makes sense in the algebraic category despite the fact
that “U” is only defined analytically.) Then, by analogy with the classical complex theory
(see, e.g., [Ahlf], p. 272), we write

/

© and ©

for the analytic representations (i.e., elements of REE) of x and y, respectively. Also, we

. S
write

(= (0%)/(2-0%) € REL

S

for the analogue of the classical Weierstrass C-function. Note that since o2 is even, while

U % is odd, it follows that ¢ is an odd function. Also, note that since o2 has a zero of
order 2 at the origin e, it follows that ¢ - d log(U) has a simple pole at the origin e whose
residue is 1. In fact, modulo ¢, it is easy to compute ¢ explicitly: Indeed, modulo q, o2 is
equal to a unit multiple of U —2+U~1 (compare zero loci!), so we obtain that (modulo q)

1 1
cdlog(U —2 401 = 20 _ Sd log(U) = {L - —} - d log(U)

¢-dlog(U) = T T

N | —

In particular, we see that the meromorphic function ¢ is reqular (i.e., does not have a pole)
at the nodes U = 0, 0o of the component of (C%O )sp1 marked 0.

Note that the action of Ze, on ¢ may be determined as follows: 1o € Ze acts on 6

by:

6—q-U?-0

Since o2 - 0 is pulled back from C’g, it thus follows that 1o € Zet fizes 02 - 0. In particular,

the action of 14 € Zey on o is given by:
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o2 g U2 02

This allows us to conclude that the action of 1o € Z; on % times the logarithmic derivative
of 02, i.e., on (, is given by:

(—¢—1
Observe that this shows, in particular, that ¢ is reqular except at the orbit
€= Zoyle) CCF

of e under the action of Z.¢, where it is has a pole of order one.

Next, we would like to check that certain classical formulas concerning the various
functions just defined hold in the present context, as well. First of all, let us observe that
the general nonsense concerning meromorphic functions on CX can be extended to the

s
product C° X5 C’%o, as well. We leave the formulation of this general nonsense to the
reader. Now let us write

Wy T, T E:q\ ><§E§—> Eg
for the obvious multiplication and projection maps, respectively. Write
[ 20 Eg X§ E§ — E§

for the map given by (a, ) — a— 3. Then we have the following analogue of a well-known
classical formula:

Proposition 5.1. One has an equality

Y (r?)
e+ mON = (i) - (w0

of meromorphic functions on C%o ><§C§°.

Proof. The proof is entirely similar to that in the classical case. Namely, one uses the

cubical structure on £ Lc| g~ to first deduce the corresponding (natural) isomorphism

of line bundles: Indeed, if
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BE (uL) @ (riL) ' @ (m3L)

is the corresponding Gy, -biextension on the E xg E (cf. [MB] for more on cubical struc-
tures), then one has a natural isomorphism

Opxsp 2 B® (idp x (—idgp)) B
=(WL)® (VL) ® (rL)¥ @ (r3 L)%

Taking the “square” of this isomorphism shows that both sides of the desired equality can
be naturally (i.e., algebraically without enlisting the aid of the trivialization ) regarded as
rational functions on E xg E. Note that here, we use the fact that the trivialization 6 is
compatible with the cubical structure on £ (which follows from the theory of [Mumf]|; [FC],
Chapter IIT). Next, observe that since p is an even function, the left-hand side has zeroes
of order 2 at 1~ '(e) and v~ (e). Moreover, the left-hand side has poles only at 77 *(e) and
Ty 1(e), and these poles are both of order 4. Since this enumeration exhausts all the poles
and zeroes of the right-hand side, we thus conclude that the desired equality holds up to
muliplication by a unit of A. In fact, for our purposes, this will be sufficient, but one can
check that this unit must be = 1 be looking at the leading term at the origin. ()

Proposition 5.2. One has an equality

1 Wfp/_ﬂ;p/ _ * * *
5 I (1)~ (i)~ (m30)

of meromorphic functions on C%o X§C’§°.

Proof. 'The proof is entirely similar to that in the classical case: Namely, one takes the
logarithmic derivative of both sides of the equality of Proposition 5.1 with respect to the

derivation 73 (U %) + W;(U%), and then divides by 4. Note here that the push-forward

of this derivation with respect to u (respectively, v/) is equal to 2 - (U-2:) (respectively, 0).

U
O

Next, we would like to prove the analogue of Theorem C6 of [Katz]. The analogue
of the first part of this theorem (i.e., Theorem C6, (1)) consists of making explicit the
differentials defined by the canonical splitting in terms of the special function (. Recall
that over D, we already did this (i.e., wrote down the differential “w,” explicitly) in our
construction of x (cf. the discussion preceding Theorem 2.1). Thus, we would like to
extend this discussion to the situation over S.

-~

To do this, let @ € G, (S) be a point of E5. Write
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Ta:E§—>E§

for the morphism given by translating by «. Then let us consider the differential (on E§)
defined by

wo E (T () =€) - d log(U)

Note that since ¢ - d log(U) has a simple pole with residue 1 at e, the differential w,
has a simple pole with residue 1 (respectively, —1) at « (respectively, e). Clearly, the
correspondence « — w, is functorial in a. Moreover, we have the following

Lemma 5.3.  The differential w, is algebraic in the sense that it arises from a meromor-
phic differential on C. Moreover, this meromorphic differential on C has no poles except
at o and e.

Proof. Indeed, l¢; € Zeg acts on both ¢ and its translate 777, (¢) by adding —1. Thus,
lot € Zgy stabilizes w,. This implies that w, descends to an algebraic meromorpic differ-
ential on C. The description of the poles of w,, follows from the description of the poles of
¢ given in the above discussion. ()

-~ -~

Next, let us observe that (for a, 8 € G (S) = E5(S)) the meromorphic function

(T310%) - (Tj10?)
(T*71,57102) -0’2

«

on C’g\o is “algebraic,” i.e., arises from a meromorphic function on E. This follows imme-

diately (cf. the use of cubical structures in the proof of Proposition 5.1) from the fact that
the corresponding line bundle

(Tia L) @ (Th1 L) @ (To—i g L) P @ L7
(and hence also its square) is trivial. On the other hand, if we then take the logarithmic

derivative of this rational function (with respect to the derivation U %) and multiply by
1 -d log(U), we obtain

Wa +Wg — Wa.g

This implies (cf. the discussion preceding Theorem 2.1) that the correspondence a — wg

defines a homomorphism of E into Ei By the uniqueness statement in Theorem 2.1, we
thus conclude the following Schottky analogue of [Katz], Theorem C6, (1):
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Theorem 5.4. The splitting k : Es— E;L\ of Theorem 2.1 is the splitting defined by the
correspondence

0wy (T2 (¢) =€) - d log(U)

-~

for a € E5(9).

Next, we would like to move on to proving the analogue of the second part of Theorem
C6 of [Katz]. First, let us recall the exact sequence

0—0c—Tc—T1plc—0

considered in the discussion following Corollary 4.3. If we tensor this exact sequence with
WE Qo E%Q, we obtain an exact sequence

O—>wE®£?i2—>T/—>E%2—>O

Now let us recall the section

SOY:C—BH—TOY%EE

of Corollary 4.4. Since this section has a pole of order precisely 1 (< 2) at e, it follows
from the definition of 7 that it defines a lifting

¢le e 0(C, T")

of the section (0*8)2? € T'(E, £L5?). Now let us write £%% in terms of its components relative
to the canonical splitting (cf. Definition 2.3):

(£[0] - 6, €[1] - 0)

(Here, by trivializing wg by means of the section U%, we may regard £[0] as a function,

rather than just a section of wg|g..) Thus, by definition,
S

g =o?

We would like to compute £[0]. In fact, one has the following:

Proposition 5.5. We have £[0] = (0?)".
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Proof.  The proof of the equality £[0] = %(0?)’ is entirely formally analogous to the

proof of the second part of [Katz|, Theorem C6. Namely, it is a formal consequence of
Proposition 5.2. Indeed, if a € E5(S) = Gm(5), then £[0] is the unique function such

that adding (072 - £[0])(«) to the canonical splitting () of Theorem 2.1 gives rise to the
splitting Sor () over . But by Corollary 4.4 (and the explicit form of S, in terms of z
and y reviewed in the discussion preceding Corollary 4.4), this splitting Sy, (a) corresponds
to the meromorphic differential

Y+ y(a)

o e d log(U)

while by Theorem 5.4, the meromorphic differential given by adding (o= - £[0])(a) to the
canonical splitting x(a) of Theorem 2.1 is precisely

wa + (072 €[0])(a) - d log(U) = {¢(a™" - U) = ¢(U) + o) "> (€[0]) ()} - d log(U)

Since y is an odd function, while x is even, it thus follows from Proposition 5.2 that these
two expressions are equal precisely when o2 - £[0] = ¢, i.e., £[0] = 5(0?)’, as desired. O

Now let us recall that ( =
order 1 at the origin e. Next, note that since the meromorphic splitting S, is defined over

2 with a pole of

C’A, its pull-back to C'A is a meromorphic splitting of E2|coo over C’A which is regular

away from e. On the other hand, it follows from Proposition 5. 5 that the canonical splitting
r over B is equal to the difference between Sor|p. and ¢ - d log(U)|g~. Thus, it follows
S S

that the canonical splitting k extends to a meromorphic splitting of E$|Cg\o
S

Next, let us observe that the natural action of Z.; on C’A and E |coo fixes S (since

Sor is obtained by pull-back from Cz). The action of Z.; on the meromorphlc extension
over C%O of k may thus be determined by looking at the action of Z on the difference

between this meromorphic extension and Sy;|ce, i.e., the action of Ze; on (. Moreover, as

S
computed above, the action of 1t € Zgt on ( is given by:

(—=¢—1

Thus, the action of 1l¢t € Zegt on the meromorphic extension of x (which is, roughly
speaking, just “So — () over C’%O is given by:

k+— k+d log(U)
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In particular, since we know that ¢ and Sy;|c~ are regular everywhere except €, while x
S

is regular at e € E§(§ ) C C:C;\O (S), we conclude that the meromorphic extension of x over
C’%O is, in fact, reqular over all of C%O. In other words, we have proven the following;:

Theorem 5.6. The canonical section k of Theorem 2.1 extends to a (regqular) section of
|coo over CA By abuse of notation, we also denote this (unique) extension of Kk by k.

The actwn of let € Lot on C’A induces the following action on k:

K+ Kk +d log(U)

The difference between k and the pull-back to C’%O of the section Sy of Corollary 4.4 is

given by the function C = (20 )2 , which is meromorphic on C’g\o, and reqular everywhere on

C’§ except for a pole of order 1 on € (the Zgi-orbit of the origin of Eé\) The action of
let € Zet on C is given by ( — ¢ — 1. Finally, the section k of EL|C§> may also be thought
S

of (relative to the isomorphism of Theorem 4.2) as (—% times) the section associated to

the unique connection on E%% for which the section 0 is horizontal.
S

Proof. It remains to prove the final assertion concerning the connection. Let us denote
this connection by V. Then

V(ie-0)=2-C-(0-0)-dlog(U)

Since o - 6 is nonzero everywhere on C%O except €, it thus follows that the connection V is
regular everywhere on C’%O, except possibly at €. On the other hand, since 1.(6) = ¢-U?-0,
it follows that 1 (V) = V — 2; hence that V (which we know to be regular at e) is also
regular over all of €, hence over all of C’A Thus, V defines a regular section kv of EC|C°°
which satisfies 1t (ky) = kv + 1. In partlcular Kk— Ky € F(CA wE]Coo) = wg, l.e., the
difference kK — Ky is constant. Now we consider the automorphism « of C2° induced by

“multiplication by —1” on E. Note that since a(c-6) = -6, the above formula for V(o -6)
shows that a(V) = V. Thus, (since the isomorphism of Theorem 4.2 is compatible with
the automorphism «)) we obtain that the differential Kk — ky € wg = A - d log(U) is fixed
by a. On the other hand, since a(d log(U)) = —d log(U), this implies that Kk — ky = 0, as
desired. O

84



Corollary 5.7. The canonical section k induces an isomorphism:
Bl s = Waxz O
clex = We 75 ™3
(where Wg 15 the geometric object corresponding to the line bundle wE\g on the formal
T
C

the action of Ziey on W X g C’g\o defined by taking the product of the usZal action of Ziey on
C’:‘;\O with the action of Ze, on W given by letting 1 act as addition by d log(U).

scheme §) Moreover, relative to this isomorphism, the quotient EL|CE\0 — E/ is given by

Corollary 5.8. The components (cf. Definition 2.3) of any section € F(Eg,ﬁ%m T)
EC

with respect to the canonical splitting k of Theorem 2.1 form elements of R’y of degree i.

Remark. Note that the assertions of Theorem 5.6 and Corollaries 5.7, 5.8 may be checked
after inverting 6, so in fact, these results are all valid even if one does not invert 6. On
the other hand, as computed above, modulo ¢, we have:

(=--dlog(U—-2+U"") = —— — ~dlog(U)

i.e., ¢ itself fails to be integral at the prime 2. Since the sections k (cf. Theorem 2.1) and
Sor (cf. the discussion preceding Corollary 4.4) are integral at 2, and ( is precisely the
difference between these two sections relative to the isomorphism of Theorem 4.2, it thus

follows that the isomorphism between Eé — C and —T,, — C (cf. Theorem 4.2) is not
integral at 2.

Finally, before proceeding, we apply the theory developed thus far to obtain explicit

information concerning liftings of torsion points of E to ol (cf. Remark 1 following
Definition 3.2). First, observe that since Es is essentially obtained by dividing Gy, by
the action of Zg; obtained by multiplying G,, powers of the period ¢, it follows that the
inverse images of the torsion points of Ezin C:‘;\O are the points the form:

a-¢” € Gn(Ald’,¢7']) = C%(Al"]) = CZ (Ald"))

where “Gp,(~ [¢71]) = C*°(~)” follows from the “Néron model-like” property of C*°,
referred to earlier; « is a root of unity € A; and 8 € Q. On the other hand, by Corollary

5.7, ET@ is essentially obtained by dividing the abelian object by W x Gy, by the action

of Z. obtained by adding/multiplying multiples of the element (d log(U),q). We thus
conclude the following:
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Corollary 5.9. Relative to the isomorphism
E]L| o 2 WaxsOF
clex = We 75 ™+3

of Corollary 5.7, the inverse images of the torsion points of ET are precisely the points
whose coordinates (on the right-hand side of the above isomorphism) are given by

(B-dlog(U),a-q")

where « is a root of unity € A*; and B € Q.

Thus, in particular, torsion points of order N will, in general, have coordinates with
denominator N.

§6. Higher Schottky-Weierstrass Zeta Functions

In this §, we define a new integral structure on the universal extension of a degen-
erating elliptic curve at finite primes. Using this new integral structure, we construct
“higher” analogues of the Schottky- Weierstrass zeta function considered in §5. These higher
Schottky-Weierstrass zeta functions (together with their twisted analogues, to be discussed
in Chapter IV) will play a fundamental role in this paper.

We work with the notation of §5. Thus, let O be a Zariski localization of O, where
K is a finite extension of Q. Let

AL O[lq; 5% Spec(A)

Then we have a one-dimensional semi-abelian scheme

E— S

over S. Roughly speaking, one may think of E as being “G,/q¢%.” More rigorously, F
may be compactified to a log elliptic curve C'°8 — S'°8. Moreover, C:g\ (the result of base

changing C' to the ¢g-adic completion S of S ) may be written as

C5=CF Loy

Next, let us recall the contents of Theorem 5.6, and its corollaries. First of all, the
universal extension BT — E of E extends naturally (cf. Corollary 4.3) to a Wg-torsor
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Eg — C. (Here, Wg — S is the geometric line bundle defined by the invertible sheaf wg
on S, i.e., it is the object denoted “W” in §2.) Then Theorem 5.6, Corollary 5.9 state that
we have a natural isomorphism

Bllos = (Wp)g x5 O

o~

S

relative to which the quotient Eg|cio — E}L; of the left-hand side corresponds to the
S
quotient by the subgroup generated by

(d log(U), q)

on the right-hand side. In the following, we shall identify E;r;\cio with (WE)§ ><§C§° via
S

this isomorphism. Moreover, (to simplify the notation) we shall trivialize wg by means of
the section d log(U). Thus, we may write

Wg = Spec(Os[T])

(where T is the indeterminate corresponding to the chosen trivialization of wg).

Next, let us write (for n € Z>)

of 1
TS (T - 1)(T-2) . (T (n— 1))
n!
which we think of as a section of Oy, ® Q. For negative n, we let Tl 2, Thus, we

have

Tl _ 1; T — T; T2l — %T(T -1)

Also, if f(T) is a section of Ow, ® Q, let us write f(T + n) for the result of applying to
f(T) the automorphism of Wg induced by net € Zet, i.e., the automorphism defined by
T — T + n. Thus, in particular, we may define:

def
o(f) = f(T'+1) = f(T)
Then we have
(5(T[”]) — Tln—1]
Now we are ready to define new integral structures. First of all, let us write
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for the push-forward via Eg|cg\o — C’:‘;\O of the structure sheaf O . Then we would
S

El'Cf\o
S
like to define a new integral structure on R ® Q as follows: By the above discussion,
Ec'C‘f\o
S
the sheaf of algebras R + on C':Z\O may be identified with
Ec'CS\O

S

OC? ®og Os[T] = OC/;\O ®os (@ Og-T" )

n>0

Then the new integral structure will be given by the sheaf

(9050 ®0s (@ Og - T )

n>0

Let us denote by

the corresponding subsheaf of R t ® Q. Note that R** ; has a natural filtration

Egloge Ellcee

whose n-th member is given by the polynomials of degree < n. Thus, F™ (R ) is a

Ellex
S
vector bundle on C’:‘;\O of rank n such that we have a natural identification

1 n
(FnH/Fn)(RetT )=~ Ocx ®0s Th
Eclcf)\o . s
S

Moreover, let us observe that the filtered Ocee-submodule R CR t ® Q is
S EC' o E
S

S
preserved by the natural action of Ze, on C’%". Indeed, 1o € Zoy maps f(T) def pln] 4
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f(T+1) = f(T)+5(f) = F(T)+T" 1. Since TI"~1 also forms a section of R , and

Eglose
S
Re is an Oge-module (hence closed under addition), we thus conclude that R
Ec|09\° o Ellox

S S
(as well as its filtration) is stabilized by the action of Z, as desired. We summarize this
as follows:

Proposition 6.1. The O¢ge -submodules
S

LCF"(R,  )C...CR CR + ©Q
C

Eglege El oo Eile
s s

m)g

are all preserved by the natural action of Ze,. Thus, they descend to form natural Oc¢-
submodules

...gF”(ReE[)g...gRetT CR

Eg Eg

FeQ

E

where the subsheaf F"(R®,) of the filtration is a rank n vector bundle on C such that

EC
(P FT)(RY) = & - Oc @o. 75",
EC’

Proof. It remains only to check that the various sheaves that were constructed on C’%O do
indeed descend to C. That is to say, since the covering C’g\o — C’§ is infinite, the reader
may fear that one cannot immediately apply the usual machinery of étale descent. In fact,
however, this is not a problem since Cz admits a (finite) Zariski open cover {U} (in the
category of formal §—schemes) such that over each U, the covering C’:‘;\O — Cg splits. Thus,
there is no problem with descent. ()

Definition 6.2. The integral structures denoted by a superscript “et” will be referred to
as étale-integral, or et-integral, structures. That is to say, “et” stands for “étale,” and is
the same as the “et” in Z. In particular, the “étale-integral structure” may be thought
of as the integral structure arising from thinking of algebraic functions on the universal
extension as set-theoretic functions on Ze, i.e., on the fibers of the infinite étale covering
ngo — C%O/Zet = Cg

The original integral structure on the various “R’s” (i.e., the integral structures with-
out a label) will be referred to as the de Rham-integral, or DR-integral, structures. This is
because they arise from the original natural integral structures on the universal extension

ET as a sort of de Rham cohomology — i.e., “Hpp (E,OF)” — associated to E.
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Now we are ready to begin the construction of the higher Schottky- Weierstrass zeta
functions. In the following, we shall refer to polynomials

¢TI + ¢ T 4 g

(where r is a natural number) whose coefficients ¢y, . .., ¢, are meromorphic functions on
C’:‘;\O as extension polynomials. One may also think of extension polynomials as meromor-

phic sections of R, over C%O. We would like to consider those extension polynomials
E

C
which are invariant under the natural action of Zet, i.e., which descend to CA Note that
since all OCA torsors on C’A split as soon as one allows a pole of order 1 at the origin e, it

follows that there exist Loy -invariant extension polynomials of the form:

T 4 ¢ T 4 g
where ¢, ..., ¢,_1 are meromorphic on C:‘;\O , regular away from € (the Zg-orbit of the

origin), and have a pole of order at most 1 at the points of €. For instance, the most basic
example (in the case where 2 € O*) of such a polynomial is the polynomial

T+¢

(where ( is as in §5) studied in §5. Note that whereas 1ot € Zet acts on T' by

T—T4+1

it acts on ( by ( — ¢ — 1. Thus, T+ ( is indeed Zg¢-invariant. In the following, we would
like to study the case of arbitrary r > 1.

First, let us introduce some notation: If f is an extension polynomial, then let us
denote the result of acting on f by ley € Zey by means of the notation a(f). Let

This extends the definition of § given in the discussion preceding Proposition 1.1 (i.e., the
case of extension polynomials with constant coefficients). Also, if f and g are extension
polynomials, then we have

6(f-g) =0(f)-alg)+ [ d(9)
Thus, to say that
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f = i anfz’ : T[Z]
=0

is Zet-invariant means precisely that

6(£) =D 6(6ui)@ + TN 4 gy - T =0
1=0
i.e., that for all 7,

(Ppn—i) + 0(dn—i—1) + Ppn—i—1 =10

(where we let ¢, 10 for j <0, 7 >mn). Thus, we obtain the following:

Lemma 6.3. Let n be a nonnegative integer. Suppose that

f = i ¢n—i : TM
1=0

s a Leg-invariant extension polynomial such that oo = 1; and all the ¢;’s are meromorphic
functions on C’%O which are reqular away from € (the Zei-orbit of the origin), and have a

pole of order at most 1 at the points of €. Then there exists a Ze-invariant extension
polynomial

n+1

g = Z Ynt1—i - Tl
1=0

such that ¢; = 1; for 0 < j < n; and Y,41 is a meromorphic function on C’%O which is
reqular away from € (the Zgi-orbit of the origin), and has a pole of order at most 1 at the
points of €.

Proof. First note that, since for 0 < j < n, the invariance condition discussed above (i.e.,
“6(pn—i) + 0(pn—i—1) + ¢n—i—1 = 07) on the ¢;’s is precisely the same as the invariance
condition on the 1;’s, it thus follows that

n+1
2.7l 4 Z Brs1—i - Tl

=1
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defines a Z.¢-invariant section of the sheaf of extension polynomials modulo constant terms
on C’%O. Moreover, since H 1(C§, Oc.(e)) = 0, it thus follows that as long as we allow a
S

pole of order 1 at e, this section lifts to a Zei-invariant extension polynomial

n+1 ’
9= Z g1 - T

1=0

(where 9; = ¢; for j =0,...,n, and 1,41 has the desired properties). This completes the
proof. O

Theorem 6.4. Let n be a nonnegative integer. Then there exists a Zei-invariant exten-
ston polynomial

such that (o = 1;

8(Cn—i) + 6(Cn—i—1) + Cn—i—1 =10

(for alli); and all the (;’s are meromorphic functions on C’g’ which are regular away from

€ (the Ze-orbit of the origin), and have a pole of order at most 1 at the points of €. In
particular, we have

6(¢) = —Cim1 4 Gjma — o+ (177G + (1) G0

(for all j). Finally, if an cee An satisfy the same conditions as (o, ...,Cn, then for each
j=0,...,n,

G — Zj = some A—linear combination of (o, ...,(j—1
(where A = O[[q]]).

Proof. The existence of (p,...,(, as stated follows by successively applying Lemma 6.3,
starting with the extension polynomial 1 (in the case r = 0). The second formula for §(;)
follows by induction on j from the first formula §(¢,—;) + (¢n—i—1) + Cn—i—1 = 0.

Thus, it remains to see what happens if 507 .. .,En satisfy the same conditions as
Co,---5Cn. We prove that ¢; — (; is an A-linear combination of (p,...,(;j—1 by induction
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on j. This is clear for j = 0 since, by assumption, (, = Z’O = 1. Now observe that, by the
induction hypothesis, both

5(@') = —(j—1+(j—2— ...+ (—1)j_1C1 + (—1)j§0
and

5(C) = —Ci1 + Gz — ot (1) 710 + (=1)7G

are of the form “—(;_; plus an A-linear combination of (p,...,{j—2.” Thus, by repeated

application of the formula

5(¢) = ~Co1+Gog — o+ (=D + (D)

for [ < j — 1, it follows that there exists some

Y=G+n
where 7 is an A-linear combination of (p,...,(;—1, and, moreover,
() = 6(¢5)

In particular, it follows that e def v — Z’J is a meromorphic function on C' which is regular

away from e, has a pole of order < 1 at the points of €, and, moreover, satisfies J(e¢) = 0,
L.e., is Zep-invariant. But this implies that € arises from a meromorphic function on Cg
which is regular away from the origin, where it has a pole of order < 1. In other words,
this meromorphic function on C'; forms a regular section of ch(e) over Cg. But it follows

from Riemann-Roch that such a function must be constant, i.e., € A. Thus, € = 7—@- e A
This completes the proof. ()

Remark 1. Note that the (;’s of Theorem 6.4 are not uniquely defined (except for j = 0).
Nevertheless, we shall often refer to these (;’s, which are useful for explicit computations,
as higher Schottky-Weierstrass (-functions. Also, we observe that if 2 € O, then the
function ¢ of §5 serves as a “(;” in Theorem 6.4.

Remark 2. By using the Gy,-splitting discussed in §3, one may also construct complex
analytic Schottky- Weierstrass (-functions, as follows. Namely, just as in §5, we may form
the complex analytic Schottky-Weierstrass (-function
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by taking the difference between the G,,-splitting of §3 and the meromorphic splitting S,
of Corollary 4.4. This function is meromorphic on Gy, (in the usual sense of complex anal-
ysis), regular away from ¢Z C G, and satisfies (relative to the notation in the discussion
of the G,-splitting in §3) the relation

Clg-U)=¢(U) -1

(where U is the standard multiplicative coordinate on Gy,). Indeed, to check that this
relation is satisfied, it suffices (since all the functions involved depend meromorphically on
q and U) to check it as ¢ — 0. But this case is precisely the case where one is working
near the point at infinity of M o(C), i.e., the case discussed in §5. Thus, by regarding
the various algebraic and formal algebraic functions of §5 as complex analytic functions,
we see that this relation follows from the corresponding formal algebraic relation proven in
Theorem 5.6. Finally, by performing exactly the same formal operations that we have done
in the present §, but this time in the complex analytic category, we also obtain complex
analytic higher Schottky- Weierstrass (-functions

gOa"an

as in Theorem 6.4.

§7. Canonical Schottky-Weierstrass Zeta Functions

In this §, we continue the discussion of higher Schottky-Weierstrass zeta functions
begun in §6. The purpose of the present § is to construct two collections of canonical
higher Schottky- Weierstrass zeta functions by means of various differential operators acting
on the line bundle under consideration. The first type of canonical zeta function, which
we refer to as divided power canonical zeta functions, is the most basic type of canonical
zeta function. These divided power canonical zeta functions do not satisfy quite the same
relations (concerning the operator ) as the functions of Theorem 6.4 (although they do
satisfy certain relations similar to the relations in Theorem 6.4), and, moreover, are not
integral, i.e., are only defined over Q. The second type of canonical zeta function, which
we refer to as binomial, is of the sort considered in Theorem 6.4, and, moreover, is integral
except at the prime 2. Both the divided power and binomial canonical zeta functions of
the present § (as well as various other types, to be introduced later) play an important role
in the theory of this paper (cf., especially, Chapter V, §4; Chapter VII; Chapter VIII).

We maintain the notation of §6, except that in this §, we assume, until mentioned
otherwise, that O is a number field. In particular, O O Q. As usual, we will write

Loz = Ocx(€)

S S
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where & % Zei(e) C C%O . Note that Z.; acts on the global sections of Lo~ over Cgf’ .
S
Thus, in particular, the operator § of §6 defined by

def

6(f) = Les(f) = f

acts on F(Cg\o, Leoe). Just as in §6, we would like to study sections of Lo over C%O which
S S
satisfy certain properties with respect to the operator §.

Next, let us observe that we also have another operator on sections of Lo~ given by

S
the connection V on Lo defined by the canonical section —x (cf. Theorem 5.6). That
S

is to say, by Theorem 5.6, —2 - k determines a connection on E%go, so —k determines a

S
connection on Lo which is defined whenever 2 € O* (as is the case here). Let us denote
S

the operator on sections of EC? given by applying the connection V in the direction U 577
by

def

f=0"(f) = Ve, (f)

77)

Note that since (cf. Theorem 5.6), 1let(k)
1

+ d log(U), we obtain that 1¢(V) =
V —dlog(U). Thus, 1(6*) = 0" —1 (i.e., =

w(6°(f)) = 6" (Lee(f)) — Lec(f)), s0 we obtain:

[0%,0)(f) = [6%, Let)(f)
= 5*(1et(f>) - 1et<5*(f))
= let(f)

i.e., [0%,6] = 1lot. Roughly speaking,

It is natural to think of ™ as “differentiation O with respect to the holo-
morphic variable” and 0 as “differentiation O with respect to the anti-
holomorphic variable.”

Alternatively, one may think of the operator 6* as a sort of adjoint to the operator §. This
point of view is motivated by the complex analytic theory, which we will discuss in more
detail in Chapter VII, §4.

Next, let us observe that if we let (§P € F(C/;\O,ﬁcg\O) be the section defined by
S
“1 € Oc=(€),” then it follows from Theorem 5.6 that
S

() =G

(where (p is as in §5). Thus, it is natural to set (for any integer n > 0)
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def 1,
Gl E ()G

Here, “PD” stands for “puissances divisés” (i.e., “divided powers” in French).

Just as was the case with the higher Schottky-Weierstrass zeta functions of Theorem
6.4, the canonical Schottky-Weierstrass zeta functions fit together to form “Z;-invariant
extension polynomials’ as follows: First, observe that in the above discussion, we worked
with various functions/sections of line bundles over C’g\o. In order to obtain Z;-invariant

extension polynomials, we must instead work with objects over Eg|coo. Recall that by
S

Corollary 5.7, EC]Cm — C’A admits a natural splitting which allows us to regard the
push-forward of O Jf to C’§ as the Oc-algebra
S

BEllox
S

Oc=[T]

(cf. the discussion at the beginning of §6). Note that by Theorem 4.2 (which we are
at liberty to apply since here, we are working in characteristic zero), the pull-back to

EL‘CS\O of the line bundle L& admits a tautological connection V', Here, just as in the
S

above discussion involving V, we use the notation “(6**"*)*” for the tautological connection
Vtaut applied in the direction U %. Since the natural isomorphism of Corollary 5.7 is
an isomorphism of Wg-torsors, it follows easily from the definitions that, relative to the
connection V considered above (arising from —x), we have:

(5taut)* — 5* —|—T

Note that unlike 6*, the operator (§*"*)* descends (since it is “tautological”) to E]L , hence
is Zet-tnvariant. Now we have the following result:

Lemma 7.1.  We have (forn >0):
(i) 0°(¢yP) = (n+1) - Gy

(ii) ¢EP[T) = def S, P % is Zieg-invariant.

(i61) 3(G) = i (CD™ Gl =~ 4 5 G (1 -
In particular, 6™(¢EP) = (=1) - ¢FP.

Proof.  First, we observe that: (i) follows immediately from the definition of ¢F'P; (iii)
follows from the Z-invariance of (ii) by evaluating the expression of (ii) at “U” equals
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q-U, “T” equals 0 (which yields 1 (¢YP)), and noting that this is equal to the expression of
(ii) at “U” equals U, “T” equals —1 (which yields Y ., ((:21;!" -¢PP). Thus, it suffices to
prove (ii). But (ii) follows from the Z-invariance of (6**"*)*: Indeed, since [ 6*, T'] = 0,
if we apply = - ((6*%)*)™ to (5P (which is clearly Zg-invariant), we obtain:

1 tautysyn PDy _ L (1 cuvif -PD n—i
- (7)) (G )—m'; SO (G T) T
= . b ™
; Y (n—a)!
1=0
as desired. ()
Lemma 7.2. Any ¢ € F(ngo,ﬁcg\o) such that 6"*t(¢) = 0 for some nonnegative
S
integer n may be written as a unique A-linear combination of ¢¥P,... (PP, In particular,
SP ..., ¢FP are linearly independent over A.

Proof.  This follows by induction on n. It is clear when n = 0 (since I'(C, L¢) (C

F(C?,Ecgo)) is a free A-module of rank 1 generated by (f'P). For arbitrary n > 1,
S

if "T1(¢) = 0, then by the induction hypothesis, §(¢) may be written as an A-linear
combination Z?:_OI c; - ¢FP. Thus, by Lemma 7.1, it follows that for some appropriate

c; € A, the function ¢ — Z?:_Ol ¢, - B is contained in the kernel of §, hence can be written
as an A-multiple of (}'P, as desired. Linear independence follows similarly by applying 6,
using the induction hypothesis and Lemma 7.1. ()

Definition 7.3. We shall refer the functions (f'P € I‘(C’:‘;\O, Loe) as divided power (canon-
S

ical Schottky- Weierstrass) zeta functions.
Thus, putting everything together, we see that we have proven the following result:

Theorem 7.4. (Divided Power Canonical Schottky-Weierstrass Functions) Let
&P e F(C:g\o,ﬁcg\O) be the function “1” € Ocx=(€). Write (for n € Z>¢)
S S

def 1/ in
CSDZQE(M 5o

(and let ¢EP ) ifn <0). (Thus, in particular, the function (2 here is the same as the
function “C1” of Theorem 5.6.) Then §*(CEP) = (n+1)-¢EP;, 6"(¢EP) = (—=1)" - TP (if
n>0);
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B(CRP) = 0 (FU) T PP = =P 5 R (1) - P
(for alln € Z). Moreover, the A-submodule of F(C%O, Lcse) generated by ¢EP, ... ¢EP s
S
equal to the A-submodule of sections of F(C?? /Jcoo) which are annihilated by 6"tL. In
particular, this submodule is equal to the A- submodule of F(C’A [,Coo) generated by the
functions denoted “Cy,...,C,” in Theorem 6.4. Finally, the polynomzal

PD [ def Zn pp 1" pp 1" pp TV PD PD
Z — s - _ = . . . . Z
Cn [ ] ' Cz (’I’L—Z)' 0 +C1 (TL— 1)' + +Cn—1 +Cn

(€ F(stoxo,ﬁcg\o [T])) is Zei-invariant (relative to the natural action of Ze, on Cgo;o, Lo,
S S
and the action of Ze, on T given by let(T) =T +1).

Remark 1. Just as was the case with Theorem 6.4, Theorem 7.4 also has a complex analytic
version. We leave the routine details to the reader.

Remark 2. 1t is clear from the formula for §(¢'P) that the denominators that occur
are “essential” (i.e., they cannot be eliminated as in the case of Theorem 6.4 simply
by “redefining the integral structure” as in Definition 6.2). In fact, we shall see (cf.
Chapter VI) that the functions of Theorem 6.4 are more suited to the study of the universal
extension at finite primes (i.e., in mixed characteristic), where as the functions of Theorem
7.4 are more suited to the study of the universal extension at infinite primes (cf. Chapter
VII; Chapter VIII).

Remark 3. One “generating function-theoretic” way to summarize the content of Theorem
7.4 is the following: Let s be an indeterminate. Note that

(8, (62 ] = [, 6*+T] = 0

Thus, since §(¢¢P) = 0, § also annihilates

(O HT)s (PP 5 <Z ¢PD. n’i—; )_Sn

n>0 =0
=G T+ G P s+ GPT)-s* + .+ G P[T] 8" + .
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The coefficients of this series are precisely the functions discussed in Theorem 7.4.

Next, we would like to construct the binomial canonical Schottky-Weierstrass func-
tions. First, recall the polynomials

n] def 1
n!

Tl T(T—1)(T—-2)-...- (T —(n—1))

discussed in §6. If D is any operator, we shall denote by

D
n
the operator obtained by substituting D into the polynomial 7.

Lemma 7.5. If Dy and Dy are any two commuting operators, we have (for n a positive

integer)
Di+Ds\ _x~ (D1\ ([ D2
n B ¢ \m n—m

m=

Proof. This identity is essentially an equality between two polynomials (i.e., the expres-
sions on the left- and right-hand sides) in two variables (i.e., D1, D3). Thus, it holds
if and only if holds when D; and D, are arbitrary positive integers. But for such D,
and Do, this identity may be checked by considering the coefficients of ™ in the equality
(1+z2)Pr P2 = (1 + 2)P1 . (1 + 2)P2 (where z is an indeterminate). O

Now we define ¢! o &P (for n a positive integer) (B! o (‘:)( Dy;

ey (")) = X apterinm
m=0

Note that the Zg-invariance of (6%24%)* = §* + T implies that (B![T] is also Zi-invariant.
In particular, the (B! are higher Schottky- Weierstrass zeta functions in the sense of the
Theorem 6.4. From a “generating function-theoretic” point of view, one can write

(L) H Dt =" M1 -s"

n>0
=G T+ T s+ GHTT -8+ + QT 8™ +
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Finally, we observe that the (B! are integral over Z[3]. Indeed, to see this, we reason as
follows: Recall the section 08 € T'(C, L) of §5. If we apply ((:) to (0218)2| g = (0?1)2-0,
S

which is a series with Z-integral coefficients in the monomials

{qk2+k 2kt _e’qkz U2k . 97qk2—k L2kl 0

then since (i:) acts on U* by multiplication by (ﬁ), we obtain that (‘:)(o—alg)2lcgo is Z-
S

integral. On the other hand, (P! is essentially ((Sn) (0%'8)|ce, so the Z[$]-integrality of ¢!
S
6*

follows formally by solving for 2 - s”(n

)(0™8)|c (and applying induction on n) in the
S

formal identity

(L+5) {(0™8)?} = {(L +5)° (o™¥)}

(where we note that this formal identity follows from the general fact that if X is any
“operator” on “(commuting) functions” A, B which satisfies the Leibniz rule, then the
identity eX (A - B) = eX(A) - eX(B) is a formal consequence of the Leibniz rule).

Definition 7.6. We shall refer the functions (B! € F(Cé’\o , Loee) as binomial (canonical
S

Schottky- Weierstrass) zeta functions.

Theorem 7.7. (Binomial Canonical Schottky-Weierstrass Functions) Let (P! €
F(Cg\o,ﬁcg\o) be the function “1” € Oce=(€). Write (for n € Z>q) ¢5! def (5*)( 8N
S S

n

(") @ =3 e

m=0

Then the (B, (BUT)’s satisfy the properties of Theorem 6.4 (where we take “C,” of The-
orem 6.4 to be (B1; “f” of Theorem 6.4 to be (BY[T)). In particular, the (BI[T)’s are

Z..-invariant. Finally, the CBYT)’s are integral over Z[%]
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Chapter IV: Theta Groups and Theta Functions

§0. Introduction

In this Chapter, we discuss theta groups in various contexts. These groups will play a
key role in this paper. In §1, we review the “classical theory” of theta groups and algebraic
theta functions of [Mumfl,2,3], specialized to the case of elliptic curves. In §2, we discuss
the relationship between this sort of theta action, and the theta action that one considers
in the case of the Schottky uniformization of a degenerating elliptic curve. In §3, we use
the theory of §2 to define twisted Schottky- Weierstrass zeta functions, which will play an
important role in the calculations of Chapter V. In §4, we review Zhang’s theory ([Zh]) of
metrized line bundles. Finally, in §5, we discuss the relationship between Zhang’s theory
and the theory of Mumford reviewed in §1. We then apply this discussion to compute
various degrees of push-forwards of metrized line bundles.

§1. Mumford’s Algebraic Theta Functions

In this §, we review the definitions and basic properties of theta groups (cf., e.g., [MB],
Chapitres V, VI) and algebraic theta functions (cf. [Mumfl,2.3]). See also [Mumf4] for
basic facts concerning abelian varieties. Let

f+E—S
be an elliptic curve over a scheme S, with identity section e : S — E. Let L be a relatively
ample, symmetric line bundle on E, of relative degree d (over S). Then it is not difficult

to show that L is necessarily of the form:

LEOp((d—1)-[e] + [1]) ®os M

where 7 € E(S) is a section such that 2 -7 =0, and M is a line bundle on S.

For any point a € E(T') over an S-scheme 7', the line bundle
(ToL)@ L™

(where Er B xgT; 1, : Ep — Er is translation by «) on Er is of relative degree 0
over T, hence defines (by a + (77L) ® £!) a homomorphism
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¢£:E—>E

whose kernel

Kr=Ker([d]: E— E)
is the kernel of multiplication by d on E. In particular, K, is a finite, flat group scheme
over S.

Next, we define the scheme

Gr

to be the scheme that represents pairs (c,t), where a € E(T) belongs to K. (T), and
v:TYL = L is an isomorphism of line bundles on Ep. Then G, has a natural structure of
group scheme over S which fits into an exact sequence (in, say, the finite flat topology of

S):

1—-(Gn)s =G — Kr—1

where the projection G, — K is given by («,t) — «, and the inclusion (Gy,)s — G is
given by the natural action of (Gy,)s on L. Although (Gy,)s lies in the center of G, in
general, G, will not be commutative. Indeed, the commutator map (a, 8) — «a-3-a=1. 571
(for o, 8 € Go(T)) defines a bilinear nondegenerate pairing

[—, =] : K x Kz — (Gn)s

The group scheme G, is called the theta group associated to the line bundle L.

Next, we would like to consider quasi-coherent Og-modules equipped with an action
of G, such that (Gn)s € G, acts via the “identity character” (Gp)s — (Gm)s. We
shall refer to such modules as “Og[G]-modules,” for short. Note that it follows from the
definition of G, that

v& ¢

has a natural structure of Og[G.]-module. Moreover, one has the following (cf. [MB],
Chapitre V, Corollaire 2.4.3):

Theorem 1.1. The operation “@o V" induces an equivalence of categories between the
category of quasi-coherent Og-modules and the category of Og|Gr|-modules. Moreover,
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up to tensor product with a line bundle on S, V is the unique Og|Gr|-module with this
property.

Example 1.2. Now suppose that we have an isomorphism

K = py x (Z/dZ)
such that the pairing discussed above is given by (a, 3) +— o?, for a € py, 8 € Z/dZ,
A € G, (T). Then one may construct G, as well as the Gz-module V explicitly, as follows.
First of all, the T-valued points (for an S-scheme T') G(T') of the group scheme G, may

be thought of as the set of triples («, 3, A), where o € py, 8 € Z/dZ, A\ € G, (T'), and the
multiplication law is given by:

(a1, B, A1) - (a2, Boy Ao) = (ar - @z, B1 + B2, A1 - Ao - ap ™)
Now define the G,-module W as the free Og-module

Wd:efOS'eo@Os-el@...@Os-ed_l

(where we think of the indices of the e; as elements of Z/dZ) on which (0,0,\) € G.(T)

acts via the Og-module structure; («,0,1) acts on e; via e; — o' - e;; and (0, 3,1) maps e;
to e;4+3. Then the resulting Og[G,]-module W is isomorphic to

M RKog f L

where M is a line bundle on S.
Next, we consider Lagrangian subgroups of G,. Let

Ky C Kp

be a subgroup scheme of K, which is étale locally (on S) isomorphic to either to p, or
to Z/dZ, and, moreover, has the property that the restriction of the pairing Ky x K; —
(Gm)s discussed above to Ky is trivial. Then the inverse image Gy C G, of Ky defines
an abelian group scheme over S which fits into an exact sequence

1 —(Gm)s - Gg — Kg —1
If Ky is étale locally isomorphic to py, then (Gy,)s and Kp are both group schemes of
multiplicative type. Hence, it follows that the splittings of this exact sequence are equiv-

alent to splittings of the corresponding exact sequence of character groups (i.e., the exact
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sequence given by applying Hom(—, (G,)s) to the above exact sequence). In particular,
we see that the above exact sequence splits étale locally on S. If Ky is étale locally iso-
morphic to Z/dZ, then the issue of whether or not this sequence splits is more delicate,
but in the cases that we are interested in, this sequence will, in fact, split.

Suppose that

H C Gy

is a splitting of the above exact sequence. Then we have a natural isomorphism H = Kg.

Definition 1.3. We shall refer to a subgroup Ky C K, as above as a Lagrangian
subgroup of K. We shall refer to splittings H C Gy as Lagrangian subgroups of Gr.

Remark. Note that the definition of “Lagrangian” here is somewhat different from that
of [MB]. Nevertheless, when applied to H (as opposed to Kp), any Lagrangian subgroup
relative to Definition 1.3 is also Lagrangian for [MB], Chapitre V, Définition 2.5.1.

The following result is proven in [MB], Chapitre V, Théoreme 3.2, (i); Chapitre VI,
Propositions 1.2, 1.4.5:

Theorem 1.4. Let H C G, be Lagrangian. Then the correspondence

M — MH

defines a equivalence of categories between the category of Og|Gr|-modules and the category
of quasi-coherent Og-modules. Moreover, H C G, defines a line bundle Ly on the elliptic

curve By def E/Kpy together with an isomorphism Ly|p = L. Finally, this isomorphism
mduces an isomorphism

(fL)™" = (fu)s(La)

(where fr : Ey — S is the structure morphism,).

Remark. In fact, to give a line bundle Ly on Fy = E/Kp together with an isomorphism
Ly|p = L is equivalent to giving the datum of the lifting H C G, of Ky C K,. Thus,
often instead of specifying (respectively, showing the existence of) the lifting H C G, we
will specify (respectively, show the existence of) the line bundle Ly on Ey = E/Ky.

Theorem 1.4 is convenient for reducing proofs concerning f.L to proofs concerning

(fr)«(Lrr).
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We are now ready to review Mumford’s construction of algebraic theta functions (cf.
[Mumf1,2,3]). In the remainder of this §, we assume, for simplicity, that

T=e

If N € Z, let us write [N] : E — E for the map given by multiplication by N. Note that
the map [—1] : E — FE is an automorphism of E of order 2 such that [-1]*L = L, i.e.,
by “=,” we mean the isomorphism between [—1]*L and L arising from the fact that (up
to tensor product with a line bundle on S) £ is the line bundle associated to the divisor
d - [e], which is fixed by [—1]. Thus, from the definition of G, it follows that [—1] gives
rise to an automorphism

or G — G

of order 2 whose restriction to (Gy,)s is the identity and which induces the inverse mor-
phism on the quotient K, of G,. Let us write

ScCGr

for the subscheme of T-valued points (where T is an S-scheme) v € G satisfying d.(v) =
=1, Such points v are often referred to as symmetric (cf. [Mumfl], Definition, p. 309).
One checks easily that the projection

S, — K,

is surjective, finite, and flat, and that it is, in fact, a torsor over p, (C Gy,). In the
following discussion, we would like to show that this torsor admits a natural section over

2- K, CK,.

The construction of this section, as well as the sort of section obtained, differ slightly,
depending on whether d is even or odd. We begin by making the following construction,
which is valid regardless of the parity of d: For v € K.(T) (where T is an S-scheme), if
a € Gz (T) is any element that lifts «, then the assignment

o Q- (Sg(&_l)

(where we note that the right-hand side is independent of the choice of a since . induces
the identity on (G )s C Gr) defines a morphism

o1:Kg—Gr

which factors through S, C G,, and whose composite with the projection G — K is the
morphism (2] : K, — K, (multiplication by 2 on K). (Note, that here we write the group
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law of K, additively.) Indeed, these facts follow from the fact that d, is an automorphism
of the group scheme G, of order 2 which induces the automorphism [—1] on the quotient
K of G¢. This morphism o7 is not (in general) a group homomorphism, but does satisfy
the following property:

Lemma 1.5. Let o, € Kp(T) (where T is an S-scheme). Then

or(a+B) =[a, 8% o1(a) - 01(3)

(where we write the group law of K, (respectively, Gr) additively (respectively, multipli-
cately)). In particular, it follows that: (i.) if [, 8> = 1 € Gp, then o1(a + B) =
o1(a) - o1(B); (ii.) the restriction of o1 to any subgroup scheme of Kp on which the pair-
ing [—, —| (discussed above) is trivial — we shall call such subgroup schemes “[—, —|-trivial”
— 1s a group homomorphism.

Proof. Indeed, if B € G (T) lifts 3, then a - B lifts o + 3, so we have:

oila+p)=a-B-o(Bt-at
=a-(B-0:(87Y) - oc(@™)
= [, 872 a@-de(@ ) (B-0c(671)
= [, B]7% - o1(a) - 01 (B)

as desired. The remaining assertions follow immediately. ()

Thus, at any rate, if d is odd, then multiplication by [2] defines an automorphism on
K, so we obtain by o1 defines a section

O':KL‘ (:2~K£) —>QL

(such that o - [2] = 07), as desired.

Next, we consider the case when d is even. First, we introduce some notation: Let us
write

def 1
do - §d

For N € Z, let us denote the kernel of [N]: E — E by

vE ¥ ker([N]: E — E)
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Then I claim that the morphism oy : Ky = 4F — G, factors through Kp/oE = 4,F.
Indeed, it suffices to prove that for any «a, 8 € K.(T) (for T an S-scheme) such that
23 = 0, we have o1(a+ (3) = o1(«). But by Lemma 1.5, we have o1 (a+ ) = o1(«a) - 01(5)
(since [a, B)* = [@,208] = [a,0] = 1). Thus, it suffices to show that o1(3) = 1. But
this follows from the fact that since the line bundle £ is totally symmetric (cf. [Mumfl],
§2, Propositions 3, 6; Corollary 2), after finite flat localization, we may choose the lift
B € G(T) of B € Kp(T) to lie inside Sz(T) C G,(T) and (at the same time) satisfy
62 = 1. Thus, 01(8) = B 55(@‘1 = 52 = 1, as desired. This completes the proof of the
claim.

Note that we have:

2. K, ¥ EC.F=K,

In particular, we obtain a morphism

c:2-Kp— G

which factors through S C G,, and whose composite with the projection G, — K is
the natural injection 2- K, C K. That is to say, in the even case, we obtain a section
of G — K over the subgroup scheme 2 - Ky C K . This completes our discussion of the
even case.

Observe that in both the even and odd cases, the section o over 2 - K, that we
constructed satisfies the following property: If « = 2aq,8 =261 € 2- K(T') (where T is
an S-scheme), then

ola+ ) o) o(B)"" = o, A1)

(where we note that since [K.,2FE]?> = [K.,0] = 1, it follows (a priori!) that [aq,51]?
depends only on «, 3). Indeed, this relation follows immediately from Lemma 1.5. Let us
observe that although the proof of Lemma 1.5 depends on the explicit definition of ¢ in
terms of 0., the square of the above relation, i.e.,

{ola+8)-ola)™-o(8)7"} = [a,f]

may be proven solely from the assumption that o maps into S C Gp: Indeed, let us
denote o(a+ 3)-o(a) ™t -o(B)"! € G (T) by A. Then since o(a+ 3) € S¢(T), we obtain
5c(0(B))-0c(o(a))- A= A"t-o(a)"t-o(B8)~ . If we combine this with 6. (o(a)) = o(a) 1,
5c(0(B)) = o(B)~1, then the result follows immediately.

Next, note that if « € E(5), then transport of structure defines a natural isomorphism

Ga 19150 = 0r
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which is compatible with the injections of Gy,, and projections to Ky = K7z on both
sides. Thus, by conjugating by G, we see that o : 2- K, — G, defines a section

a2 Kr:p — G1ir
In summary, we have proven the following result (which is implicit in the theory of [Mumf1],

§2):

Theorem 1.6. Let E — S be an elliptic curve over a scheme S. Let d be a positive
integer. Let M be a line bundle on S. Write

LY 0p(d-le]) ®0, M

Then:

(1) There is a canonical section
o:2- Kﬁ — gﬁ
of the projection Gy — K, over 2- K, C K, that maps into Sy C G, is
functorial in S, and whose restriction to [—, —|-trivial subgroup schemes

of 2- K is a group homomorphism. Moreover, these properties uniquely
determine o over 4 - K.

(2) The section o is related to the pairing [—,—| : Kp X Kp — (Gm)s by

the following formula: If a = 2aq,08 =201 € 2- K (T) (where T is an
S-scheme), then

o(a+p) (@)™ a(B)~" = a1, A1)
In particular, we have: {o(a + 8) - o(a)~! - o(8)"1)2 = [a, 4].
(3) Finally, if a € E(S), then o defines a section
002 Krip — G1i

by transport of structure via the translation morphism 1, : E — E.

Now suppose that d is odd (respectively, even). Then K? def Kp/2 - Kpis =S
(respectively, = o F). If one thinks of o as a 2+ K-valued point of G, then it follows from
the definition of G, that if « € E(S) is any S-valued point, then ¢ induces an isomorphism

109



>~

L T Kr — (£|a0> ®0K% Ok,

for some line bundle £|,0 on the quotient K 2 of K. Thus, put another way, the canonical
section o determines natural descent data for L|7xk, from K to K?2. (Thus, if d is odd,
then we may think of this isomorphism as a trivialization of the restriction of the line bundle
L to the subscheme 7 K.) In particular, restriction to 7, K, defines (by composing with
the above isomorphism) a morphism of O K9 -modules with natural G,-action:

f+ = (Llav) ®0, Ok,
c

In other words, this morphism allows us to think of global sections of £ over E as being
(essentially) functions on the subscheme 7K. These functions are the algebraic theta
functions of [Mumfl,2,3].

§2. Theta Actions and the Schottky Uniformization

In this §, we discuss the relationship between torsion actions on line bundles (i.e., as
in §1) and the uniformization theory reviewed in Chapter III, §5. Thus, in this §, we will
use the same notation as in Chapter III, §5. We begin by reviewing this notation. First of
all, O is a Zariski localization of the ring of integers of a finite extension of Q;

AL Olq)); S Y Spec(A); 5 X spf(A)

(where ¢ is an indeterminate, and we regard A as equipped with the g-adic topology).
Over S, we had a natural elliptic curve E — S, together with a compactification C' — S
whose pull-back C§ — S to S may be obtained as a quotient of an object Cg\o with respect

to the natural action of the group Ze, on Cg\o. Moreover, we have a natural identification
E5 = (Gm)g. The special fiber (C%O)spl of Cg\o (i.e., the zero locus of the function ¢) is a
chain of P1’s over Spec(Q) indexed by Z and permuted by the action of Z.; in a fashion

which is compatible with the indexing by Z and the natural action of Z., = Z on Z (by
addition). Recall that we denoted the origin of E by e. This origin, regarded as a divisor

in £ or C, gives rise to line bundles Lg e Og(e), Lo o Oc(e). The inverse image of e
in C:‘;\O (via the quotient map C’%O — C’g) is denoted by € C C’%o. In Chapter III, §5, we
also discussed how

D(CF, LEX)
S
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(where ,Ccoo = £C|Coo) may be described explicitly as the degree i portion of a certain

graded Ting R’ This exphclt description will play a key role in this §, and, indeed, in the
proof of the main results of this paper.

In the following, we fix a positive even number n = 2m. Then let us recall (cf. [Mumf5],
p. 289) that there is a natural action of (Gm)g = Eg on C’:’qio and £®§o. In particular,

S
we obtain a natural action of (p,,)5 (i.e., the kernel of multiplication by n on the abelian
group object (Gm)g) on C’:‘;\O and Lcee. On the other hand, one also has a natural action
S

of Ze in C%O and £®§O. Moreover, it is easy to see from the definitions of these actions

of Zey and (p,)5 (ie (un) acts trivially on 6 — cf. [Mumf5], p. 289; the action of Z,
namely, 1et(0) = q - U 2 -0, is dlscussed in Chapter 111, §5) that they commute on C’g’\o and

£%%. Thus, it follows that we may form the quotients

S

def def

Oodef 0o =~ = def i n
C’\/ oy C = C3 /“n? E = Es/:“’n? MS ‘C%’A/ Ko,

S
of C’A Cs, Eg, and ECA, respectively, by (,un)g. Indeed, in the case of C’g\o, if we think
of C’§ as the g-adic completion of a sort of Néron model of G, over Alg~!] (cf. the

discussion in Chapter III, §5), then the quotient C’g\o — 5’%0 is just the quotient induced

on completions of Néron models by the morphism G, — Gy, given by multiplication by
n. Finally, note that M defines a line bundle of degree 1 on C’A whose pull-back to CA

is LE™.
S

Next, let us write

C:[Sn] def C(/)\Q/(ﬂ Zet)

Thus, we obtain covering morphisms

o0 [n] ~
C§ — 5 —>C’§—>C§

where the first two morphisms are étale with Galois groups n-Ze; and Ze /n def Zei/nZey,

respectively, and the last morphism is the quotient by the action of (u,, )z 5 Moreover,

the last two morphisms may be algebraized (along with the line bundle Mg on 6’3:) into
morphisms

cl - c—C
(and a line bundle M on 5’) which compactify isogenies of smooth group schemes
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gl Ze/nop B
over S. Here, the groups over the arrows denote the kernels of the respective arrows,
or, alternatively, the finite group schemes with respect to which the arrows are torsors.
The group schemes F and E have connected special fibers, while the group of connected

components of the special fiber of EI™ may be identified with Z.;/n. Moreover,

def
I, = (Zet/n) X @y,

acts on C!" and E™ and EI") — Eis naturally a IT,-torsor.

Next, observe that the group of line bundles on E whose pull-back to E™ is trivial
may be identified with the group of characters

Hom(T1,,, (Gw)s) = Hom(IT,,, (u,,)s)

(where the “Hom” is with respect to group schemes over S, or equivalently in this case,
over Spec(A[g™1])). Indeed, this correspondence may be given explicitly as follows. Given
a character

x € Hom(IL,, (p,,)5)

one obtains an action of II,, on the trivial Ogm-module Oy that covers the natural
action of II,, on E"™ by multiplying the trivial action of IT,, on Qg by x. Let us denote
O pin) equipped~with this action by O},;. Then takiilg IT,,-invariants of O%, gives us
(since E" — E is a II,,-torsor) a line bundle OZCEV on E whose restriction to E™ is equal
to O,

sheaf of functions f(€) on E™ which satisfy the transformation rule:

n]

and whose n-th power is trivial. Put another way, O% may be thought of as the

fla-e)=x(a)™" - f(e)

(for all points « (valued in some scheme) of II,,). This correspondence

X
X’_)OE

induces the natural bijection between characters and line bundles referred to above. Also,
note that although it is not clear whether or not O% extends to a line bundle on C| it

is clear that the line bundle with II,,-action (’)é[n] on E[ extends to a line bundle with
I1,,-action Oé[ on C[M,

Next, let us observe that the line bundle

n]
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(where € is the identity of E) satisfies

Lzlom = Ogm([a]) 2 Ogim (- [Zer/n]) = LE |t = M|

(where [IT,,] and [Z;/n] denote the divisors in C™ defined by the respective subgroup
schemes of E["]). Here, the isomorphism “=” in the middle follows from the fact that,
since the image of p,, forms a subgroup scheme in C" annihilated by n, and Qg ([Zet /1))
is a line bundle of degree n on C!"!, we obtain that translation by W, fixes the isomorphism
class of Ogini([Zet/n]), hence that Qg ([I1,]) & Ogmi(n - [Zet/n]), as desired. Thus, it
follows from the discussion above concerning characters that there exists a unique x €
Hom(IT,,, (i,,)s) such that

L= O% ®o~ (Mlz)
We are now ready to state the main result of this §:

Theorem 2.1. The character x € Hom(Il,,, (i,,)s) such that
L= O% ®o~ (M]z)

(is the unique character which) satisfies: x(let) = —1; x|, * 4, — p,, is the character
given by raising to the m-th power.

Proof. To simplify notation, write 4f gm Recall (cf. [Mumf5], especially p. 289) that
the action of Z.; x p,, on v which gives rise to the line bundle M is the trivial action. In
the following, we shall wish to take objects which have some action of Z¢; x p,, defined in
[Mumf5], and twist this action by the character x described in the statement of Theorem
2.1. We shall denote the resulting objects with twisted action by means of a superscript
or subscript x (whichever is more convenient), and write, for instance,

@) =5 [=1](x) = =¥

(where [—1] is a generator of p,, /g, = pts). Since £ has a unique (up to constant multiples)
nonzero global section whose zero locus is precisely e, it suffices to check that the set of

Z. X p,,-invariant sections of (E%/’{.})X on (C’g\o)spl has a generator whose zero locus on the
S
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G,, inside (C’é’\o )spl Which contains the identity is precisely the zero locus of U™ — 1 (i.e.,
the inverse image of € C E).

To show this, recall from Chapter III, §5, that the image of F(C%O, E%;.Z) under re-
S

striction to this Gy, is the O-module generated by

U™ o, UMby, o, Uy, g, U™y, o, U7 U7y

Since the only p,,-invariant (where u,, C p,,) U are those for which i is divisible by m,
and, moreover, [—1](¢)y) = —1y # ¥, (where [—1] is a generator of w, /p,, = o), it
follows that the p,,-invariant subspace of this image is given by the O-module generated
by the two elements:

Um ' ¢xa U_m : wx

Moreover, we have

LU= 16 = X(Let) - (- U) ™™ - (q- U™ -ty = x(Let) - U™ -ty = U™ -1,
Thus, the Z¢; X p,,-invariant subspace is generated by

(Um - U_m) ’ wx

whose zero locus is the same as that of U™ — 1, as desired. ()

Before concluding this §, we make some final remarks which will be helpful for the
computations that we will perform later. First, observe that it is a consequence of the dis-
cussion at the beginning of Chapter III, §5, that F(Cg\o, E%;L\o) is topologically A-generated

S

by the sections
gm.em, ymttogm, U™, 0, U0, L, U g U g™

and their Z.-translates. Let us compute these Z-translates. Since 1o(U) = ¢ - U,
1e4(0) = q - U? - 0, we obtain, for k,i € Z, |i| < m:

ka(U) = g% U k(™) = g™* - U2k g
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Thus, we obtain the following;:

Proposition 2.2. The A-module F(Cé’\o, L'%;o) is topologically A-generated by the sections
S

ket(Ui . em) — qm-k2+ik . U2mk+z’ . em
where k,i € Z, |i| < m.

(For instance, the case m = 1 of Proposition 2.2 is essentially stated in the discussion at
the beginning of Chapter III, §5.)

We will ultimately use Proposition 2.2 to compute the image in Es = (Gm)z of

sections of LEL R0y Ofee for various characters x € Hom(Il,,, (p,,)s).
S S S

§3. Twisted Schottky-Weierstrass Zeta Functions

In this §, we generalize the discussion of Schottky- Weierstrass zeta functions of Chapter
II1, §6, 7, to the “twisted” context of §2. We maintain the notation of §2.

First, let us recall the isogeny

F — F

discussed in §2. This kernel of this isogeny is u,,. Moreover, this isogeny may be com-

pactified to a morphism C' — C. Recall (Chapter III, §1) that the universal extension joul
of F is defined by considering certain line bundles with connection on C'. Given such a
line bundle with connection on C|, by taking the norm of this line bundle (relative to the

finite morphism C' — 6’), we obtain a line bundle on 5’; moreover, taking the trace of the
connection on the line bundle on C, we get a connection on the norm on this line bundle
on C. Thus, by performing these operations, we obtain a push-forward homomorphism

which covers (since taking the norm of the line bundle defined by a divisor on E is the
same as taking the line bundle associated to the image of this divisor in E) the given

isogeny E — E. Moreover, since taking the trace of differentials on Es = (Gm)g via what

amounts to the multiplication by n map (Gm)g = Eg — (Gm)g = Evg on (Gn)g induces

an isomorphism of the invariant differentials on E'5 onto the invariant differentials on Eg
(i.e., the trace of dU/U is n-dU/U = d(U™)/(U™)), it follows that the push-forward map
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defined above maps Wg C joul (i.e., Wg is what we called “W” when E was the only

elliptic curve under discussion) isomorphically onto W C ET. That is to say, we have a
commutative diagram

0—>WE—>ET—>E%O

b

0—>WE—>ET—>E—>O

where the vertical arrow on the left is an isomorphism, and

Ker(EJ[ — ET) >~ Ker(E — E) = p

n

Next, we would like to consider the canonical splittings k : Es— Eg\, K: Eg — ET@ of
Chapter III, §2, Theorem 2.1. Now I claim that

k(Ker(E — E’)) C Kelr(E]L — E’T)

Indeed, since k is a homomorphism, it follows that the image
Im(x(Ker(E — E))) € EL

is annihilated by n and vanishes when projected to Eg, hence is contained in (W)5. On
the other hand, the image in (Wg)g = Als\ of any A-flat group scheme annihilated by n
is necessarily trivial. Indeed, this may be checked (by A-flatness) in characteristic zero,
where it is obvious. This completes the proof of the claim. Note that the claim then implies

that x : E5 — Eg descends to a homomorphism Eg — E/l\ which splits the projection

Bl
S . .

that we have a commutative diagram:

— Eg Since & is the unique such homomorphism (cf. Chapter 111, §2), it thus follows

K T
E'g — E§
~ ~ ~+
Eg — E§

Next, we consider line bundles. For convenience, we assume that O has enough primes
inverted so that

Pic(O) = {1}
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(Here, we use the well-known fact from elementary algebraic number theory that “Pic”
of the ring of integers of a number field is a finite group, i.e., “the finiteness of the class
group.”) Note that since Pic(O) is trivial, it follows immediately that Pic(A) is also trivial.
Now recall the line bundle

M

on C. If y € Hom(II,,, (it,,)s), then we shall write
ML= 0x Do~ (M]3)

Note that since C' is regular, and C' — E is of codimension 2 in C, it follows that the line
bundle ./\/lx | extends (uniquely) to a line bundle ./\/l on C. Moreover, since E — E

is a un—torsor, we obtain an action of p, on ./\/P((j Since p,, is of multiplicative type,
hence reductive (i.e., its representations split up into direct sums of representations by
characters), we thus obtain that the w,,-invariant subspace

T(C, MX)Hn CT(C, M)

is a direct summand of the A-module I'(C, Mvé) (which, by Riemann-Roch, is a projective
A-module of rank n). Since, after one inverts ¢, this invariant subspace may be identified

with T(E, MX )®A Alg™1] (which, by Riemann-Roch, is a projective A[g~!]-module of rank

1), we thus obtam that this invariant subspace I'(C, ﬂé)“’n is a projective A-module of

rank 1. Since Pic(A) is trivial, we thus obtain that I'(C, /Wé)“n is a free A-module of rank
1. Thus, we may choose a generator s, of this module, i.e.:

A-s, =T(C, ML)H
Thus, if one pulls s, back to C':Z\O, we see that
Sxloz
S
may be thought of as a topological A-linear combination
Ix

of the elements discussed in Proposition 2.2 which satisfies, for all points « of Z¢, x p,,
(valued in some scheme),



where the action of o on the left-hand side is via the usual action of Z, X p,, on expressions
as in Proposition 2.2, and we regard the character x as a character on Ze X p,, via the
natural surjection Ziet X p,, — (Zey/n) X p,, = I1,.

Next, let us recall the exact sequence
0—0Oc—Tc— TElc — 0

of the discussion following Chapter III, Corollary 4.3. The extension class of this exact
sequence is precisely the torsor defined by the universal extension Eg — (. By the

discussion above concerning the relationship between the universal extensions ET and ET,
it follows that this exact sequence descends naturally to an exact sequence

O—>(95—>%5—>TE\5—>0
Thus, we see that we obtain a natural action of wp, on I'(C,7¢ ®o. Mé) Then just

as in the discussion of sections of MVX, we obtain (by applying Riemann-Roch and the
reductiveness of u,, ) that the p,-invariant subspace

T(C, Te © MEHn CT(C, To @ M)

fits into an exact sequence of A-modules:

v = v )
0= T(C. Mg = T(C, Te @ Mg — T(C, MG @4 (A Ugrz) =0

In particular, we may choose a section

Sy € T(C, Te @ MYS)Hn
whose image in I'(C, Mvé)”n ®a(A- U%) is equal to s, - U%. If we pull-back S, to Cg\o,

then we may think of S as a section of 7¢ ® E%go which satisfies
S

a(Sy) = x(@) 'S¢

for all points a of Zey X p,, (valued in some scheme).

On the other hand, k defines a section
rr € D(CF, Telox)
S
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whose image in F(C/;\O,TE|03\O) is U%. Since k descends to K (as discussed above), the

S
natural action of p,, on k7 is trivial. Moreover, by Chapter III, Theorem 5.6, it follows
that

1et("<"'7-) = RT + 1

In particular, the section
ox k1 € D(CF, LEX Qo To)
S

satisfies

Let(oy k1) = X(Let) " oy (57 +1); ooy k1) =x(a) 7" -0y - AT

(where « is a point of p,, valued in some scheme).

Thus, if we form the difference
(NE SF — oy k7 €T(CF, LER)
S
then we have:

Let (C%) = x(Let) T (¥ = 0y)s - oY) = x(a) ™+ ¢
(where « is a point of p,, valued in some scheme). Let us define

def

() = Ix(et) - Tet(F)} = f

(Thus, formally, 0X(f-g) = 6X(f)-let(g)+ f-(g), where 6(g) = let(g) — g is as in Chapter
I1I, §6.) Then we have

6X(¢X) = —oy

Note that if x is the trivial character, n = 2, and 2 € O, then (X is simply (in the
notation of Chapter I1I, §5)

cc(g + Cr) . 0_277

for some C € A.
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Now we would like to generalize (X in precisely the way we generalized ¢ in Chapter
111, §6. To do this, we would like to consider extension polynomzials — i.e., sections of the
sheaf R° i of Chapter III, Proposition 6.1 — but this time (unlike in Chapter III, §6) with

E
C
coefficients that are sections of E%Z) over C%O. In other words, we would like to consider

S
sections of R® ; R0 E%" over C’:‘;\O. Also, whereas before we considered Zgi-invariant
E

C
extension polynomials, this time we would like to consider extension polynomials on which
Z., X w,, acts via the character x — i.e., polynomials which are (Ze X p,,)-invariant when

considered as sections of R:T Roe (L%?\O)X . Other than these formal changes, however,
S

the proofs proceed just as forcChapter II1, §6, Lemma 6.3, Theorem 6.4. The end result is
the following;:

Theorem 3.1. Let r be a nonnegative integer, and x € Hom(IL,, (w,,)s). Then there
exists a (Zey X w,,)-invariant extension polynomial

=Y G
1=0

(where the coefficients lie in F(C’g\o, (LER)X)), such that (§ = oy;

S

(G )+ )+ =0

(for all i); and all the CJX € F(C’%O, (E%QO)X) are w,,-invariant. In particular, we have
S

(G = =G+ Gy — e (CD)TIE + (1Y

(for all j). Finally, if ng, ey Z} satisfy the same conditions as (J,...,CX, then for each
g=0,...,r,

¢ — EJX = some A-—linear combination of (g,...,(}
(where A = O|[q]]).

Remark. Just as in the non-twisted case (cf. Chapter III, §6, Theorem 6.4), we may take
¢ = ¢X. Also, (just as in Chapter III, §6, Remark 2) everything we did here can also be
done in the complex analytic context.
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Similarly, one may generalize the canonical Schottky-Weierstrass zeta functions of
Chapter III, §7, to the present twisted context, as follows. First, we assume for the
remainder of the § that O is a finite extension of Q. Then we define the operator 6* on
£en b

S

def

fr 8t (f) =

S|

Vw.a)(f)

where V is the connection induced on L&k = E%gom by the connection on L3 % of Chapter

ITI, Theorem 5.6; and U is the standard multlphcatlve coordinate on Eg (as in §2). One
checks easily that the natural action of p,, on ¢* is trivial and that:

[5*75X] = X(let) et

Also, just as in Chapter III, §7, we may also define a tautological connection (on the
universal extension), as well as a corresponding differential operator (§**"*)*. Thus, by the
same formal arguments as those used to derive Chapter III, Theorem 7.4, in Chapter III,
we obtain the following result:

Theorem 3.2. (Divided Power Twisted Canonical Schottky-Weierstrass Func-
tions) Let x € Hom(IT,, (1,,)s), Co = o oy € F(C%O, (LER)X). Write (for r € Zx)
S

PD .y def 1 PD,
(PP S0

(and let CFPX 0 ifr < 0). Then 6*(CPPX) = (r+1)-CE0X, (6%)7(CFPX) = (~1)7-¢5 P
(if 1> 0);

OX(CPPX) = 3y () PN = =G+ 5 G A+ (D) N

r!

(for allr € Z). Moreover, all of the CPD’X (fori € Z) are w,,-invariant, and, in fact, the A-
submodule of F(C’?’, (LER)X) generated by CPD’X ., (PP X s equal to the A-submodule of
S

W, -invariant sections of F(C’g\o, (C??S)X) which are annihilated by (6%)" L. In particular,
S
this submodule is equal to the A-submodule of F(C%o, (LER)X) generated by the functions
S

denoted “C(I;D’X, ., CEPX7 i Theorem $.1. Finally, the polynomial

T(r—l)
e

G TGP

CPOX[T defz CPD,X _C(I)DD,X z+cf’Dx
7l

—1)!
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(e F(C’A (LE 5o )X[T])) is (Zey X py,)-invariant relative to the natural action of Ziey X p,

on C§7 (cho)x> and the action of Ze, x p,, on T given by 1oo(T) =T + 1, «(T) =T
S

(Vo € py,).

Remark. Just as was the case with Theorem 3.1, Theorem 3.2 also has a complex analytic
version. We leave the routine details to the reader. Also, just as was the case for Chapter
III, Theorem 7.4, it is clear from the formula for §X(¢FP-X) that the denominators that
occur are “essential” (i.e., they cannot be eliminated as in the case of Theorem 3.1 simply
by “redefining the integral structure”).

Finally, just as in Chapter III, §7, we may also define the twisted version of binomial
canonical Schottky-Weierstrass zeta functions as follows. First, let us observe that there
is a unique integer i, satisfying —m < i, < m such that the monomials of Propostion
2.2, when considered as sections of (LE%)X), are p,-invariant if and only if the integer

S
(e {-m,—m+1,...,0,...,m—1} — cf. Proposition 2.2) is equal to i,. Then we have the
following result:

Theorem 3.3. (Binomial Twisted Canonical Schottky-Weierstrass Functions)

Let x € Hom(I,, (1,,)s), ¢~ o oy € F(C’g\o, (LEX)X). Write (for r € Zxq) (BhX ot
S

(L) @)
BI’X[T] def <5* + T - %) BI X Z CBI 3 X T r— J]
T

Then the (BYX, (BUX[T)’s satisfy the properties of Theorem 8.1 (where we take “CX” of
Theorem 6.4 to be (BVX; “f7 of Theorem 6.4 to be (BVX[T)). In particular, the (LX[T] s
are Zqi-invariant. Finally, the (BYX[T]’s are integral over Z.

Proof. Tt remains only to verify integrality over Z. But this follows from observing that,
by the definition of ¢, C(])B Lx may be thought of as a series in the monomials ke (U - ™)

(for k € Z) of Proposition 2.2. Moreover, the operator 6* — % acts on the monomial
ket(UiX em) — qm-k2+ix-k . U2mk—|—iX .M

by multiplication by (ka +iy) — FX k. 'Thus, the operator (5*;%) acts on this

monomial by multlphcatlon by (n) Z, as desired. O
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§4. Zhang’s Theory of Metrized Line Bundles

In this §, we review the theory of [Zh] in the case of elliptic curves. Roughly speaking,
this theory allows one to compute intersection numbers of vertical divisors in the special
fiber of an elliptic curve with multiplicative reduction using the techniques of classical har-
monic analysis on a circle. In fact, here, we will use a slight generalization of Zhang’s
1-dimensional theory to the 2-dimensional case, so in the following, we will give precise
definitions and statements of basic facts. The proofs, however, will be omitted since they
are entirely the same as those of [Zh].

Let R be a valuation ring whose valuation group is an ordered submodule of R. We
denote its valuation

|—|RIR—>R,

and assume that we are given an element m € R such that |r|g = e~ !, and all positive
rational powers of the ideal 7 - R exist (as ideals of R). In other words, we want to think
of the copy of R that contains the valuation group of R as being “—R - log(m)” (where
log(m) is to be regarded as a formal symbol). We denote the quotient field of R by F.

Let V be a finite dimensional F'-vector space. Then we will refer to as a metric on V
any map

|—|VIV—>R

such that: (i) A vy = |Agr - |v|v, forall X € R, v € V; (ii) |v + w|y < max(|v|y, |w|v),
for all v,w € V; (iii) the set

My C{veVv ||y <1}

is bounded (i.e., given any basis v1,...,v, of V there exists a A\ € R such that My C
Sy R-X-v;). Thus, My forms an R-submodule of V which is bounded, saturated — in
the sense that

M= () (= "M)

r€Q>o0

— and generates V over F. Conversely, given any bounded, saturated R-submodule M
of V which generates V over F, one can naturally define a metric | — |y, on V' such that
M = My, as follows: For any nonzero rational section v € V', we let

def

lvly = e

123



where ryp € R is the supremum of the set of rational numbers r such that the section
w7 -v € M. In other words, metrics on V are equivalent to bounded, saturated R-
submodules of V' that generate V' over F. This makes it clear, for instance, how to define
tensor products of metrics. Indeed, the tensor product of | — |y, | — |w on V @ W is the
metric corresponding to the saturation (i.e., the smallest saturated module containing the
given module) of the bounded R-submodule Image(My ®@r My ) CV @p W.

If dimp (V) = 1, then a metric | — |y on V' is completely determined by its value on
any fixed nonzero element v € V. Thus, it follows that the metrics on V naturally form an
(additive) torsor over R. Moreover, the metrics on the F-vector space ' may be naturally
identified (by looking at the value of the metric on 1 € F) with R itself.

Next, let us return to the set-up of §2. Recall that we have a one-dimensional semi-
abelian variety

E— S

equipped with a compactification C — S. Here, S = Spec(A), A = Ol[¢]]. Now let (for
N > 1 an integer)

A AN AL Ans Sw S Spec(An); Sa S Spec(An)
N>1

Thus, Sy is a finite, flat S-scheme, and S, is the projective limit of the Sy’s. Also, let
us write

Ug def Spec(A[q_l]) cSs

and Ug,, Us__, etc. for the inverse images in Sy, S, etc. of Ug. Note that E|y, Xy Ugy
has a unique reqular semi-stable model

CN—>SN

over Sy. We denote the complement of the nodes of Cx by

En — Sy

Thus, the special fiber (i.e., the zero locus of ¢*/") of Ey is a union of N copies of (G, )o.
Write

Co “lim Oy — S, = lim Sy
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for the inverse limit of the Cy — Sx, where N ranges over the multiplicative semigroup
of positive integers. Thus, note that we have natural open immersions

EN X SN Soo — Coo

If we take the union of these open subschemes of C, over N, we obtain an open subscheme

which has the structure of a smooth group scheme over S.

Let us refer to the prime of A, generated by the ¢" for all positive rational numbers
r as the central prime of A,,. The localization of A, at the central prime is a valuation
ring with value group Q. For geometric objects over S, we shall refer to the fiber of such
an object over the central prime of S, as the special, or central, fiber of the object.

Observe that the connected components of the special fiber of Ex may be naturally
identified with

1
—7/7
~ 2/

Here, the Z should be thought of as “Z-log(q)” (where log(q) is a formal symbol). Indeed,
just as in §2, Cg\o formed a Galois cover of C’g } with Galois group n - Ze such that the

(irreducible) components of the special fiber of CI" could be naturally identified with
Zey/N - Ze, there exists a natural infinite Galois cover of (C’N):q\N with Galois group Z

(which is a blow-up of the pull-back to Sy of the Z-Galois cover C’%O — C5) such that the

components of the special fiber of C'y may be identified with %Z /Z, as desired. By taking
the limit over N, we thus obtain that the components of the special fiber of C,, may be
identified with

Q/ZCR/Z=S"'

In the following, we would like to do functional analysis on S*. To this end, we define

Func(S*')

to be the set of piecewise smooth continuous functions on S, i.e., continuous functions
that are infinitely differentiable, except at a finite number of points of St.

A crucial ingredient of the theory of [Zh] is the notion of “divisors on S (cf. [Zh],
§2.1). Let us write
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def

Div(s!) ¥ z[Q/z]

for the set of finite formal sums of elements of Q/Z with Z-coefficients. We will regard
such formal sums as divisors on S'. Next, we let

Div(S') ¥ Div(S?!) & Func(S')

be the group of compactified divisors on S'. Given a compactified divisor D + g (i.e.,
D € Div(S'), g € Func(S?), we define the curvature of D + g to be

hp4g L - A(g)

Here, &p is the delta distribution associated to the divisor D, i.e., if f € Func(S?!), and
D=5 c-p; (forc; € Z;p, € Q/Z), then

<dp, f >d§fz ci - f(pi)

while A(g) is the distribution obtained by applying the Laplacian operator A to g, i.e., if
f € Func(S?), then

dof 0%g
<A.r>- [ o

(where 9/00 is the standard unit tangent vector on S, i.e., the tangent vector whose
reciprocal df satisfies fSl df = 1). One also defines an intersection pairing on compactified
divisors on S by:

def
(D14 ¢1,D2+ g2) =<06p,,92 >+ <0p,, g1 > —/ 91A(g2)
Sl

Next, we would like to consider line bundles on E|ys. First, if p denotes a prime of
the special fiber of E.,, then we shall write

Op
for the completion of Op_, at p, and Kp for its quotient field. Thus, Op is a valuation ring
with valuation group equal to Q (times “log(q)”). By the above discussion, such p are in

natural bijective correspondence with the set Q/Z.
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Definition 4.1. We define a pre-metrized line bundle (L,| — |z) on FEs to be a pair
(L,| — |z) consisting of a line bundle £ on E|y,, together with a set of metrics (as
defined above)

[~ le =11~ ley )y

(where p ranges over all primes in the special fiber of E.,) for the one-dimensional Kp-

vector space Lp e ®op,, Kp-

We will call a pre-metrized line bundle (£, | — |z) a metrized line bundle if for some
nonzero rational section ¢ of £ over E, the real-valued function defined on Q/Z C S! by

p= _logﬂ(b’l:p)

is the restriction to Q/Z C S* of a function in Func(S*). We denote the group of metrized
line bundles on E+ by Pic(E).

Remark 1. The definition of a metrized line bundle given here is slightly different from that
of [Zh]. Nevertheless, the metrized line bundles that are ultimately dealt with in [Zh] (cf.
[Zh], §2.5) are precisely the sort defined in Definition 4.1. In [Zh], however, such bundles
are not given an explicit name.

Remark 2. If £ is a line bundle (in the usual sense) on E, obtained by pull-back from a
line bundle on Cy for some N, then the metrics | — | £p given by letting the absolute value

of a generator of £ at p be equal to 1 define on £ the structure of a metrized line bundle.
Thus, the notion of a metrized line bundle on FE., generalizes the notion of a line bundle
on E. obtained by pull-back from a line bundle on Cy.

One also has a notion of compactified divisors on E,, corresponding to the notion of
a metrized line bundle. This group of compactified divisors is defined by

Div(Es) © Div(Es|y, ) ® Func(Sh)

(where “Div(F|ug)” is the usual group of Weil divisors on the Ug-smooth scheme Eo |y ).
Any divisor compactified divisor D+g on Eo, defines a metrized line bundle Og__(D+g) =
(L,| —|z) as follows: First of all, if D is a Weil divisor on E |y, then taking the closures
of its irreducible components defines a Weil divisor D C E., on E.. Moreover, since
Eso|vs is quasi-compact, and E, is an inverse limit of regular schemes, it follows that D
is, in fact, a Cartier divisor (cf. the discussion of the morphism p below for more details).
Thus, we obtain a line bundle £ on E... Let £ be the restriction of £ to Exl|vus- Then it
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remains to define, for each p € Q/Z, a metric | — | £y on Lyp. This metric is obtained by
letting generators of £ at p have absolute value exp(—g(p)).

This correspondence D + g — Opg__ (D + g) thus defines a surjection

Div(EL) — Pic(Ey)

Under this correspondence, if v € %Z /Z is a component in the special fiber of C'y — which
thus defines a line bundle on Cy — then the element of Pic(FE,) corresponding to this line
bundle (cf. Remark 2 above) is the image under the above surjection of the compactified
divisor g € Func(S?'), where g is the piecewise linear function on S which is linear on the
complement of 1;Z/Z, equal to + at v, and equal to 0 at all points of (xZ/Z)\{v}.

Next, we recall that one has a natural morphism

p: Div(Es|ys) — Div(S1)

defined as follows: To define p, it suffices to define p on each prime divisor in E|y,.
First, we set p to be 0 on all prime divisors which are not Ug-flat. If Dy, C Eooly, is
Us-flat, then since E |y, is an inverse limit of regular schemes, Dy, will be a Cartier
divisor, hence, in particular, a Ug-scheme of finite presentation. Thus, Dy, will arise by
base change from some divisor (Dy, )y € En|ys. Write

Dy C Cn

for the closure of (Dyg)ny in Cn. Let Dy — Dy be the normalization of Dy. Thus,
D\, — Sy is finite and flat (since Sy is regular of dimension 2 and D’ is normal, hence
has depth 2). Note that since the prime V(¢*/") C Sy is regular of height 1 and has
characteristic zero residue field, it follows (by Abhyankar’s Lemma) that the ramification
of any ramified extension of the localization of Og, at this prime may be annihilated by
adjoining roots of ¢ to Og, . In particular, by taking /N sufficiently large, we may assume
that Dy — Sy is étale at all characteristic 0 primes of height 1. But then it follows from
the fact that Cy is regular, that no characteristic 0 height 1 prime of D' can map to a
node of Cn. (Indeed, if R is a complete discrete valuation ring, and R’ is an unramified
extension of R (so R’ is also a complete discrete valuation ring), then any R’-valued point
of R[[z,y]]/(xy — ) (where z,y are indeterminates, 7 is a uniformizer of R) would imply
the existence of an R-homomorphism R|[x,y]]/(zy — 7) — R’ for which the images of z
and y lie in the maximal ideal mg,. But this implies that the image of 7 in R’ lies in
m%,, which contradicts the assumption that R’ is unramified over R.) Thus, there exists
a closed subscheme Fy C Dy of positive characteristic (i.e., such that Fy ® Q = ) such
that Dy\Fy C Eyn. In particular, the closure Do, of Dy, in Cy will also satisfy:

Doc\Fioo C Eno
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for some closed subscheme of positive characteristic F.,, C D.,. For each characteristic 0
height 1 prime p of D'y, let us write Comp(p) € Q/Z for the irreducible component of the
special fiber F, that contains p. Then we define

def

p(Dus) = ) [k(p) : Q(O)] - Comp(p)

p

where p ranges over the characteristic 0 height one primes of D'y; k(p) is the residue field of
p; Q(O) is the quotient field of O = An/(¢'/N); and “[~:~]” denotes the degree of a field
extension. One checks easily that (for IV sufficiently large) this definition is independent
of N. This completes the definition of p.

Now that we have the morphism p, we may define an intersection pairing on Div(Ey)

Div(Ew) x' Div(Es) — Div(Sse) X Div(Sw) ® R
(where “x’” denotes pairs of compactified divisors D + g1, D2 + g2 such that the generic
points of the supports of D; and D do not intersect) as follows: If Dy, Do are (Cartier)
divisors on F|ys such that the generic points of their supports do not intersect, then
taking the closures of their supports defines (Cartier) divisors D1, Dy on Eu |y, (cf. the
discussion above). Thus, we define

i(Dy, Ds) € Div(Sao)

as the usual intersection divisor Dy - Do of Dy and D5. Then the intersection pairing for
compactified divisors is defined by:

def .
(D1 + g1,D2 + g2) = i(D1,D2) + (p(D1) + g1, p(D2) + g2)

(where the second “(—, —)” is an intersection number of compactified divisors on S, hence
€R).

Ultimately, we shall wish to do intersection theory not over “local objects” such as
S, but over, for instance, (Mj )z or finite flat coverings of (M g)z. In that sort of
global context, one can “glue together” the usual intersection theory over (M o)z with
the intersection theory of [Zh] to obtain a global intersection theory for line bundles on the
tautological log elliptic curve over coverings of (Mj )z which are equipped with a metric
“at infinity.” We leave the “general nonsense” details to the reader.

Next, we would like to consider the curvatures of compactified divisors and metrized

line bundles. If D + g € Div(EL,), then its curvature is defined to be:

def

hp+g = Np(D)tg
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(where the right-hand side is the curvature of the compactified divisor p(D)+g € Div(S')).
If L =0g_(D+ g) is a metrized line bundle, then we define the curvature of £ to be:

hz = hp4g

This definition is independent of the choice of D + g (cf. [Zh], §2.5). Note that in both
cases, the curvature is a distribution on S'. Its integral over S is given by (cf. [Zh], §2.5):

/ hz = deg(L|uy)
S1
the degree of £ on the generic fiber of E.. Intuitively speaking,

The value of the curvature h at a pointa € Q/Z C St should be thought

of as the degree of the “restriction” of L to the irreducible component of
the special fiber of C corresponding to a.

Definition 4.2. A metrized line bundle or compactified divisor on E, is said to be
admissible if its curvature is the distribution given by a constant function on S?t.

If a metrized line bundle £ is admissible, then its curvature hz is, in fact, the constant
given by deg(L|y.).

Proposition 4.3. IfL; = (L1,|—|z,) and Lo = (La,|—|z,) are metrized line bundles on
Eoo such that L1 = Ly (as line bundles on Ex|ug ) and hz = hz_, then L1 Lo00g_(C)
(as metrized line bundles), where C € Func(SY) is a constant function. In particular, if
L1 =(L1,|—|z,) and Lo = (L2, | — |z,) are both admissible metrized line bundles on E
such that L1 = Ly (as line bundles on En|us ), then L1 = Lo ® Op__(C) (as metrized line
bundles), where C € Func(S?) is a constant function.

Proof. By considering £ ® L, 1, it suffices to consider the case where £; is the trivial
metrized line bundle. Then L, is defined by some compactified divisor ¢ € Func(S?).
Moreover, since hz = 0, we have hy = —A(g) = 0, i.e., g is a continuous function on S*
whose second (dlstrlbutlonal) derlvatlve is zero. But it is easy to see that such a function
g is necessarily constant. ()

The notion of admissible metrized line bundles will be of fundamental importance
in the following discussion. Thus, it is of interest to construct admissible metrized line
bundles. For instance, given a horizontal (i.e., So-flat) divisor
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D C FEy

one would like to know explicitly which function gp € Func(S?') is the unique function
such that

(1) fsl gp = 0
(ii) D+gp is admissible <= hpiy, = 0,p)—A(9p) = 5pD+8;% is constant

Such a function gp will be called the Green’s function for D. Note that gp depends only
on the divisor p(D) on S*. Thus, we will also write g,p) for gp.

Let D € Div(S?) be a divisor on S*. We would like to consider its Green function gp.
The simplest case is the case where

D = 0]

i.e., the origin of [0] € Q/Z C R/Z = S'. In this case, we will denote the associated
Green’s function by ¢;.

Proposition 4.4. The Green’s function ¢1 associated to the origin [0] is given, for
0] < 3, by:

1, 1 1

where 0 is the standard coordinate on R. (regarded as a covering of R/Z = St). In
particular, ¢1(0) € Q, for all § € Q. Alternatively, in terms of Fourier expansions on S,
it is given by:

1 1 ;
¢1(9) =—- Z EeanO

0#n€EZ

In particular, ¢1(0) = 5 (where we recall that we think of the values of ¢1 as being in
“og(q)” units) is the mazximum value attained by ¢1, and ¢1(%) = —2—14 is the minimum
value attained by ¢1.

Proof. The polynomial representation of the Green’s function ¢, is given in [Zh], §a.8, p.
193. The Fourier expansion may be derived as the unique (topological) linear combination
of €2™"’s (for n € Z) whose first derivative is square integrable on S (hence is continuous),
whose value at 0 is 1—12, and whose second derivative is the distribution defined by
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1 5[0] - Z e2min

0#£n€Z

on S'. The assertions concerning the maximum and minimum values of ¢; follow from
elementary calculus. O

Corollary 4.5. Let a,b € Q/Z. Then the Green’s function ¢, associated to the divisor
a—b on S is the unique piecewise linear function on S which is linear (with respect to
0) away from a and b, has second (distributional) derivative equal to oy — 4, and is such
that fsl Gap = 0. Moreover, ¢qp has a global minimum at b and a global mazimum at a.

Proof. This follows from the polynomial representation of Proposition 4.4 by direct com-
putation. O

Corollary 4.6. Let N be a positive integer. Write ¢ for the Green’s function of the
divisor Zf\[:_ol [%7]. Then the Fourier expansion of ¢n is given by:

. 1 1 2mwind-N __ i
on(0) = 472 - N Z n2° N N(bl(N %)
0#n€eZ

In particular, ¢n(0) = ﬁ (where we recall that we think of the values of ¢1 as being
in “log(q)” units) is the mazimum value attained by ¢n, and dn(5%) = —5ix i the
minimum value attained by ¢ .

Proof. The assertion concerning the Fourier expansion follows by adding up the translates
of the Fourier expansion of Proposition 4.4. The assertions concerning the maximum and
minimum values of ¢ follow by thinking of ¢ (6) as + - ¢1(N - 6). O

Note that the use of Green’s functions allows one to construct metrized line bundles
with arbitrary prescribed restrictions to the special fiber of Eo. Indeed, suppose we start
out with two horizontal divisors Dy, Dy C E, both of degree d (on E |y, ). Then consider
the metrized line bundle

— def
L= Og_ (D1 +gp, — 9D,)

The restriction of L to a component of the special fiber of F., which amounts to the
curvature hz of £ evaluated at the point of S! corresponding to that component, is given
(cf. Definition 4.2) by:
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hz =0p, — A(gD1) + A(gDz) = hD1+9D1 - hD2+9D2 +0p,
:d—d+5D2 :5D2

i.e., despite the fact that on the generic fiber Eo |y, 0£ E, L is just the line bundle
associated to the divisor Dy, on the special fiber of E~, L looks as if it is the line bundle
associated to the divisor Do! This sort of metrized line bundle will play a key role in this

paper.

§5. Theta Groups and Metrized Line Bundles

We maintain the notation of §4. Let d be a positive integer; g € Func(S?t). In this §,
we would like to study the metrized line bundle on E, given by:

L= Op, (dle] + )

(where e € F(Sx) is the origin of the group object Fo, — S, and [e] is the horizontal
divisor defined by its image). In particular, we will discuss the case where the theta groups
of §1 act on £, and compute (when the base is global) the degree of the push-forward of L
to such a global base. We observe that although the issue of the behavior of theta groups
for degenerating elliptic curves is also discussed in [MB], it is the opinion of the author
that the use of Zhang’s theory of metrized line bundles substantially clarifies the behavior
of theta groups for degenerating elliptic curves.

Note first of all that when we restrict to Ug, we are in the situation discussed in §1.
In particular, there is a theta group (Gz)us associated to Oy, (d-[e]). The group scheme
(Kr)us of d-torsion points of E|y, fits into an exact sequence

0— (Nd)Us - (KE)US - (Z/dZ)Us — 0

Although this exact sequence does not extend over S, if one base-changes to S, then it
extends naturally to an exact sequence of group schemes over S..:

0 — pals.. — Kels, — (Z2/dZ)|s,, — 0

where Kr|s.. € E« is a closed subgroup scheme. In fact, this exact sequence splits, so we
have a noncanonical isomorphism

Kels, = {pa x (Z/dZ)}|s..

In the following, we will denote K|s_ by
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Kz

Thus, the action of K on E, preserves the line bundle L|ys. We would like to investigate
the extent to which it preserves L:

Proposition 5.1. The action of Kz on E. preserves L if and only if translation by
é € éZ/Z C St on S preserves the curvature hz. We shall call such distributions on St
d-invariant. For instance, if g = d - ¢1 or g = d - ¢p1 — ¢gq (cf. Corollary 4.6), then the
resulting curvature will be d-invariant.

Proof. The automorphisms of S! induced by the action of K on E, are precisely those
given by adding (integer) multiples of 2. Thus, the necessity of the condition h=(f) =
hz=(0 + %) is clear. To see that it is sufficient, we reason as follows. First of all, since Sy
is regular of dimension 2, it suffices to prove the result in characteristic 0, i.e., in the case
where O is a finite extension of Q. But then K7 is étale over S., so it suffices to prove
that the “physical” automorphisms of E., induced by S..-rational points of K7 preserve
L. Let a be such an automorphism of E., that induces the automorphism 6 — 6 + é

on S'. Then L, 4 T is a metrized line bundle on E.. which is isomorphic to £ over
Us. Moreover, by hypothesis, hz = hZa' Thus, by Proposition 4.3, it follows that £
and L, differ by a constant C € R. If this constant C' € Q, then multiplying by ¢“
shows that £ = L. If not, then since o has order d, it follows that C' defines a class in
HYZ/dZ,R/Q) = Hom(Z/dZ,R/Q) = 0. In order words, it follows from the fact that
the automorphism « has finite order (while R/Q is torsion-free) that C € Q, so £ = L,,
as desired.

Thus, it remains to see that if g = d - ¢1 or d¢1 — ¢q4, then h; is invariant under
0— 0+ é. But if g = d - ¢1, then h7 is a constant, so this is clear. Moreover, ¢q4 itself is
invariant under 6 — 6+ %, so adding A(¢q) does not effect the invariance under 6 — 6+ 1.
This completes the proof. ()

Thus, if h is d-invariant, then by considering pairs (a,¢), where « is a point of K4
and ¢ : 7L = L (cf. §1), we obtain a theta group scheme

9z

over S, which extends (G¢)us_ - In particular, if f : Eo, — S is the structure morphism,
then we may define the push-forward



as the (quasi-coherent) Og-submodule of the rank d vector bundle (f|y.)«(L|ys) on Us_
consisting of sections whose absolute value is < 1 with respect to the |—| Ly forallp € Q/Z.

Then f.L is equipped with a natural action of Gz

Since it is not difficult to construct a Gz-module V which is a rank d vector bundle on
Seo and on which G, C G acts via the standard character (cf. Example 1.2), it follows
(cf. Theorem 1.1 of §1; [MB], Chapitre V, Corollaire 2.4.3) that

f*Z = M ®os., V

Here, M and its restriction My to Ug_ satisfy the following: My is a line bundle on
Us_ ; and M is a quasi-coherent Og_ -submodule of j, My (where j : Us — S is the
natural inclusion). Note that since Ug__ is quasi-compact and My (being a line bundle) is
of finite presentation, it follows that M arises as the pull-back of a line bundle on some
Us, . Thus, My extends to a line bundle M’ on S,. In fact, we may even assume that
M’ C M (in such a way that M'|y, = M|y, ). Next, let us observe that M is bounded in

the sense that there exists some positive rational number C such that

MIQMQQ_C-MI

(Indeed, this follows from the fact that £ itself is “bounded.”) Moreover, M has the
property that a rational section of M is integral over S, if and only if it is integral over
Us.. as well as at the central prime V({¢" }req-,) C Soc. Since the localization of A, at
the central prime is a valuation ring with value group Q, it thus follows that M is of the
form

M = m q_’"~/\/l'

ro<reQ

where 79 € R>g. In other words, the datum of M is equivalent to the datum of My,
together with a metric on My at the central prime of S..

Definition 5.2. We shall refer to as a metrized vector bundle on S, any pair (F,|— |r)
consisting of a vector bundle F on Ug__, together with a metric on F at the central prime
of Seo. The rank of a metrized vector bundle (F,| — |#) is defined to be the rank of the
vector bundle F.

If (F,| —|#) is a metrized vector bundle, then by considering the sheaf of (nonzero)
sections of F whose | — |z < 1 at the central prime, we naturally obtain a quasi-coherent
Ogs._ -module. Moreover, it follows from the discussion of metrics at the beginning of §4
— i.e., “metrics are equivalent to bounded, saturated submodules that generate over the
quotient field” — that the metric | — |z may be recovering from this quasi-coherent module.
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In other words, metrized vector bundles may be thought of as a special kind of quasi-coherent
Os__-module.

On the other hand, any vector bundle F on S, (in the usual sense) naturally defines
a metrized vector bundle on S (Fu,| — |7, ) as follows: we let Fyy be the restriction of
F to Us__; | — |7, be the metric corresponding to the module of integral sections at the
central prime of S,,. Thus, the (nonzero) sections of F may be recovered as those sections
of Fy whose | — |7, < 1 at the central prime. In particular, we see that the notion of a
metrized vector bundle on S~ s a generalization of the usual notion of a vector bundle on
Soo-

Corollary 5.3. Let L o Og_ (dle]+g) be a metrized line bundle on E whose curvature

hz is d-invariant. Then the push-forward sheaf f+L on Ss has a natural structure of
metrized vector bundle of rank d on S, equipped with an action of Gz. Moreover, there
exists an isomorphism

L2 Mo,V

of Gz-modules where M is a metrized line bundle on S with trivial Gz-action, and V is
a vector bundle (in the usual sense) on So with Gg-action on which Gy, C G5 acts via the
standard character. Finally, if L is, in fact, a line bundle (i.e., is the metrized line bundle
arising from some line bundle on some Cy ), then f.L (respectively, M) is a vector bundle
(respectively, line bundle) in the usual sense.

Now suppose (just for the remainder of this paragraph) that £ is symmetric, i.e.,
preserved (up to isomorphism) by the automorphism of E., given by multiplication by
—1. Tt is easy to see that this is equivalent to the assertion that the curvature h; satisfies
hz(—0) = h(0) (cf. the proof of Proposition 5.1). Then (just as in the discussion of §1) the
automorphism [—1] of E, given by multiplication by —1 induces an automorphism of G.
Thus, just as in §1 (cf. especially the discussion following Theorem 1.6), if @ € E(Sx)

is any S.o-valued point, then we get an isomorphism (of metrized vector bundles on S..)

L

(where K% L Kz/2 - K4,

ZlTa* KZ)' Thus, for instance, if d is odd, then we obtain a trivialization of the restriction of

and L]0 is the line bundle on K% obtained by descending

L to the subscheme 7. K. In particular, restriction to 7; K defines (by composing with
the above isomorphism) a morphism of metrized vector bundles on S, with Gz-action:

f*z - (Z|o¢0) ®OK2 OKZ
L
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In other words, this morphism allows us to think of global sections of £ over E as being
(essentially) functions on the subscheme 7K. These functions may thus be thought of
as a sort of “metrized” or “Zhang-theoretic” version of the algebraic theta functions of
[Mumf1,2,3].

The following standard line bundles will be important in this paper, so we give them
explicit names. First, let us write

e 1
(0) = $al0+ o)

(notation as in Corollary 4.6). In the following, the objects with a superscript “ev” (for
“even”) will be important in the case when d is even. Nevertheless, all the definitions (of
both the objects with a superscript “ev” and the objects without a superscript “ev”) may
be made regardless of whether d is even or odd. Let

def def
gst = d- o1 — da; g% = d-d1 — ¢

(notation as in Corollary 4.6). Write

— def —ev def ev

Ly = Op, (dle] +gx); Ly = Op, (dle] +g5)
In other words (cf. the discussion at the end of §4), Ly (respectively, L., ) is the metrized
line bundle whose restriction to the special fiber of C'y, looks like the divisor

d—1 i d—1 1 i
> (5] espectively, - [(55) + ()]

In particular, it is easy to see that if one takes a point o € K;(S«) whose image
under the projection Kz — (Z/dZ) is 1 € Z/dZ, and a point 3 € Ey(S.) such that
2 - B = «, then we have the following:

Lemma 5.4.  If d is odd, then Ly = Op_ (X920 [i-a]). If d is even, then Lo =
Op.. (Yo [B+i-a)).

Proof. Indeed, one calculates easily that both sides are isomorphic generically and have
the same curvatures. (Note here that in the case of d even, if one does not shift by /3, then
both sides will not even be isomorphic generically. Indeed, they will differ generically by a
line bundle of order precisely 2.) Thus, we conclude by Proposition 4.3 that the two sides
differ by some Og__ (C), for C' € R a constant. But now observe (cf. Proposition 4.4) that
gst (respectively, g5') takes rational values on Q/Z. On the other hand, for any irreducible
component p of the special fiber of FEw,, the order ordy at p of a rational function on Fo,
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whose divisor on Fo|ug is de] — Z?:_Ol [i - o (respectively, de] — Zf;ol [B+i-al) lies in

Q. Thus, it follows that C' may be taken to be in Q, hence (by multiplying by ¢©) it may
be taken to be 0. Thus, the two metrized line bundles are isomorphic, as desired. ()

Note, in particular, that if d is odd (respectively, even), then there exists a section s
of f«Ls (respectively, f*Z::) whose order ordp at any prime p € Q/Z C St is precisely 0.
Indeed, such an s is given by applying the isomorphism of Lemma 5.4 to the section given
by the natural inclusion

d—1 d
Oc, € Oc, (Y [i-al) (respectively, Oc, € Oc, (Y [B+i-a]))
i=0

\
-

-
Il
=

It is clear that this section is nonzero at all the nodes of Cy, hence at every prime p € Q/Z,
as desired.

Lemma 5.5. Suppose that L = Og_(de] + g), where g = g + ¥ (respectively,
g = g% +1) if d is odd (respectively, even), and 1 € Func(St) is > 0 and d-invariant
on S. Suppose, moreover, that ¢ vanishes at some point of Q/Z. Then the natural
identification between f.L and f.Ly (respectively, f*Z::) over Ug_ extends to an equality

f*z = f*zst (resp f*z = f*Z::)
over S .

Proof. To simplify notation, we assume in this proof that d is odd. (The even case is
entirely similar.) Now note that because 1) is d-invariant, it follows that Gz acts on both

f«L and f.Ly. Thus, (cf. Corollary 5.3) it follows that for some r € R, we have:

f*z - qir : f*zst

(i.e., the metrics on the two sides differ by a factor of e”). Since ¢ > 0, it follows that
r > 0. Suppose that r > 0. Then if s is any section of f,L, then there exists a rational
number ¢ > 0 such that ¢¢ - s forms an integral section of f,£. Now suppose that
vanishes at the point p of Q/Z. By the preceding discussion, there exists an s such that s
does not vanish (as a section of L) at p. Thus, g€ - s does not define an integral section
of Ly at p. On the other hand, since 1 (p) = 0, it follows that Ly and £ have the same
integral structure at p. Thus, ¢~¢ - s is not integral for £ at p — a contradiction. This
completes the proof. ()
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Theorem 5.6. Suppose that L = Og_(d[e] + g), where g = g + ¢ (respectively, g =
gy + ) if d is odd (respectively, even), and v € Func(S?) is d-invariant on S*. Let

def .
= inf
0% jaf, vie)

Then the natural identification between f.L and f.Lgs (respectively, f*Z:Z ) over Ug__ ex-
tends to an equality

fL=q " fiLy (vespectively, f.L=q " f.Ly )
(i.e., the metric on f.L is e~ times the metric on f,Ls (respectively, f.Ley )) over Sso.

Proof. For simplicity, we assume that d is odd. First, consider the case where g € Q and
there exists an a € Q/Z such that ¥(a) = rg. Then by multiplying through by ¢™ we see
that we reduce to the case ro = 0. Moreover, the hypotheses of Lemma 5.5 are satisfied,

so we see that the result follows from Lemma 5.5. This completes the case where ry € Q
and Ja € Q/Z such that ¢¥(a) = 7.

To handle the general case, one simply approximates ¢ by piecewise linear functions
1; in Func(S') which satisfy the hypotheses of the preceding paragraph. As 1; — 1, it
is clear that the metric on the resulting f.L; converges to the metric on the original f,L
(corresponding to 1)). This completes the proof. O

Corollary 5.7. Suppose that L = Og_(d[e] +d - ¢1). Then we have (on Ss)

1 —ev

fof = q¥ - f.Ly (vespectively, f.L = q= - f.Lq, )

if d is odd (respectively, even).

Proof. For simplicity, we assume that d is odd. Then we have df . b1 — gst = Pg-
Moreover, by Corollary 4.6, the ro (as in Theorem 5.6) for this ¢ is equal to — 5. Thus
Corollary 5.7 follows from Theorem 5.6. ()

Next, we would like to switch gears, and consider the following situation. Suppose
that we are given a finite flat covering

B — (M )z

which is étale over (M 1)q (i-e., away from the divisor at infinity and finite primes). For
simplicity, we will also assume that B is regular, and that the completion of B at the
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inverse image of the divisor at infinity of (Ml,O)Z is a disjoint union of “Sy’s” as in the
above discussion (for some appropriate N and base ring O). Let us write

1B

for the set of connected components of this union. Thus, for each ¢+ € g, we have a
completion B, = Sy, , where Sy, is understood to be over a base ring O,. Let

EBQCBHB

be the tautological log elliptic curve over B. Also, let us write Ug C B for the complement
of the divisor at infinity of B. By gluing together Ep|y, and (F), at each ¢, we thus
obtain a smooth group scheme

Eoo,B - Boo

over By. (Thus, strictly speaking, B, is an algebraic stack in the finite, flat topology.)

Then let us observe that one can glue together the theory discussed above over “S”
with the usual theory of line bundles and vector bundles on Ep and B to obtain a theory
of metrized line bundles on Es p and metrized vector bundles on Bs. Indeed, we shall
not write out the routine details, but the point is that a metrized line bundle on E, p is
a line bundle on E p|y,, together with a metric on the pull-back of this line bundle to
each E, plus_ , (where we use the notation “Us__ ,” relative to the understanding that
each B, = Sy, has its associated Us.., € S, — Sn,, etc.). Similarly, a metrized vector
bundle on B, is a vector bundle on Upg, together with a metric on the pull-backs of this
vector bundle to each Ug__ , .

Thus, if we are given, for each + € 7, a function

g, € Func(S})

then we may form a metrized line bundle
— def
L5 = Op. y(dle] +) 9.)

in the obvious way. If we then push-forward this line bundle via fp : Eo p — B, We
obtain a metrized vector bundle

(fB)*ZB

whose local structure was studied in Corollary 5.3 and Theorem 5.6 above. In particular,
let us note that it makes sense to speak of the degree of a metrized vector bundle on By.
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This degree will, in general, be a real number. There are many ways that one can define
this degree. For instance, one may define it as the degree of the metrized line bundle
which is the determinant of the given metrized vector bundle. Thus, it suffices to define
the degree of a metrized line bundle on B,. But a metrized line bundle on B, can easily
be seen to be equivalent (up to torsion) to an element of Pic(B) ®z R. Thus, the degree
of a metrized line bundle may be defined by tensoring (over Z with R) the usual degree
map

Pic(B) — Pic(Bq) — Z

on the smooth proper curve Bq. Here, because (Ml,O)Z is an algebraic stack, and B is a
covering of this stack, it is each to get confused about “what units” the degree is measured
in. In this paper, we adopt the convention of expressing all degrees in “log(q)” units. In
other words, in these units, the degree of the divisor at infinity of (M o)z is equal to 1.

Theorem 5.8. Let d be an odd (respectively, even) positive integer, and suppose that we
are given functions

g, € Func(S})

for each v € I such that 1, def 9. — (gst). (respectively, ¥, def 9. — (g).) is d-invariant.
Let

r, def inf ¢, (a)

aeS?

and

Ls® 0p_,(de+Y a)

(La)p = Op o (dle] + > (gu).)  (respectively, (£3)p = Op.. ,(dle] + Y (95).))

Then the natural identification of push-forwards between (fg).Lp and (fp)«(Lst)B (re-
spectively, (f5)«(Ly )p) over Up extends to an equality

(f8)«Le = (I ) (f8)+(Lst)B
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(respectively, (fB)«Lp = (H q,") - (fB)«(Ly)B )

(i.e., the metric on (fp).Lp at v is e”" times the metric on (fB)«(Lst)p (respectively,
(fB)«(Let )B)) over Se. Moreover, we have

1

deg((fB)+LB) = —op(d=1)+d- S,

where the degree is in “log(q)” units.

Proof. 'The assertion concerning integral structures is a formal consequence of Theorem
5.6. Moreover, this assertion concerning integral structures allows one to immediately
reduce the assertion concerning degrees to the “standard cases” of (L )5, (Ly; ) 5. In these
cases, the assertion concerning the degree is an immediate consequence of Grothendieck-
Riemann-Roch. We will carry out this computation in the following paragraph. Before
doing this, however, we note that when working with metrized line bundles, one does
not necessarily get the correct answer if one applies Grothendieck-Riemann-Roch to an
arbitrary metrized line bundle, since for an arbitrary metrized line bundle, “R!(f5).” is
not well-defined (i.e., one might get various “analytic torsion effects”). This is why we
reduced to the “standard cases” (L )p, (Lo )p which are (by Lemma 5.4), in fact, line
bundles in the usual sense (whose R!(fg). is zero) over any covering of (M o)z over
which the d-torsion points of E g become rational.

Let us first treat the case of d odd. The case of d even is quite similar, and we will
remark at the end of the proof what must be modified in this case.

By Grothendieck-Riemann-Roch, we have

deg((fB)Lp) = deg(R(fcy):Ocy) + %[ZB] -([£8] = [wE])

(where fc, : Cp — B is the structure morphism; we take Lp e (L) p; and we use

brackets “[—]” to denote the Chern class of a line bundle). Here, wgr denotes the line
bundle on B given by considering the invariant differentials on Egz. Then Serre duality
gives:

deg(R(fcp)«Ocy) = deg(wr)

Next, we compute the various intersection numbers that appear by using the intersection
theory of compactified divisors reviewed in §4. First of all, since wg is a line bundle on B
(as opposed to Cp), and w%u is well-known to be isomorphic to the line bundle associated
to the divisor at infinity, we have
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[L5] - [wg] = d - deg(wg) = i

Next, we have
[Lp]-[Lp]=d-[Ls]-[e] +/ st~ hz
g1

On the other hand,

(L] - le] =d - [e]* + g5t (0) = —d - deg(wp) + d - $1(0) — ¢a(0)
Ly g Ly 1

B T A R TR TV
while
d—1 i
/51 Goo iz, = 3 gul5) = d 64(0) — - 6a(0) =0
1=0
Thus, we obtain that [£p]* = — 15, so
deg(f5) Lp) = 2 (2~ 1—d) = = —(d— 1)
°6\\JB)+~B) = 3 12 24
as desired.

Finally, we consider the case of d even. In this case, we take Lp ot (Z: )B. It is then

immediate that

[Zs] o] = 15

(just as in the odd case). Thus the only intersection number that remains to be computed
is [ﬁ B]Q.
We have

Moreover,
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(L] [e] = d-[e] + g5 (0) = —d - deg(wp) + d - ¢1(0) — ¢ (0)

1
::—dwmg®@)+d'¢ﬂoy_¢ﬂ§3)
1 1 1 1

=) 5 1 = hu
while
e
f o hey =3 e+ )
= d-dul5y) —d-6a(0) = 61(3) ~ 02(0) = —5; ~ 5
Thus, [Lp)? = d-(313) — 51 — 15 = — 15 (Just as in the odd case), as desired. This completes

the proof in the even case. ()
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Chapter V: The Evaluation Map

§0. Introduction

In this Chapter, we prepare for the proof of the Comparison Isomorphism (which is
the main topic of this paper) in Chapter VI by studying the morphism which is to be the
“comparison isomorphism.” We refer to this morphism as the evaluation map. Our study of
the evaluation map consists of several parts. First, we must set up the notation and define
the evaluation map. This is done in §1, 2, 3. The evaluation map essentially consists
of restricting global sections of a certain natural metrized line bundle on the universal
extension of an elliptic curve to the torsion points of the elliptic curve. In §1, we discuss
the definition of the natural metrized line bundles that we use, and in §2, we construct
and study the elementary properties of the “evaluation map.” In §3, we observe that
the “étale-integral structures” defined in Chapter III, §6, are defined for arbitrary elliptic
curves (i.e., not just for degenerating elliptic curves, as in the discussion of Chapter I11, §6),
and, moreover, that the functions in these étale-integral structures assume integral values
at the torsion points appearing in the definition of the evaluation map. This integrality
property will be important in the proof of the comparison isomorphism in Chapter VI.

After we have defined the evaluation map, we commence our study of the extent to
which it is an isomorphism. We begin, in §4, by studying the extent to which a certain
version of the evaluation map defined for degenerating elliptic curves is an isomorphism
modulo various powers of the g-parameter. This essentially amounts to studying the extent
to which the twisted Schottky-Weierstrass zeta functions of Chapter IV, §3, satisfy linear
relations modulo various powers of the q-parameter. It turns out that the calculations of
linear relations that we carry out in this § will yield the key technical machinery behind
the main result of this paper. Next, in §5, we study the determinant of the evaluation map
in the case when the base of the spectrum of an algebraically closed field. We then use the
theory of §5 to determine, in §6, precisely when the evaluation map is an isomorphism for
“sufficiently generic” elliptic curves.

§1. Construction of Certain Metrized Line Bundles

In this §, we continue the discussion of Chapter IV, §4,5, on metrized line bundles. In
particular, we introduce certain specific metrized line bundles which we will need in order
to construct the evaluation maps of §2 below. These metrized line bundles £ are natural
in the sense that (it is not difficult to show that) they may be uniquely characterized
(up to tensor product with a line bundle pulled back from the base) by the following two
conditions:

145



(i.) They are symmetric up to torsion (i.e., the pull-back of £ via the
“multiplication by —1” map of an elliptic curve differs from £ by a line
bundle which defines a torsion element of the Picard group), of relative
degree d.

(ii.) Their curvatures (at infinity) are invariant with respect to and
“concentrated at” (in the sense of “delta functions”) the d-torsion points
to which we will restrict them when we consider “evaluation maps” in
§2.

Condition (ii.) is natural considering that the main purpose of constructing these line
bundles is to restrict them (and their sections) to the subscheme of d-torsion points of
an elliptic curve. In fact, the “concentrated at” part of Condition (ii.) is inessential in
the sense that, by Chapter IV, Theorem 5.6, even if the curvature is not concentrated at
the d-torsion points, the push-forward of the metrized line bundle — which is what we are
ultimately interested in — is the same as that of the “maximal metrized subsheaf inside
the original line bundle among those subsheaves which are concentrated at the d-torsion
points.”

Let m > 1 be an integer. We would like to consider the moduli of pairs

(E — 5,n € E(5))

where £ — S is an elliptic curve, and n € E(S) generates a cyclic subgroup of order m in

E. Over Z[%], there is no problem in defining an algebraic stack of such pairs. Moreover,
it follows from the theory of [KM], Chapter 5 (cf. especially Theorem 5.1.1), that this
stack extends (uniquely) to a finite, flat covering

B — (M1)z

of proper algebraic stacks over Z which is étale over Z[%] away from the divisor at infinity;

near infinity, is obtained by adjoining some q%, where r divides m to the ring of integers in
some cyclotomic extension of Q; and, at primes dividing m, parametrizes “points of exact
order m.” Moreover, the stack B is reqular. In particular, B satisfies the hypotheses of the
discussion following Chapter IV, Corollary 5.7.

Next, let d be a positive integer. Then let us recall the metrized line bundles

(Zst)B déf OEOO,B(d[e] + Z (gSt)L)

(Le)p < Op_ ,(de] + 3 (95).)
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(where e is the origin of the group object fp : Eso,p — Boo; ¢ ranges over the connected
components of the divisor at infinity of B; and g = d - ¢1 — ¢dd, g5¢ = d- ¢1 — ¢’ are the
“standard Green’s functions” studied in Chapter IV, §4,5) of Chapter IV, Theorem 5.8.
Recall from the theory of Chapter IV, §4.5 (especially Chapter IV, Lemma 5.4), that on
each S! (i.e., the “limit” of the set of irreducible components of the semi-stable models

over the component at infinity ¢), (Lst)p (respectively, (L, )p) looks like the (line bundle
associated to) the divisor

T
D

d—1 .
1 7

2] (respectively, > [(52) + (4)])

1=0

Il
=

i

on S!. Finally, in Chapter IV, Theorem 5.8, we showed that if d is odd (respectively, even),
then

1 —ev 1

deg((fp)«(Lst)B) = =5 (d—1)  (respectively, deg((f)(Ls)B) = —57(d—1))

in “log(q)” units.

Next, let us observe that from the definition of the moduli stack B, we have a tauto-
logical m-torsion point

ne Eoo,B(B)

For each ¢, one then has a divisor

p.(n) € Div(S})

given by the unique point of (Q/Z), C S! defined by 7 at ¢. Let us denote this unique
point by 1, € (Q/Z), C SL. Thus, p,(n) = [1.]. Now, if d is odd (respectively, even), then
let us consider the divisor

(S ) (5 ) eowesy
! 1 i Caka
(respectively, ( 4 n, + 24 + E]) - < 2 [3]) S Div(S}) )

Let us write ¢, (respectively, ¢") for the Green’s function associated to this divisor (cf.

the discussion preceding Chapter IV, Proposition 4.4). Thus, A(¢,,) = —8;(5;“ (where
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0 is the standard coordinate on S!) is equal to the delta distribution associated to this
divisor. Moreover, by Chapter IV, Corollary 4.5, the function ¢,, is piecewise linear on
St d-invariant (i.e., ¢m_(9 + 1) = ¢,,(0)), and attains its maximum at the points n, + %
(respectively, 1, + ﬁ + %), and its minimum at the points 3, for i = 0,...,d — 1. Indeed,
it follows immediately from the definitions that

1 _ - 1
. (0) = Zdan,o(d-0) (respectively, ¢77(0) = —da.y,410(d-0))
where ¢77,0(0) is the function considered in Chapter IV, Corollary 4.5. Let us define

def def ev

Uy, (0) = &, (0) — ¢, (0)  (respectively, 1;7(0) = ¢;7(0) — ¢;7(0) )

Thus, 1, > 0 (respectively, ¢V > 0) on S}; 9, (0) = 0 (respectively, ¥5¥(0) = 0).

L

We are now ready to define the metrized line bundles which are the main topic of the
present §. Let

def

(Lstn)s = AT, (Lst)B)} @0p_ , OB (D ¥n,)

—ev def

(respectively, (Ly,)p = {7, (£s)B)} @05, Opes(D ¥5))

L

(where 7, : Ex B — Foo p is the morphism given by translation by n € Fo g(B)). Note
that the curvature of this metrized line bundle at ¢ is given by:

(5t mdy) ~ AW =05y

1=0

—AW) =9y

respectively, 0
( P y (Z

1)>

That is to say, although, over Ug, Zst’n (respectively, Z::m) 15 “twisted,” i.e., differs from

d—1 i
T Ity 3])

s

(Lst)B (respectively, (Zz:,n)B) by translation by n, “metrically speaking” (i.e., in the special
fibers at infinity) it looks as though it was never twisted by translation by n (respectively,

or even by the “2—1d 's” on the S1’s at infinity).

Now Chapter IV, Theorems 5.6, 5.8, imply the following:

Proposition 1.1. Ifd is odd (respectively, even), then the automorphism of Es g given
by translation by n induces a natural equality:
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(fB)«(Lstn) B = (fB)<(Lst)p  (respectively, (fz)s(Lsy)n = (f5)«(Lst ) )

of metrized vector bundles on Bu. In particular, deg((fB)«(Lst,y)B) = —55(d — 1) (re-
spectively, deg(([)+(Lot)p) = —(d — 1)

Remark. We note here, for future reference, that Proposition 1.1 implies that

T
)

a-{ = 25 (3 i)+ dea((f). (Laun)) } = —d- o {d(d — 1) + (d = 1)} = 5 d(d@ ~ 1)

@
I
=

if d is odd (respectively,

0
\

a-{ = 55 (3 i)+ dea((f)o(L5,)m) b = —d+ o {d(d — 1) + (d— 1)} = — 5 d(d@ ~ 1)

s
I
=

if d is even). This computation will be of fundamental importance in the proof of the
comparison isomorphism in Chapter VI.

Note, moreover, that since the v, ’s are d-invariant, one can glue together the theories
of theta groups discussed in Chapter IV, §1, and Chapter IV, §5, to obtain a theta group

G T = G Ter)n (if d is odd) which fits into an exact sequence

1= (Gum)B =97, =970 ~ Kz)s = Kzuys — 1

where K (To)s = K (ovn)s is the kernel of multiplication by d on E. p. Naturally, the
equality of metrized vector bundles in Proposition 1.1 is, in fact, an equality of modules
—€v

over this group scheme Gz ) =Gz, . Similar statements hold for (L) B, (L) B
if d is even.

Next, let us compute some intersection numbers (cf. the theory of Chapter IV, §4,5).

Proposition 1.2. Suppose that T is any d-torsion point € Eo, g(T) (i.e., d-7 =0) over
some B-scheme T', where T — B is a finite, flat covering that satisfies the same hypotheses
as B (i.e., the hypotheses in the discussion following Chapter IV, Corollary 5.7). Suppose
that d is odd; then we have
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[] (Zstn :__Z¢1 —d - 77L

7] (Zst,n)B =0
if m does not divide d;

] Con)s = — 13

(in “log(q)” units) if m divides d. Suppose that d is even; then we have
[T] ’ (_:1‘:/,77 -7 Z ¢1 —d-n, + )

(in “og(q)” units).

Proof.  For simplicity, we shall assume that d is odd. The even case is entirely similar.
The only difference is that, unlike in the odd case, the sum that one obtains in the even
case cannot be described in “closed form” (i.e., “= 0 if m does not divide d, = m it m
divides d”).

By the above discussion on theta groups, it follows that for some line bundle N on T
such that N'®? = Or, we have:

T (Lstm)B) = (Lst)B) ®0r N

Since [7] - [N] = 0, it thus suffices to consider the case T = B; 7 = e (i.e., the origin of
E B). Since 1, (0) =0, it follows that

[e] - [(Lot.) B ]z[e}-T*K_ OF ]:[—n]-[(zst)B]
+Z (dpr — pq)

{[ -l + 3 [ i} -3 > o én)

(where in the final equality, we use the fact that ¢4(6) = é - ¢p1(d - 0) (cf. Chapter 1V,
Corollary 4.6)).
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Next, let us observe that since the curvature at each ¢ of the metrized line bundle
Og.. z(e+ ¢1) is (constant, hence) m-invariant, it follows (cf. Chapter IV, Proposition
5.1) that the m?-th power of Op_ (e + ¢1) is stabilized by translation by n and d - (cf.
the discussion at the beginning of the proof involving the line bundle “A/”). On the other
hand,

O e+ 00)) - [e] = [ef? + 61(0) = =55 +61(0) =0

Thus, we obtain that

0=[0p. s(e+o1)] [-n =[O s(e+¢)]-[=d-n]

This implies, in particular, that the expression in large brackets in the above equalities

concerning [e] - [(Lst,n) B] vanishes.

Thus, in summary, we have:

] [(En)pl = =+ 3 [=d-n] -6
=g X )
= ] [~

But note that —d - = e if and only if m divides d. Moreover, since —d - 7 is a torsion
point, it follows that [e] - [—d -] is 0 if —d -7 # e, and —15 if —d - = e. This completes
the proof. O

Finally, we note the following consequence of the above discussion: Suppose that
m = 2d. Write L for (L ,)p (respectively, (ZZ: ,)B) if d is odd (respectively, even). Note
that the fact that m = 2d implies that £ is symmetric. Thus, we can use the action of
the theta group G to construct algebraic theta functions (cf. Chapter IV, §1; Chapter IV,
the discussion following Corollary 5.3), as follows. If a € E p(T) is any T-valued point
for a B-scheme T as in Proposition 1.2, then we get an isomorphism (of metrized vector
bundles on T.,)

C

r21¢; = (Ela) B0, Orcy
L

(where K% o /2 Kz, and L|,0 is the metrized line bundle on K% x g T obtained by

T KZ)' Thus, for instance, if d is odd, then we obtain a trivialization of the

descending £
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restriction of £ to the subscheme 7} Kz. In particular, restriction to T Kz defines (by
composing with the above isomorphism) a morphism of metrized vector bundles on T
with Gz-action:

(fB)+Llr — (Llao) ®0,0 Ok
L
For instance, if T'= B, and a = e, then we get a morphism
(/5)-Z = (Eleo) ®0, O
L

i.e., this morphism allows us to think of global sections of £ over E p as being (essentially)
functions on the B-finite scheme K.

§2. The Definition of the Evaluation Map

In this §, we set up the morphism which will be the principal topic of the comparison
isomorphism to be proven in Chapter VI. Roughly speaking, this morphism is the morphism
given by evaluating global sections of an ample line bundle on the universal extension of a
(log) elliptic curve at the torsion points of the universal extension.

Let d > 1 be an integer. Suppose that S'°¢ is a fine noetherian scheme, and let

Olog N Slog

be a log elliptic curve over S'°8 such that the “divisor at infinity” D C S (i.e., the pull-
back of the divisor at infinity of (Mj o)z via the classifying morphism S — (Mjg)z) is a
Cartier divisor (i.e., locally defined by a non-zero divisor) on S. Also, let us assume that
étale locally on the completion of S along D, the pull-back of the Tate parameter q to this
completion admits a d-th root.

Next, observe that by pulling back the corresponding objects in the universal case, we
obtain

E—S;, Exs— S

(cf. Chapter IV, §4,5). By considering objects which are (étale locally on S) obtained by

pulling back metrized line bundles on the tautological E__ 7 over M ot (Mi,0)z (cf. the

theory of Chapter IV, §4,5), we obtain a notion of “metrized line bundles on F, 5.” We
leave the routine details of the precise formulation of this notion to the reader. Let
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C

be a metrized line bundle on F s of relative degree d whose curvatures at all the com-
ponents of D are d-invariant (cf. Chapter IV, Proposition 5.1). In fact, ultimately we
will mainly be interested in the cases where S is a covering B (as in the discussion fol-
lowing Chapter IV, Corollary 5.7), or an object derived from such a B (i.e., a comple-
tion/localization of such a B; a point of such a B, etc.), and where £ is one of the bundles
“Let.n” or “Z:Z, , of 81 (or the pull-back of this bundle to an object derived from such a
B).

Next, we introduce some new notation. Recall the universal extension ET = E of the

log elliptic curve E (cf. Chapter III, Definition 1.2). Recall that the S-group scheme joul
is an extension of E by the affine group scheme Wg corresponding to the line bundle wg.
Then for n > 1 an integer, let us denote by

Wg — E]L
E[];] def i l”'
Wg

the Wg-torsor E[JL ) E obtained by applying a “push-out” to this extension via the
morphism n- : Wg — Wpg given by multiplication by n.

Note that it follows from the definitions that the morphism d- : gl - gt (“multipli-
cation by d”) factors through E[];]. Thus, we get a homomorphism

E[];] — EJ[

of group schemes over S which induces an isomorphism (since d- induces multiplication by
d on Wg) between Wg C E[Td] and Wg C ET. Put another way, this morphism exhibits

the Wg-torsor E[Td] as the pull-back to E via the multiplication by d map on E of the

Wg-torsor Bl Moreover, since ET extends naturally to a Wg-torsor E;fj — C' (Chapter
III, Corollary 4.3), and the morphism “multiplication by d” on E extends naturally to
a morphism Cy — C (i.e., Cy is the semi-stable model of E over S with d irreducible
components in the special fiber — cf. the notation of Chapter IV, §4), we thus obtain (by

pulling back Eg — C via Cq — C) a natural Wg-torsor

gl

Ca,ld) — Ca

extending the Wg-torsor EL} — F over E C Cy. Note that the restriction
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Eqld Eq

of El’d (d] to Eq C Cy (i.e., the complement of the nodes of Cy — cf. the notation of
Chapter 1V, §4) has a natural structure of group scheme over S with respect to which the

homomorphism E[er] — ET considered above extends to a homomorphism E;gd [ el
On the other hand, since F g is obtained by removing the nodes of an object C s,

which, in turn, is obtained by blowing up Cy, we thus see that the Wg-torsor Ei,d @ = Cy

restricts to an object E(T/‘oo,s,[d] — Cso,s, Which, in turn, restricts to an object

T def o
Eoo, _EE

[d] - Eoo,S

oo,Sy[d]

(which extends (Egd,[d] — Eg) X5 Sx0)-

Let us denote the kernel of the homomorphism E; — F (i.e., the open version of the
morphism Cy; — C' considered above) by

' C By

It follows from the assumption concerning the existence of roots of the Tate parameter
that 4F forms a finite, flat group scheme over S.

Lemma 2.1.  There is a natural subgroup scheme

dlaT g El’d,[d]

which maps isomorphically to 4FE C Cy.

Proof. Indeed, observe that the homomorphism E]L — ET fits into the following

. . Ed ’ [d]
commutative diagram:

0 — Wy — By — Ei — 0

oo l

0 — Wg — ET—>E—>O

where the vertical arrow on the left is the identity. Thus, we conclude that E;gd [ = joul
is finite and flat, and that its kernel maps isomorphically down to the kernel of E; — F,
which is simply 4F (cf. the discussion at the beginning of Chapter IV, §3). O
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We are now ready to define the evaluation map, which is the main topic of this §, and,
indeed, of this paper. By abuse of notation, let us write fg for all structure morphisms of
objects over So down to Sw. If n > 1 is an integer, let us denote by

(F)e(E] 4 <"
oo, [d]

the subsheaf of (fs).(L]| : ) consisting of those sections whose torsorial degree < n (cf.
50, [d] _
Chapter III, Definition 2.2). Thus, (fs)«(L] : )<™ forms a metrized vector bundle on
E

o0, [d]

Soo of rank d-n (cf. the theory of Chapter IV, §5). Moreover, this metrized bundle admits
a natural action of the theta group Gz associated to L.

On the other hand, for a € ET(S) - EIO [ d](SOO), let us consider the push-forward to
Soo of the restriction of the metrized line bundle £ on E.s to the (result of base-changing

by Sec — S the) subscheme (E]L D) Toj‘(dET) = Tx(aF) C Ey:

Ed,[d]
(Fs)(L_ 4 )
TO’:‘ (dEoo
_Where dEIo def dE]L X5 Soo; “T72” denotes “translation by 77”). One sees easily that
L] + forms a metrized vector bundle on Ss, of rank d*. Moreover, since the action of
Toj‘ (dEoc

Gz on L covers the action of Kz = gF on 7;(4F), we thus see that this metrized vector
bundle admits a natural action of the theta group Gz.

Proposition 2.2. Under the above conditions, restriction of sections over EIO [d] to the

subscheme ’Z;j‘(dEio) C EIO [ defines a natural morphism

Ez’d’a : (fs)*(Z| )<d - (fS)*(Z| T )

Eoe 1 s (aBo

of metrized vector bundles of rank d*> on S which is compatible with the actions of the

theta group Gz on both sides. (When the various subscripts of = are fized in a discussion,
they will often be omitted, especially in the case where « is taken to be the origin.)

The main purpose of this paper is to investigate the extent to which this
restriction morphism =z , 18 an isomorphism.

Next, suppose that
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HCG;

is a Lagrangian subgroup scheme (cf. Chapter IV, Definition 1.3 — note that the theory of
Lagrangian subgroups reviewed in Chapter IV, §1, extends immediately to the metrized
case). Let Ky C K= 4FE C E4 be the image of H in K. (Thus, H = Kp.) Let

def
FEwy,s = Exs/(Kn)s.,

(where (Kg)s.. © K H X5 Ss). Note that the immediate extension of Chapter IV,

Theorem 1.4, to the metrized case shows that there exists a metrized line bundle

Ly
(of relative degree 1) on E, s (defined by H C G5). Write

def
aFy = 4FE/Kpn

(s0 4Eg X5 Se0 € Exoyy.s). Thus, ¢Ep is a finite flat group scheme over S. Next, observe
that since Ky C 4F is annihilated by d, it follows that the finite morphism Cy — C
considered above (which compactifies multiplication by d) factors (uniquely) as a composite

Cd—>CH—>C

of finite morphisms, where Cy is S-flat, and, after base-change via S,, — S and restriction

to Ug df g D, the morphism Cy — Cy may be identified with the morphism F, g —

E+, s. Thus, since EIO’[d] — FEu,s is obtained from Egd’[d] — (Cy which, in turn, is

obtained by pulling back E(]; — (C via Cy — (), it follows that we obtain natural Wg-
torsors

T A
ECH,[d} — CH, FE

00H7[d} - EOOH7S

whose pull-backs to Cy, E s may be identified with Ez,d a Cy, EIO (d]

moreover, that (it is immediate from the definitions that) the lifting JET of 4E defines a
lifting

— F . s. Note,

EL gl

XOH — OOH,[d]
of 4By X5 Seo € Exoyy .- Finally, let us write ay for the image of a in EIOH [d](SOO).
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Thus, by taking the H-invariants of the domain and range of =7 , in Proposition
2.2 (and applying the immediate extension of Chapter IV, Theorem 1.4, to the metrized
case), we obtain the following:

Proposition 2.3. Under the above conditions, restriction of sections over EIOH (d] to the

subscheme ’Z:j(dELH) C EIOH () defines a natural morphism

E%{d’a : (fS)*(ZHlE'I' )<d — (fs)*(ZH’Ta*H(dET )

o 5 d] cop)
of metrized vector bundles of rank d on S which may be identified with the morphism

obtained from the restriction map Z; , . of Proposition 2.2 by taking H-invariants.

Since, in this case, taking H-invariants is a faithful operation (cf. Chapter IV, Theorem
1.4), it follows that, for instance, the bijectivity of Z5 ,  is equivalent to that of Eg da
Often, it will be technically easier to analyze the restriction morphism = after taking

H-invariants.

Finally, to prepare for §5, 6 below, we consider the dependence of = on a. Let w be
a section of Wg. Then note that translation by w induces natural identifications

. THLC =L
wllal y ) H|EIOH

,Ld] oo gy [d] »[d]

Thus, translation by w effects automorphisms 7. of the metrized vector bundles

(fs)«(L 4+ )% (fs)«(Lm| + )

EL,[d] oo g 1d]

which are unipotent with respect to the filtration (on (fs).«(—)<%) by torsorial degree. In
other words, these automorphisms 7, induce the identity on each of the subquotients
(f$)«(=)</(fs)«(—=)<t"1 (for i € Z). Indeed, this follows immediately from the definition
of a Wg-torsor. Thus, since both the domain and range of the morphisms of Proposition
2.2 (respectively, 2.3) are the same (i.e., not just isomorphic) for @ and « + w, it makes
sense to compare these two morphisms, and, in particular, to compare their determinants.
Note, moreover, that the morphisms of Propositions 2.2 (respectively, 2.3) for a, a + w
differ precisely by composition with the automorphism 7. Thus, we obtain the following:

Lemma 2.4.  For any section w of Wg, we have:

det(Ezd’a) = det(Ezd

. —H o —H
o) det(ZL, ) = der(zL

d,a—i—w)
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where “det(—=)” is a section of the metrized line bundle det(range) ® det(domain)™! on
( (-) f (range) ( )

Seo).

63. Extension of the Etale-Integral Structure

In this §, we show that the étale-integral structures “R°” discussed in Chapter III,
§6, are defined for arbitrary elliptic curves (i.e., not just for degenerating elliptic curves, as
in the discussion of Chapter 111, §6), and, moreover, are that the functions in these étale-
integral structures assume integral values at the torsion points appearing in the definition of
the evaluation map. It will be relative to this étale-integral structure (defined for arbitrary
elliptic curves) that we will prove the comparison isomorphism in Chapter VI.

We work with the notation of Chapter III, §5, 6. Thus, let O be a Zariski localization
of Ok, where K is a finite extension of Q. Let

AZO[lql; S Spec(A)

Then we have a one-dimensional semi-abelian scheme

E— S

over S. Roughly speaking, one may think of E as being “G.,/¢%.” More rigorously, F

may be compactified to a log elliptic curve C'°8 — S'°8. Moreover, Cs (the result of base

changing C' to the ¢g-adic completion S of S ) may be written as

C5=CF 2oy

Recall that in Chapter III, §6, we used the natural isomorphism of Chapter III, The-
orem 5.6, Corollary 5.9:

Ellox = (We)g x5 CF
to define a new integral structure

Ret
B

on R + ® Q (cf. Chapter III, Proposition 6.1). If one trivializes wg by means of the
E

C
section d log(U), then we may write
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Wpg = Spec(Og[T1])

(where T is the indeterminate corresponding to the chosen trivialization of wg). The new
integral structure was obtained by essentially adjoining the polynomials

n] def 1

Tl
n!

T(T—1)(T—2)-... (T — (n—1))

(for n € Z>() to the original integral structure.

Now let us write (for d > 1 an integer)

(Ca)g = C2/(d- Zey)

Since (661)5: — S is proper, it algebrizes to some 6’d — S. Let E — S be the open

subscheme of 601 obtained by removing from éd the irreducible components of the special
fiber (i.e., the fiber over ¢ = 0) that do not contain the image of the identity element

ecx € C'/;\O(g) of C’g’ . Let E; — S denote the complement of the nodes of the special
S

fiber of Cy. Thus, E, and E have a natural structure of group scheme over S, and Eisa
semi-abelian scheme over S. Moreover, let us observe that we have a natural finite étale
covering

Ed—>E

of degree d which compactifies to a finite morphism C, — C. Relative to the notation
of §2, if one takes “E” in loc. cit. to be E (in the notation of the present discussion),
then the resulting “E4” (respectively, “Cy”) in the notation of loc. cit. corresponds to Ed
(respectively, éd) in the present discussion. Moreover, I claim that:

The resulting “E[Td],” “Eéd,[d]” of loc. cit. correspond to Eglgd, Eg\gd
in the notation of the present discussion.

Indeed, to prove this, one reasons as follows: The multiplication by d morphism Ed —FE
factors as the composite of the finite étale isogeny Eq — E under consideration with some
other finite isogeny £ — E (of degree d, whose kernel may be naturally identified with

). Moreover, the push-forward morphism associated to the isogeny £ — E induces a
natural isomorphism between the universal extensions of E and E (cf. the discussion at the
beginning of Chapter IV, §3). Thus, it follows that the pull-back of the universal extension
of E to E4 via the multiplication by d map may be identified with the pull-back of the
universal extension of F to E; via the finite étale isogeny E — E under consideration.
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On the other hand, the former pull-back is, by the definition of “E[Td] 7 given in §2, none

other than the “E[Td] ” associated to Ey. (One concludes the corresponding statement for
« T
ECd,[d

codimension 2.) This completes the proof of the claim. Thus, in the following, we will
write

]” by using the fact that the complement of Ed in (the normal scheme) 5d is of

ol

6;d ) [d]

for the W-torsor over Cy which is the “Egd e (in the notation of §2) for the case where

one takes “E” (in §2) to be E (in the notation of the present discussion).

In particular, we see that by pulling back the new integral structure of Chapter III,
Proposition 6.1, on R** i via Cy — C, we obtain a new integral structure

Eo

Ret.r g R -‘- ® Q
EL B
Cq,ld] Cg,ld]

Moreover, this integral structure has the property that:

If f is any section of RetT (over, say, Ed), then the restriction of f

EL
Ca,ld]

to any d-torsion point T € E4(S) defines an integral section of Og.

Indeed, pulling everything back to C’%O, we see this amounts to the observation that the

pull-backs to C’:Z\O of the d-torsion points of Ed have coordinates, relative to the decompo-

sition EJr cx = (Wg)a x5 CX, given b
C| e ( E)S S5 g Y

(ﬁaa : qﬁ)

where 8 € Z, and « is a d-th root of unity. (Indeed, this follows from Chapter ITI, Corollary
5.9, and the fact that the “g-parameter” of E is given by ¢%.) Thus, the above property
follows from the fact that any 71" has integral values at 8 € Z. (In fact, for § € Z>,
the value of TI" at T = is 0 (if < n), 1 (if 8 = n), (g) (i.e., binomial coefficients, if
g >n).)

Next, let us observe that the semi-abelian scheme E — S is universal among degener-
ating one-dimensional semi-abelian schemes whose ¢g-parameters admit a d-th root. Thus,

what we have done above already defines a new integral structure on “R t ” for any
E
Cg.ld]
degenerating one-dimensional semi-abelian scheme E — S (for which the base S is Z-flat)
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whose g-parameter admits a d-th root. In fact, we would like to extend this new integral

structure on R + from a formal neighborhood of the divisor at infinity (where the new

Ecd,[d]

integral structure has already been defined) to the whole of (M g)z. That is to say, in
the following discussion, we propose to do the following:

We would like to “p-adically analytically continue” the new integral
structure on “R + ® Q7 from a formal neighborhood of the divisor

Cq,ld]

at infinity to the whole of (M 0)z

More precisely, given any one-dimensional semi-abelian scheme Er — T', where T is Z-flat,
and the g-parameters of Ep — T are non-zero divisors that admit d-th roots, we would
like to define a new integral structure on the associated R + ® Q. Clearly, since

E(CT)dv[d]

for a fixed n, the new integral structure on F"(R : ® Q) differs from the integral

(C1)q-ld]

structure defined by F"(R t ) at only finitely many primes, it suffices to define these

E
(Cr)g,ld]
new integral structure locally, p-adically, at each rational prime p. Thus, we may assume

that T" is a Zj,-scheme.

Next, let us observe that in the discussion of Chapter III, §6, of the new integral
structure in the case of a degenerating Er — T (i.e., Chapter III, Proposition 6.1), the
key object that we needed in order to define the new integral structure was the canoni-

cal decomposition EC|Coo = (We)g X5 C'A , i.e., the canonical section r (cf. Chapter III,

Theorem 2.1). It is premsely because thls canomcal section is only defined in a formal neigh-
borhood of the divisor at infinity that the discussion of Chapter III, §6 (i.e., Chapter III,
Proposition 6.1) could only be carried out over such a formal neighborhood. In fact, how-
ever, careful inspection reveals that really, for a fized n, in order to define F™ (R i )
Elor) g la

at a fired prime p, it suffices to have & only modulo p”, for some sufficiently large N.

Moreover, in the notation of the above discussion in the degenerating case, if we let

GQC%O/(pN‘d‘Zet)

be the group scheme over S obtained by removing the nodes from C’g\o /(pN -d-Z.y), then we

get a finite étale covering G — E (of degree p”) with the property that & is already defined
modulo p™ after pull-back via G — E (or over the compactification C%O J(pN-d-Zey) — Cy).
Indeed, this follows from the fact that 1o € Zet acts on & by K+ K+ 1 (cf. Chapter III,
Theorem 5. 6) so elements of p~ - d - Ze; preserve k modulo p~. Note, moreover, that since

the isogeny G— Ei 1s of degree p!V, there exists an isogeny of group schemes H — G which
is finite of degree p” such that the composite
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is isomorphic to the “multiplication by p™” map on E over Ug = Spec(A[g7Y]) (C S).
Thus, in summary,

The canonical section k is defined modulo pN after pull-back from E to
H.

With these preparatory remarks behind us, we are now ready to begin the “analytic con-
tinuation” argument:

Analytic Continuation Argument:

Let Ep — T be a family of elliptic curves, where T is a finite, flat (hence, in particular,
affine) scheme over (M, o)z, (i.e., the complement of the divisor at infinity of (M1 )z, ).
To simplify the discussion, we shall also assume that 7" is normal. Write

HT—>ET

for the isogeny given by multiplication by p’¥. (Thus, Hr is abstractly isomorphic as a
T-scheme to Er.)

Consider the torsor E;[ — Er (ie., the “ET "7 associated to Er). This torsor defines

[d] [d]
a class
n € H'(Er,we.|p,) = Or
(where the “=” follows from relative Serre duality for the morphism Ep — T'). If we pull

this class back to Hp, then we obtain a class

def
ng € €= H'(Hr,wp,|Hy)

where £ is a line bundle on T.

I claim that g is = 0 modulo p". There are many ways to verify this claim. One
way is the following: Since & is a line bundle on T, and T is normal, it suffices to verify
that 7 vanishes modulo p" after restricting ng to the p-adic completion Oy of the
localization of T" at any generic point py of T'® F,. On the other hand, the discrete

valuation ring 6T7PT is clearly dominated by a discrete valuation ring which arises as the
p-adic completion 6W7PW of some W at a generic point py, of W ® F,, where W is the
base of some degenerating elliptic curve whose classifying morphism to (M )z defines a
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finite morphism W — Spec(Z,[[q]]). On the other hand, for bases such as @W,pw, the fact
that 7 vanishes modulo p" follows from the above discussion of the degenerating case
(i.e., where we saw that the canonical section & is defined modulo p" after pull-back via
“H — E”). This concludes the proof of the claim.

Thus, the wg-torsor El [ = Er splits modulo p” after pull-back via Hy — Ep. We

would like to show that this torsor not only splits modulo p?¥, but that it admits a splitting
which extends the canonical splitting k (modulo p" ) in the degenerating case. To do this,
we must characterize the canonical splitting x in terms that make sense even for non-

degenerating elliptic curves. We do this as follows: Note that since E;E [d] has a structure

of abelian group scheme over T', it admits an action by X def {£1}. Of course, Hy and Er

are also commutative group schemes over T', hence admit natural actions by ¥ = {£1}.
Then let us observe that since the canonical splitting k is a group homomorphism (cf.
Chapter III, Theorem 2.1), it commutes with the respective actions of ¥ = {4+1}. Let us
regard the line bundle wg, on 7" as an Or-module with ¥ action, where X acts via the
tautological character ¥ — {£1} C Of. Then it follows by general nonsense that the

obstruction to defining a Y-equivariant splitting of E; [a) Over Hy modulo pV is a class

ne € H'(S,wp, ® (Z/p")) = {we, @ (Z/p")} ® (Z/2)

Moreover, if this class vanishes, then such a splitting will be unique modulo

HO(S,we, @ (Z/p")) = ker(2: wp, ® (Z/p™))

(i.e., modulo the kernel of multiplication by 2 on wg, ® (Z/p"™)).

Thus, we would like to see that ny, vanishes. Of course, this is only a problem when
p = 2. In this case, since wg,. is a line bundle on 7', one proves that 1y, vanishes in precisely
the same way as we proved above that U= vanishes modulo p?¥ — i.e., by reducing to the
degenerating case, where we know the result to be true. This completes the proof that
ns is always zero. As for uniqueness, in general, we only get uniqueness modulo p™¥ =1 (of
course, if p is odd, we get uniqueness modulo p”). However, by taking N sufficiently large
(e.g., one larger than the original N necessary to define the integral structure), this is not
a problem. This uniqueness thus shows, by the same argument as that used above to prove
that 75 = 0 modulo pV —i.e., by comparing with the degenerating case — that:

There exists a splitting of the torsor E:]; [ over Hp modulo p"V which

extends the canonical splitting « considered in the degenerating case
modulo p™N 1.

Thus, by taking N sufficiently large, we see that all the functions “T'")” (for i < our fixed
n) may be defined modulo a sufficiently large power of p so that we may form a new integral
structure
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which extends the integral structure of Chapter III, Proposition 6.1 in the degenerating
case — at least after pulling back from Ep to Hp. But then, by using the “Orp ’s,”
reduction to the degenerating case, and finite flat descent (of coherent sheaves) for the
morphism Hp — Ep, it is easy to see that these integral structures descend back down to

FEr, as desired. This completes the “p-adic analytic continuation argument.”
In other words, we have proven the following:

Theorem 3.1. Let d > 1 be an integer. Let

Clog N Slog

be any log elliptic curve as at the beginning of §2 — i.e., the associated q-parameter € (93\

(where S is the completion of S along the divisor at infinity D C S defined by C'°8 — S'°8 )
s a non-zero divisor which, étale locally, admits a d-th root. Suppose further that S is Z-

flat. Then the resulting R + (cf. §2, for the definition of El*d [d]) and its filtration
Cq,ld]
admit natural integral structu(;es

...gF”(RetT )g...gRetT QRET ®Q

Ecd,[d] Cy.ld] Cq,ld]

where F”(RetT ) is a rank n vector bundle on Cy such that

Ecdv[d]

n n € 1 mn
(P F)(RS ) = — - Oc, ®o. 7§

E

These integral structures are uniquely characterized by the properties that they are functo-
rial in C'°¢ — S1°8 and they extend the integral structures defined in the degenerating case
in Chapter III, Proposition 6.1. Finally, the functions of R® i assume integral values

Egta

at the d-torsion points of Eéd’[d](S).

Proof. It remains only to remark that the final assertion concerning the integrality of
the values at d-torsion points may be verified for normal 7" as in the analytic continuation
argument above by checking integrality at the various Orp (where pp is a generic point
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of T'® F,). Moreover the integrality at (’A)T,pT may be verified by reduction to the degen-
erating case, where it has already been verified (cf. the discussion following Chapter III,
Proposition 6.1). O

Definition 3.2. (Just as in Chapter III, Definition 6.2) the integral structures denoted
by a superscript “et” will be referred to as étale-integral, or et-integral, structures. That
is to say, “et” stands for “étale,” and is the same as the “et” in Zg. In particular, the
“étale-integral structure” may be thought of as the integral structure arising from thinking
of algebraic functions on the universal extension as set-theoretic functions on Z, i.e., on
the fibers of the infinite étale covering C’g\o — Cg\o /Loy = C’g.

The original integral structure on the various “R’s” (i.e., the integral structures with-
out a label) will be referred to as the de Rham-integral, or DR-integral, structures. This is
because they arise from the original natural integral structures on the universal extension

ET as a sort of de Rham cohomology — i.e., “Hpp (E,OF)” — associated to E.

Remark. In fact, even though in Theorem 3.1, we assumed that S was Z-flat, by working in
the universal case and then pulling back, one sees that the various sheaves we constructed
with a superscript “et” are defined for any C'°® — S8 as in Theorem 3.1 even without
the assumption of Z-flatness.

§4. Linear Relations Among Higher Schottky-Weierstrass Zeta Functions

In this §, we consider the extent to which the twisted Schottky- Weierstrass zeta func-
tions of Chapter 1V, §3, satisfy linear relations modulo various powers of q over the base
ring A (notation as in Chapter IV, §3). Thus, throughout this §, we will use the notation
and conventions of Chapter IV, §2,3. The calculations of linear relations that we carry out
in this § will turn out to yield the key technical machinery behind the main result of this
paper.

We begin by fixing our base ring O as in Chapter IV, §2,3). Thus, O is a Zariski
localization of the ring of integers of a finite extension of Q such that Pic(O) = {1}. We
also fix a positive even integer n = 2m. Then over S = Spec(A) (where A = O[[q]]), we
constructed in Chapter IV, §2, an isogeny

E—FE
whose kernel is equal to u,,. Over E., we considered various line bundles such as:

LY O=(€); M=

E E
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Here, M % was defined as the restriction to £ C C of a line bundle M on C obtained by

descending the line bundle E%;, on C’g\o via the “standard action” of Z¢; x pu,, on Z%g,
S S

Recall that the line bundle E%;fo is the line bundle whose global sections over C’g\o can be

S
written as topological A-linear combinations of certain special monomials

1.2 .
qm k™ +ik U2mkz+z .pm

(where k,i € Z, |i] < m) discussed in Chapter IV, Proposition 2.2. Moreover, for any
character x € Hom(Il,,, (i,,)s) (where II,, = (Zey /1) X p,,), we defined a line bundle

MX
FE

and we saw in Chapter IV, Theorem 2.1 that for a certain particular character, which we
denote by xg € Hom(Il,,, (i,,)s), we have an isomorphism

L= MY

of degree 1 line bundles on E.

In the following discussion, we would like to fix a character

xe € Hom(IL,, (p,)5)

Let us write y g def Xz - Xo and denote the restrictions of xa and x 2 to p,, C (Zet/n) X
w, =1L, by xmop o b, — By, and Xz oyt by, — By, Tespectively. Thus, we have

LXF = M
E E

Recall that there is a standard action of p,, on the special monomials

12 .
qm k= +ik U2mk+z . Hm

(i.e., the action used to define M) Note that for this action, u,, acts trivially on ™. Let
us refer to the special monomials on which p,, acts via (xaq,p) " as xz-special monomials.
For j a positive integer, let us write

cj(xc) € Q
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for the maximal nonzero rational number ¢ such that modulo ¢ ¢, the number of nonzero
X c-special monomials is < j. Let us denote this set of < j nonzero (modulo q’”'cj(Xz:))
X c-special monomials by

Cj(xc)

We remark that, here (and in the following discussion):

By “modulo” we mean, strictly speaking, when restricted to sections of

LEL |E§ over Eg = (Gu)g-
S

When (as in the following discussion), the character y . is fixed, we shall often just write
c;, Cj for ¢j(xz) and Cj(xc), respectively.

Schola 4.1. Computation of Special Monomials Modulo Powers of q

Let us compute C; and c¢;. There are three cases to consider:

Case I: x.,u = 1. In this case, the y,-special monomials are those for which i = +m.
Thus, the monomials for which the exponent m - k? + ik of ¢ is 0 are precisely:

M gmgr, M U = (1) (M)

The other x,-special monomials

ket(M) — qm.k;2+mk . U2mk+m . 9m7 (_k)et(M/) _ qm.k;2+mk . Umekfm .om

are given by applying (+k)et (for & > 0) to these original two. In particular, there are
precisely 2 + 2k monomials obtained by applying k., (for |k’| < k) to the original two
monomials. Thus, for £ > 0, we have

1 1
Cok+1 = Cokt+2 = ﬁ(m k4 mk) = 5(1@2 + k)

while the set Cap11 = Coryo is given by
{ke(M)Yo<r<r | {FL(M)} ker<o

Case II: xc pu = X9|u,n. In this case, the xc-special monomials are those for which ¢ = 0.
Thus, the only monomial for which the exponent m - k? + ik of ¢ is 0 is the monomial:
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def

M = 0"

The other x,-special monomials
ket(M) = qm.k;2 . U2mk . em’ (_k)et(M) _ qm.k;2 ) U_ka: .om

are given by applying (+k)e (for £ > 0) to this original monomial. In particular, there are
precisely 142k monomials obtained by applying k., (for |k’'| < k) to the original monomial.
Thus, we have

01:0
and, for k > 1,
1 1
Cok = Copy1 = — -m - k? = -k
n 2

while C; = (); the set Cop, = Copy1 is given by

{k:(/et (M)}0§|k'\<k

Case III: ng;f # 1. In this case, the x,-special monomials are those for which ¢ = i,,
for some fixed integer 4, such that 0 < |i,| < m. Thus, the only monomial for which the
exponent m - k? + ik of ¢ is 0 is the monomial:

M gix . gm

The other x,-special monomials

kot (M) = g R ik | prmbiy gm (—k)er (M) = g R ik = 2miebi gm
are given by applying (+k)e (for & > 0) to this original monomial. Note that (for & > 1)

m-k2 iy k>m-k?— iy -k>m-(k—1)2%4+]iy| - (k—1)
(Indeed, the second inequality follows from the fact that 2mk = m +m - (2k — 1) >
m + |iy| - (2k — 1).) In other words, the exponent of q induces a total ordering on the set

of xc-special monomials. The first 2k monomials are given by applying k., (for integers
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k' such that either |k'| < k or |[K'| = k, k' - i,, < 0) to the original monomial, while the
first 1 + 2k monomials are given by applying k., (for integers k&’ such that |k'| < k) to the
original monomial. Thus, we have

61:0

and, for k > 1,

1 . 1 ,
Cop = — - (m-k? =iy - k);  conpr =~ (m-k* + i | - k)
n n
Moreover, C7 = (); the set Cyy is given by

{két (M)}0§|k:'\<k

while the set Cy41 is given by

{ ( )}0<|k’|<k U {ket }lk’| =k, k’-iy<0

This completes the computation of C; and c;.

Lemma 4.2.  For any choice of character xr € Hom(Il,,, (i,,)s), we have:

Z :—] - 1)

for any odd integer j > 1.

Proof. First, we observe that for any even integer a = 2k > 2, we have ¢, + cor1 = k°.
Indeed, in the cases where x. y # 1 (i.e., Cases II and III), it is immediate from the
formulas for ¢, and c,41 that we have ¢4 + ¢y 1 = k?. On the other hand, in Case I,
we have ¢q + cor1 = 3{k* + k+ (k— 1) 4+ (k — 1)} = k?, as asserted. Thus, if we let
1

5 1), then we have

L2
I =1)

D=3 0= G AN ) = (- DG+ =5

as desired. )

169



Note that in the above analysis, C; was always obtained by applying various ke¢’s to
certain fixed monomials M, M’ which were the unique Y -special monomials that were
nonzero modulo ¢. Let us write (for j > 3 in Case I; for j > 2 in Cases II, III)

Max(C;) (respectively, Min(C}))

for the maximum (respectively, minimum) integer k such that the symbol ket (M) or key (M)
appears in the lists of elements of C; that were given in Schola 4.1. (Here, by “symbol,”
we simply mean that in Case I, we wish to distinguish the symbol M’ from (—1)c(M).)
Note that

MaX(Cj) Z 0 Z MID(CJ)

Also, let us write

Span(C;) € Max(C;) — Min(C;)

Thus, in Case I, we have (for k > 1)
MaX(Cngrl = CQ]H_Q) =k - 1; Min(C’2k+1 = 02k+2) = —(]{3 - 1)
Span(Cng = 02k+2) =2k —2
In Case II, we have (for k > 1)
MaX(Cgk = C2k+1) =k — 1; Min(CQk = C2l<:+1) = —(k) — 1)
Span(C’gk = Cgk+1) =2k —2
In Case 111, we have (for k > 1)
Max(Co,) =k —1; Min(Co) = —(k —1); Span(Ca) = 2k — 2
and
Max(Copy1) = k — 1+ emax; Min(Copq1) = —(F — 1) — emtin

Span(C’ng) =2k—-1
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where €enax + emin = 1, and epax is 1 (respectively, 0) if 7, < 0 (respectively, 7, > 0). In
particular, we observe that if Min(C;) < a < Max(C};), then ae; (M) € C; (in all Cases);
act(M') € C; (in Case I).

Now let a be an integer such that Min(C;) < a < Max(C}), for some integer j such
that Max(C;), Min(C}) are defined. Let ket (M) be an arbitrary x,-special monomial (so
k may be any integer). Then observe that:

If (—a)et (et (M )) = (—a+k)et(M) is nonzero modulo q, then it follows
that ket( ) eC IR

Indeed, if (—a)et (ket(M)) is nonzero modulo ¢, then (by the discussion in Schola 4.1) we
deduce that (—a)et(ket(M)) is M or M’ (in Case I); (—a)et(ket(M)) = M (in Cases II,
III). Thus, ket(M) is aet (M) or act(M') (in Case I); ket (M) = aet(M) (in Cases II, III).
In particular, ket (M) € C;, as desired. This observation implies the following:

Lemma 4.3.  Let j be an integer which is > 3 (in Case I); > 2 (in Cases II, 1II). If
WY is any topological A-linear combination of x r-special monomials which is = 0 modulo
g%, then (—a)et(v) is = 0 modulo q, for any a such that Min(C;) < a < Max(Cj).

Proof. Indeed, such a 1 is a topological A-linear combination of kei(M)’s, where k
ranges over all elements of Z. If ke (M) ¢ Cj, then it follows from the above observation
that (—a)et(ket(M)) = 0 modulo g. Thus, the only terms in the topological A-linear
combination of ket (M)’s that might yield a nonzero contribution to (—a)et(¢) modulo ¢
are those for which k(M) € C;. But since ¢y = 0 modulo ¢"™%, it follows (from the
definition of the set C;!) that the coefficients of those terms must be = 0 modulo g. Thus,
(—a)et (1) = 0 modulo ¢, as desired. (Note that in this argument, we make essential use of
the fact that the elements of the set {ket(M)}rez are (topologically) linearly independent
over A — a fact which follows immediately from the observation that the exponents of U
which appear in distinct elements of this set are distinct.) O

NOW reca,ll the operator §X (i.e., given by §X(7) o {x(1et) - Lot (?)}— 7, where here we

take X X M) of Chapter IV, §3. Note that if, for instance, v is a topological A-linear
combination of y.-special monomials which is zero modulo ¢""%, then one can compute
0% (1)) modulo ¢ as soon as one knows 9 and 1¢; (/) modulo ¢. By induction, one sees easily
that one can compute the b-th iterate of this operator (6%)°(1) (for some positive integer
b) modulo ¢ as soon as one knows ¥, 14 (%), ..., bet (1) modulo ¢. Thus, Lemma 4.3 has
the following consequence/generalization:

Corollary 4.4. Let j be an integer which is > 3 (in Case 1); > 2 (in Cases II, III). If
Y is any topological A-linear combination of x r-special monomials which is = 0 modulo
q" %, then
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(—a)et((éx)b(@b)) =0 (modulo q)

for any integers a, b such that 0 < b < Span(Cj;), b+ Min(C;) < a < Max(C}).

Next, let us recall the twisted Schottky- Weierstrass zeta functions (X (of Chapter IV,

Theorem 3.1) associated to the character y e Xm- In the following discussion, we shall

think of these functions as sections of 533% (i.e., without the superscripted x — contrary to
S

the notation of Chapter IV, Theorem 3.1) on which Ze X p,, acts via x . Note that (by
Chapter IV, Theorem 3.1) the ¢ are all topological A-linear combinations of x .-special
monomials, i.e., satisfy the assumptions on 1 in Corollary 4.4. Now let us suppose that
for some integer r > 0, we are given an A-linear combination

T
Z ¥i - §*
i—0

(where the ; € A) which is = 0 modulo ¢™ %, for j as in Corollary 4.4. Let €case be 1 if
we are in Case I, and 0 otherwise. Suppose, moreover, that for some s < Span(C}) + €case,
we have:

vs Z0; v, =0 modulo ¢
for all 4+ > s. Then, by applying Corollary 4.4 to the above sum, we obtain that for some

integer a:

T S

0=au{ > - @)@ =aa{ 3 v ()7 (¢)} modulo g

1=0 1=8—€Case

i.e., the terms such that ¢ > s vanish modulo ¢ because of the assumptions on the ~;;
the terms such that i < s — €case vanish because (0X)%~¢Case(¢X) = 0 (by the formula for
6X(¢X) given in Chapter IV, Theorem 3.1) for such . If we are in Cases II or III, then
since (6X)*(¢X) = £¢§, and 6%(¢F) = xm(1) - 1et () — ¢ = 0, we obtain that

0= - aee(¢y) = s - xm(a) - ¢F modulo g

i.e., 75 = 0 modulo ¢, which is a contradiction. In Case I, we have (6%)*~1(¢X) = £ +7-¢)
(for some v € A), (6%)°(CX) = £({, so we obtain that

0="Ys—1- et (G +7-CJ) £7s - aet(¢) modulo ¢
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(where the various “+’s” which appear are not necessarily “coordinated”). Moreover,
aet (¢7) is clearly equal to a root of unity times ¢ plus an A-multiple of (', while aet ()
is equal to a root of unity times (. On the other hand, by Lemma 4.5 below, we know
that in Case I, ¢ and ¢ are O-linearly independent modulo ¢g. Thus, we obtain that vs_1
and 7, are = 0 modulo ¢, which is again a contradiction.

Lemma 4.5. In Case I, the reductions modulo q of ¢ and ( are linearly independent
over every residue field of O.

Proof. Write ¢ = o0 - 0™, (* = 01 -0™. Then from 1¢(6™) = ¢™ - U™ - 0™, 1(¢f) =
xm(1)71 - ¢, we obtain that if we set

x def 1 U dog

S R 11

then 1.4(CX) = (¥ — 1 (cf. the case of “classical Schottky-Weierstrass zeta function ¢”
discussed in Chapter III, §5 — especially Theorem 5.6). Note, here, that the operator

% + % . % is integral (even at primes of O which divide 2 or n) on y-special monomials

in Case I: Indeed, in the notation of Schola 4.1, above, this operator acts on ke (M) by
multiplication by 3 + L - (2mk +m) = k + 1, and on (—k)e(M’) by multiplication by
3+ +(=2mk —m) = —k.

In other words, in the terminology of Chapter IV, §3, “(gq-0")-T+ (o¢-C(X-0™)” is an
“extension polynomial on which Ze; X p,, acts via x o¢.” Thus, we may take ¢ = go-¢X-0™.

On the other hand, ¢ modulo ¢ may be computed as in the proof of Chapter IV,
Theorem 2.1, to be equal to (an A*-multiple of)

where 7 is a root of unity). If we apply the operator = + = - =~ to the coefficient o
here 7 i t of unity). If ly th tor 3+ Y. -2 to the coefficient of §™
in this expression, we obtain

um.om

Thus, since « is a root of unity, hence € O, we obtain that these two expressions are
linearly independent over every residue field of O, as desired. ()

Thus, we see that we have essentially proven the following result:

Theorem 4.6. Let xo € Hom(Il,,, (i,,)s) be a character. Let j > 2 be an integer. Then
the twisted Schottky- Weierstrass ¢-functions (, ..., jx_l (cf. Chapter 1V, Theorem 3.1)

associated to x def Xm satisfy the following:
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Case I: xo = 1. If j = 2, then the reductions modulo q of {5 and ¢

are linearly independent over A/(q) = O. If j > 3, let jo = “ok+1>3

be any odd integer such that j > jo > 3. Let €case .

Case IL: xzpu = xolp, - Let jo Lok > 2 be any even integer such that

J > Jo > 2. Let €case dﬁf()

Case III: . #2 # 1. Let jo > 2 be any integer such that j > jo > 2.

def
Let €cose = 0.

In all the Cases, let B o A/(q™¢%0). Then there exists a B-submodule R C B’

submodule of relations — such that:

(i) ZZ o Y- ¢ =0modulo ¢"%0 for all (yo,...,vj-1) € R;

(ii) the projection R — BI~7°F1 onto the last j — jo + 1 factors is an
tsomorphism.

Finally, we have:

(%) Any (70,...,%-_1) € BJ such that (y0,...,7vj-1) € q - B’, and
Zl 0 Vi = 0 modulo ¢™%o has at least one i > Span(Cj,) +
1 4 €case = ]0 —1 = |C},| (ie., the cardinality of Cj,) such that
~; Z 0 modulo q.

In fact, this statement (x) holds “modulo p” for any maximal prime p of O, i.e.:

(*p) Any (Y0, --,7j—1) € B? such that (vo,...,7-1) € (q,p) - B?, and
Zj o i+ ¢ =0 modulo (¢™%0,p) has at least one i > Span(Cj,) +
1 + €case = Jo — 1 = |Cj,| (i.e., the cardinality of Cj,) such that v; #
0 modulo (q,p).

- 1.e., a

Proof. Indeed, the statement (x) was precisely what we proved above; its “modulo p”
version (#p) follows by precisely the same argument. When j = 2 in Case I, Theorem 4.6
follows from Lemma 4.5. Thus, let us assume that we are in Case I and j > 3, or that we
are in Cases II or III and 5 > 2. To see that there exists a B-submodule R in each Case

satisfying properties (i) and (ii), let us first observe that the map
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j—1

(Y0, 75-1) = Z 7i - ¢;* modulo ¢ o
i=0

defines a B-linear morphism

(1]

: Bl — {B—linear combinations of the monomials € Cj;, modulo q”’%}

Note that because of the way in which jo was chosen in each of the three cases (and
because of the way in which we defined Cj,) it follows that Cj, has cardinality jo — 1.
We would like to show that the kernel of Z is isomorphic (as a B-module) to BI~Jot!
(via the projection of (ii)). Suppose that we can show this after base-changing from O to
an arbitrary residue field of ©. Then it will follow from elementary commutative algebra
(by thinking about finitely generated modules over the principal ideal domain Q) that the
kernel of Z is abstractly isomorphic to B?=70t! as an O-module; moreover, the projection
of (ii) will then be a morphism between free O-modules of the same rank which is bijective
modulo all of the maximal primes of O. Thus, it will follow that the projection of (ii)
is bijective over O, hence that Ker(Z) is isomorphic as a B-module to B/~70t! via the
projection of (ii), as desired.

Thus, it suffices to show (i) and (ii) after base-changing to an arbitrary residue field
of O. Let us denote the objects obtained by executing this base-change by means of a
subscript “res.” Then the range of Z,cs is a Bres-module which is a quotient of Bio 1.
In particular, it follows from elementary commutative algebra (since Bies is a quotient
of the principal ideal domain A,es) that there exists a Byes-submodule Ry C B{es that
satisfies (i) and which is = BJ90T1. The fact that such an R, also satisfies (ii) is a formal
consequence of (*p). This completes the proof of the “res” case, and hence of the entire

Theorem. ()

Remark. From a certain point of view, Theorem 4.6 is the key technical result behind the
main theorems of this paper.

Corollary 4.7. Let xr € Hom(IL,, (u,,)s) be a character. Let j > 2 be an integer. Then
the twisted Schottky-Weierstrass (-functions (', ... 753-11 (cf. Chapter 1V, Theorem 3.1)
satisfy the following property: Let j' be defined as follows:

Case I: Let j' be the smallest odd integer > j + 1.

Case II: Let j' be the smallest even integer > j + 1.

Case IIT: Let j % j 1.
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Let p be a mazimal prime of O. Then if vo,...,vj—1 € A are such that

j—1
Z v - ¢ = 0 modulo ¢"%"  (respectively, modulo (¢" %', p))
i=0

then all of the ~;’s are = 0 modulo q (respectively, modulo (q,p)). Finally, j' satisfies the
property: |Cy| = 7' —1 < j+1;if j is odd, then |Cy| is = j+ 1 (in Case I), = j (in
Cases I, I11); if j is even, then |Cj/| is = j+ 1 (in Case II), = j (in Cases I, I1I).

Proof. The final statement follows immediately from the definitions. Thus, let us prove
the statement concerning linear independence. To simplify the notation, we prove the

result in the “non-resp’d” case. (The proof in the “resp’d” case is entirely similar.) First,

j' is defined as “the smallest jg (as in Theorem 4.6) which is > j+1.” Then if we let ; o

for i > j, suppose that there exists some v; Z 0 modulo ¢, and apply the statement (x) of
Theorem 4.6, we obtain that there exists some ¢ > j' — 1 > j for which +; # 0 modulo q.
But in light of the definition of the ~;, this is absurd. This contradiction completes the

proof. O

Finally, we close this § by observing that, although in the above discussion, we took
an abstract point of view with respect to showing the existence of linear combinations of
the (X satisfying certain congruence property modulo powers of ¢, in fact, it is possible to
give an explicit description of the linear combinations of (X’s that arise. Indeed, one has
the following result:

Theorem 4.8. (Congruence Canonical Schottky-Weierstrass Zeta Functions)
Let 0, € F(C’%", (LEX)X) be as in Chapter 1V, §3. Let iy € {—m,—m+1,...,m — 1} be

S
as in Chapter IV, Theorem 3.3. (Note that this notation is consistent with the notation of
the present § for Case III.) Then, up to an A*-multiple, o, is equal to the series

2, . i '
g R g (ko) = Y ket (U - 0™) - x(Ket)
keZ keZ

Now if r is a nonnegative integer, let L, (T) L AT A — Qi—;‘n, where \,. € Z is defined as

follows:

def [T 1
SR
" 2+2m

i.e., the greatest integer < the number in brackets. Then if we set (§¢ to be equal to the
above series, and
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def Lr 0" k+)‘r m-k2+i, - mk—+i m
CSG:( 5«))<8’G>=Z< r )-q ik gEmE g (ko)

keZ

T

¢OC7] %f (Lr(é”;Jr T))( 6y =3 oo i

1=0

(where §*, T are as in Chapter IV, Theorem 3.3), then for any positive integer j, we have

CCG —

n-c;
J—1 = 0

0 modulo ¢
(where jo is as in Theorem 4.6). Finally, the (S are integral over Z, and form a collection
of twisted higher Schottky- Weierstrass zeta functions as in Chapter IV, Theorem 3.1.

Proof. Note that the series given for (an A*-multiple of) o, is Z¢i-invariant. On the other
hand, since the set of Z-invariant elements of I‘(C’%O, (LER)X) forms a free A-module of

rank 1, it follows immediately that o, is an A*-multiple of§ this series. The explicit series
formula for (¢ then follows immediately. In particular, since L, (k + 5) will always be
€ Z, it follows immediately that ($¢ is integral over Z. Since §* + T is Ze-invariant, it
follows immediately that the (¢“ form a collection of twisted higher Schottky-Weierstrass
zeta functions as in Chapter IV, Theorem 3.1. In fact, one can even write the (¢C as
explicit linear combinations of the C,FI’X ’s (of Chapter IV, Theorem 3.3) by using Chapter
1T, Lemma 7.5.

Thus, it remains only to show that CjC_Gl has the desired congruence property. The
point here is to observe that if we define a filtration F"(Z) (for » > 0 an integer) on Z by:

F(Z) S {0-M\,1—Ayoooyr—1— )}
then F"1(Z) is obtained from F7"(Z) by appending one more integer “k[r]” directly to the
left /right of F'"(Z) (where “left /right” depends only on the parity of r), and, moreover, the
exponent of q in the xc-special monomial corresponding to this “k[r]” is > the exponents
of q in the x c-special monomial corresponding to the integers “k” in F"(Z). In particular,
it follows that for each of the x-special monomials

qm-k2—|—ix-k . U2mlc—|—iX .pm

belonging to Cj,, Lj_1(k + ;—fn) is a nonnegative integer < j — 2. Thus, (Lj‘ljgﬁT%)) =0.
That is to say, the coefficients (in the series defining ¢ JC_GI) of all the y.-special monomials
in C}, are zero. This proves the desired congruence property. ()
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§5. The Determinant of the Evaluation Map

In this §, we prepare for the discussion of the following § by showing that (at least if
the base is an algebraically closed field, and the elliptic curve in question is “sufficiently
generic,” then) the determinants of the evaluation maps of Propositions 2.2, 2.3, have a
particularly simple form, so long as they are not identically zero (Theorem 5.6).

Here, we use the notation of §2, except that we also assume (unless specified otherwise)
that S = Spec(k), where k is an algebraically closed field.

Remark. In fact, logically speaking, we shall only use the theory of this § in the case where
char(k) = 0. Thus, the reader who is only interested in material that is logically necessary
for the proofs of the main theorems of this paper may assume in this § that char(k) = 0.

In particular, in this §, ' — S will be a (proper!) elliptic curve, and S = S.,. Thus, since
we do not have to deal with log structures, metrized line bundles, etc., the discussion of
§2 simplifies substantially. Also, in this §, we will assume that

L=L=0g(d:e])

and that we are given a symmetric Lagrangian subgroup

HCG,

i.e., a Lagrangian subgroup which is mapped to itself under the automorphism of G,
induced by the automorphism (—1) : £ — E (“multiplication by —1”) of E. Also, we
assume that H is of multiplicative type, i.e., that H is étale locally isomorphic to p,. Since,
however, k is algebraically closed, this implies that H = ;. Let us fix an identification:

H=Kpg=py

Then

iEn = 4E/Ky = H* = Z/dZ

(where the “¢” denotes the Cartier dual). In particular, under these assumptions, if
char(k) = p > 0, then it follows that E is an ordinary elliptic curve (i.e., its Hasse in-
variant is nonzero).

Conversely, if char(k) = 0 or F is ordinary, then I claim that there exists a symmetric
Lagrangian subgroup H C G, of multiplicative type. Indeed, by the discussion preceding
Chapter IV, Definition 1.3, it follows that the existence of such an H amounts to the issue
of whether or not a certain exact sequence Z-modules (character groups)
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0—2Z/dZ —-7? —Z —0

equipped with a Z/2Z = {+1}-action splits. If d is odd, then the existence of such
a splitting follows from the fact that H'(Z/2Z,Z/dZ) = 0. If d is even, and k is of
characteristic 0, the existence of such a splitting follows from “the existence of a symmetric
f-structure on a totally symmetric ample line bundle” [Mumfl], Remark 2, p. 318. If d
is even, and k is of positive characteristic, then the existence of such a splitting follows
from the fact that the relevant class in H'(Z/2Z,7/dZ) is locally constant, hence may be
computed after lifting the elliptic curve in question to characteristic 0. This completes the
verification of the claim.

Thus, other than the condition that E be ordinary if char(k) > 0, the assumption of
the existence of an H as above does not result in any loss of generality.

The Lagrangian subgroup H C G, defines a line bundle Ly on Fy = E/Kpy which
descends L. Since £ and H C G, are symmetric, it follows that Lp is also symmetric.
Since L is of degree 1, it thus follows that

Ly = Opg,(en)

for some unique ey € Ep(k), which satisfies 2 - ey = 0. If G is a finite, flat subgroup
scheme of F or Ey, let us write [G] for the divisor in E or Ey defined by G. We will also
use this notation for translates of G. Before continuing our discussion, we need certain
basic facts concerning the various line bundles that appear:

Lemma 5.1. We have:

(K]~ (d—=1)-[e] + [4]

where “~” denotes linear equivalence of divisors on E; d = e if d is odd; and § = (%)H €

Ky (k) C E(k), i.e., the unique generator of the subgroup po(k) C py(k) = Ky (k), if d is
even.

Proof. Indeed, this sort of equality may be proven by lifting to characteristic 0. Thus,
for the rest of the proof, we assume that char(k) = 0. Then Ky is étale over k, so

[Kul= Y o
O(GKH(]C)
If « € Ky(k) is such that a # —a, then both [a] and [—a] appear in the sum, and

[a] + [—a] ~ 2[e]. Moreover, the only [a]’s such that a = —« are [e] and [§]. Substituting
these two observations into the above sum thus yields the result. ()
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Lemma 5.2. We have: ey = ey (the origin of Ey) if d is odd; eg € 4Ey (k) if d is
even and char(k) = 2; and eg € Eg(k)\aEu (k) is of order precisely 2 if d is even and
char(k) # 2.

Proof. Suppose first that d is odd. Then since the line bundle £ = Og(d - [e]) is not fixed
by translation by any point of E(k) of order precisely 2, and, moreover, the points of order
2 of E(k) are in bijective correspondence with the points of order 2 of Ey (k), the fact that
ey = ey follows from the fact that £ = Og([Kg]) (cf. Lemma 5.1).

Now suppose that d is even and char(k) = 2. In this case, Z/2Z C Z/dZ = ;Fy (k) is
equal to the entire set of points in Ey (k) annihilated by 2. Thus, ey € 4Eg (k).

Finally, suppose that d is even and char(k) # 2. Since we know that 2 - ey = 0, it
follows that it suffices to prove that ey & 4F (k). Next, observe that since there exists an
isomorphism 4F = H x H* such that the projection to the factor H* coincides with the
morphism 4F — 4Ey = H*, it follows that there exists an element € € E(k) whose order is
precisely 2 and which maps to the nonzero element of Z/2Z C Z/dZ = ;Ey (k) C Ey (k).
On the other hand, by Lemma 5.1, we have Og([Ky]) = (d — 1) - [e] + [(3)u] % L, so
ey # em. Since Tg*(ﬁ) = L (here we use the fact that d is even), it thus follows that
Ogr([€+ Kg|) 2 £, which implies that ey is not equal to the image of € in Fy (k). Thus,
we conclude that ey ¢ 4Ey(k), as desired. ()

Corollary 5.3. Suppose that d is odd, or that d is even and char(k) = 2. Then [eg +
dEr)| = [aFu] (an equality, not just a linear equivalence, of divisors on Ey ).

Let us write M < Og, ([ex + aFm]). Note that there is an evident action of 4FEx on
M (resulting from the fact that ;Ey stabilizes the divisor [eg + ¢Eg]). If one descends
to M to E = Ey/4Ey via this action, then the resulting line bundle on E' is simply

OEH ([E])

where € € E(k) is the image of ep.

Lemma 5.4. Suppose that d is even, and char(k) # 2. Let LX be the line bundle on
E = Ey/qaFEy given by descending the line bundle M relative to the action of ¢Er = Z/dZ

on M given by twisting the evident action by the unique nontrivial character x : ¢Eyg =
Z/dZ — po = {1} of order 2. Then LX = Og(e).

Proof. Clearly, deg(£X) = 1. Since 2 -eg = 0, and x®? = 1, it follows that £X is
symmetric. Thus, £X = Og(e,), for some unique €, € E(k), which is necessarily of order
2. As observed above, if one descends M via the evident action of 4Fy on M, one gets
Og,, ([e]), where € € E(k) is the image of e;7. Moreover, € = (3)p (by Lemma 5.2). Since
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the kernel of the morphism Pic’(E) — Pic’(Ey) induced by Eyf — E = Ey/4Ey has a
unique element of order precisely 2, it follows that €, is the unique element of E(k) of order
< 2 such that €, # €, Og(ey)|g, = M. But observe that Og(e)|g, = Opy, ([«EH]) = M
(where the last isomorphism follows from the fact that M is of even degree, hence fixed
by translation by e, which is order 2). Thus, we conclude that €, = e, as desired. O

Corollary 5.5. Suppose that 0 # s € I'(Ey, M) has the following property with respect
to the evident action of 4Er on M: s is fixed by this action if d is odd, or if d is even and
char(k) = 2; 4Fg acts on s by the character x (of Lemma 5.4) if d is even and char(k) # 2.
Then the inverse image in E via E — FEy = E/Kpy of the zero locus V (s) of s is equal to
the divisor [4E].

Proof. Indeed, if d is odd, or if d is even and char(k) = 2, then s descends to a nonzero
section s’ € T'(Eg,Og(€)). Since Og(e) is of degree 1, V(s') = [¢]. Thus, V(s) = [ex +
aFu] = [aEn] (by Corollary 5.3), so the inverse image in E of V(s) is [¢F], as desired.
If d is even and char(k) # 2, then (by Lemma 5.4) s descends to a nonzero section
s' € I'(Fy,Og(e)). Since Op(e) is of degree 1, V(s') = [e], so the inverse image in E of
V(s) is [aF], as desired. O

Now we are ready to return to our discussion of the ewvaluation maps of §2. In the
present discussion, we shall omit the symbol “c0” from the various notations of §2, since
here, S = S, £ = E, etc. We would like to consider the morphism Eg 4. Of Proposition

2.3, for a point a € ET(k:) Write

def
p e F(ELV[d],szT y<d

H,[d]

Also, let us denote the elements of Ey = Z/dZ by (3)m, for i = 0,...,d — 1. Then the
morphism of Proposition 2.3 becomes

(where we identify Lg with Og, ([ex]))-

Now let 8 € dEL(k) >~ 4Ep (k). We would like to consider the relationship between
=1 and Ef +g- Note that both maps involve restricting sections € V' to the same points

inside EIJEL[ 4 €xcept in a different order. Thus, one may think of =¥ 1 as the result of

composing Z with the permutation of the summands in the direct sum on the right

(which are indexed by ¢ = 0,...,d — 1) by the permutation ¢ — i + ig modulo d (where
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(%ﬁ) u € aF (k) is the element defined by (3). Thus, if one takes determinants, one obtains
that the determinant

det(EX, 5) € det(V) " @y Oy, ([en + aBn))la

is equal to

(1)) . det(2H) € det(V) ™ @1 Op,, (leg + aEr))|a

where sgn(/3) is the sign of the permutation i — i + i3 modulo d. Note that if d is odd,
or if d is even and char(k) = 2, then (—1)%"(%) is always 1. If d is even and char(k) # 2,
then (—1)%"%) = x(3), where y is the character of Lemma 5.4. Thus, if one lets a be the

tautological point € Bf (ET), one gets a section

det(Eg) c det(V) ! @ F(ET, Og, ([eg + aEH])|a)

which, by Lemma 2.4, descends to E. Moreover, clearly this determinant of = only
depends on the image of v in Ep. Thus, since this image is just the tautological point

€ Ey(Ey), we get a section

det(E7) € det(V) ™' @r T'(Ew, O, ([ex + aFn))) = det(V) ™ @) T(Ey, M)

which, by the above discussion, satisfies the hypotheses of Corollary 5.5 (as soon as it is
nonzero). In other words, we see that the zero locus of det(ZX) on E is equal either to all
of F or to [4E]. That is to say, we have proven the following:

Theorem 5.6. Let E be an elliptic curve over an algebraically closed field k. Suppose

that E is ordinary if char(k) > 0. Let d > 1 be an integer; L o Og(d-le]); and a € ET(kz)
Then if the morphism

= a:FET L <d L

o T(Ey |EL]) i
18 an isomorphism for any single o € E]L(k:), then it follows that it is an isomorphism for
all a € ET(k) except for those which map to 4E(k) C E(k). Moreover, if this morphism
18 an isomorphism for any single o € gf (k), then the scheme-theoretic zero locus of the
determinant of this morphism in the case where « is the tautological point € joul (ET) 18

precisely d times the divisor Ef xp (aF) C Ef. Finally, the same (except with “d times”
in the preceding sentence deleted) assertions hold for the morphism
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—H T <d
= : F(E ,CH| ) — ,CH|
L,d,« ’
H.,[d] EI—';(,[d] T (s EI-'—-I
where H C G is any Lagrangian subgroup (cf. Chapter IV, Definition 1.3).

Proof. It remains only to note that, in the statement of Theorem 5.6, it is not necessary
to assume that the Lagrangian subgroup is symmetric or of multiplicative type. Indeed,
the assertions in the statement of Theorem 5.6 concerning the Lagrangian subgroup follow
immediately from the general theory of §2, especially Proposition 2.3; Chapter IV, Theorem
1.4. Note that we need the “d times” in the “non-Lagrangian case” because the matrices
appearing in the non-Lagrangian case amount essentially to d copies (arranged diagonally)
of the matrices appearing in the Lagrangian case. Thus, the determinants must be raised
to the d-th power. O

§6. The Generic Case

In this §, we give an explicit computation of a certain evaluation map (i.e., a map
like that defined in §2) defined for certain degenerating elliptic curves in mixed character-
istic. In particular, we will show that the determinant of this map is nonzero in mixed
characteristic. This result, combined with the results of §5, will allow us to conclude the
generic bijectivity of certain evaluation maps in mized characteristic. Moreover, this sort
of generic bijectivity result will be the crucial technical ingredient in the proof of the main
results of Chapter VI.

In this §, we use the notation of the first portion of §3, i.e., the discussion of the
degenerating case (preceding the “Analytic Continuation Argument”). Let N > 1 be an
integer which is prime to d and invertible in the base ring O (a Zariski localization of
the ring of integers of a number field). Let p be a prime number that appears as the
characteristic of a residue field of @. We would like to concentrate our attention, in this
§, on integral structures at the prime p. Let

An Y o[lg7a); Sn X Spec(O[[g¥]]) = Spec(An)

Thus, we have a natural finite morphism Sy — S, which we regard as a “base extension”
of the base S = Spec(O|[¢]]) of (the first portion of) §3. Note that if one thinks of E as

being “Gp,/q?%” then ¢V € G, (Us, ) (where Us,, o Spec(An|[g™1]) (C Sy)) defines a
rational point

n e 5d(SN)
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which, relative to the group structure on Cy over Ug, is annihilated by N. Similarly,
q € Gin(Usy ) defines a rational point

7€ F4(S) C Ca(Sn)

which is a torsion point of order d. In particular, by using the group scheme structure on
E, (together with the fact that the action of Ey on itself extends to an action of E; on
Cy), we may also form the points

77'7'5 c 5d(SN)

(for 0 € Z). (Here, we use the letter “8” so that our notation will be consistent with the
notation in the discussion of d-torsion points in §3.) Note that, relative to the theory of
Chapter IV, §4, the point of the “S1” associated to E defined by 7 (respectively, n-77) is
equal to é (respectively, % + %)

Next, let us write ez, CE (S) for the identity element of the group scheme E. Write

~ def

L= Oad(egd)
for the corresponding line bundle on C~’d. Note that since the points 7 - 7 do not intersect
€5, it follows that the restriction of the line bundle £ to any of these points 7 - 77 admits
a natural trivialization. In this §, we would like to consider the following evaluation map
(cf. the evaluation maps defined in §2):

d—1 d—1
En : F(Cd,ﬁ KO~ Fd(RetT )) ®os Osy — @ ([’|7I'T5> - Osx
Ca EL
Cq,ld] A=0 =0

given by restriction. Note that here, to define the evaluation map =,,, we use the facts that
(i) RetT ®Q =R t ® Q; (ii) in characteristic zero, the torsion points n,7 € Cy(Sy)
E EL

Cy.ld] Cq.ld]

lift naturally to torsion points of Eg [d}(S N ® Q) (where “torsion” refers to the group
d»

structure on ELN [d]|USN). This much gives us a map =, ® Q; to see that =, is, in fact,
d

defined without ténsoring with Q, we need an integrality statement like that at the end of
Theorem 3.1. The reason we cannot apply the integrality statement at the end of Theorem
3.1 directly is that instead of restricting to d-torsion points (i.e., 77’s), we are restricting
to d-torsion points shifted by 7. This is not a problem, however, since, just as in the proof
of the integrality statement at the end of Theorem 3.1, we see that it suffices to prove that
the “T"’s” (notation of the first part of §3) take on integral values for T' = % + 3. But

184



since we assumed that N € O* | this is an easy exercise. (For instance, it may be proven by
observing that it suffices to prove it locally at an arbitrary prime number [ not dividing /V;
but then % may be l-adically approximated by an integer, and it is well-known that 7"
takes integral values at integers; thus, the integrality of T for T = % + [ at the prime
[ follows from the fact that Z; is l-adically closed in Q;.) This completes the definition of
SN

In this §, we would like to study the extent to which =, is an isomorphism. To do this,
we would like to compute the determinant of Z,. To compute this determinant explicitly,
we must introduce various explicit bases of the domain and range of =,. Note that the
range of =, already has a natural basis (over Og, ) given by the fact that it is naturally a
direct sum of copies of Og, . Next, we consider the domain of Z,. To simplify notation,
let us write

%4 def F(éd, E®O~ Fd(RetT )) ®os Osy
Ca EL
Cq,ld]

Note that V' has a natural filtration F™(V'), induced by the filtration on RetT (cf.

E
Cq,ld]

Theorem 3.1). For 0 < n < d — 1, the subquotient (F"*1/F™)(V) is a (locally) free Og, -
module of rank 1. By further localizing O, we may assume that these modules are, in fact,
free, hence generated (over Og, ) by some ¢, € F" 1(V), where 0 < n < d — 1. Thus,

G055 Pd—1

form a basis of V' over Og, .
Next, let us recall the infinite étale covering C’%O — C’%O/(d L) = (Cd) We would

like to pull-back the various sections ¢; (for i =0,...,d — 1) over (Cd)sN 1 Cu x5 Sy to

C’A def C’A X35 Sy. If we do this, then it follows from the definition of the “R°"” in §3

(and Chapter III §6) that we can write

¢i = Z Gij - TV
=0

where (; ; € F(C%O ,Z|Cg3 ). Note, moreover, that for each i =0,...,d — 1, the section (; ;
N SN

descends to (Cy)s, (cf. the theory of Chapter ITI, §6). Since ¢; gencrates (Fit!/F#)(V),

and restriction of sections of I'((Cy)sy , E(ad)SN

) to i clearly defines an isomorphism

F((éd)SN ’ E(ai)sl\,) = OSN
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it follows that (; ;(n) € OSX‘N' Thus, by replacing ¢; by an appropriate O ;N—multiple of ¢;,
we may assume that the ¢;’s have been normalized so that, for : = 0,...,d — 1, we have

Gii(n) =1
(cf. the theory of Chapter III, §6).

Now we are ready to compute the determinant of =,. Relative to the bases chosen
above, this amounts to computing the determinant of the matrix

={Mi s}

where 7,3 =0,...,d — 1, and

def ;
Mip = ¢i(neo - 75, Z G (Moo - 72%) - (T []]|T:%—|—ﬁ>

Here, 17 € C’g\o (§N), Too € C%O (§N) are the points defined by q%,q € G (Usy ), respec-
N N
tively, by thinking of C’%o as (the g-adic completion of) a sort of Néron model for Gy, over
N

Us, (cf. the discussion at the beginning of Chapter III, §5). Thus, 7, Too project to 7,
T, respectively.
We would like to show that the determinant in question is invertible as a section of
1
Og, . Since sections of Og, are invertible if and only if they are invertible modulo ¢¥,

it thus follows that it suffices to show that det(M) is invertible modulo ¢¥. Thus, in the
following computations, we will work modulo q%.

Next, let us observe that, modulo q%, the rational points 1, - 72 (for 3=0,...,d—1)
of C?I’V over S n all lie in the irreducible components of the special fiber of C’g\j’v labeled
1,...,d —1 (cf. the discussion at the beginning of Chapter III, §5). Indeed, these d — 1
irreducible components include a total of precisely d nodes, and it is these d nodes which
are images of the 7 - Tfo (for B = 0,...,d — 1) modulo q%. On the other hand, the
restriction of the line bundle £ to the union of these d — 1 irreducible components is clearly
equal to the trivial bundle. Let us write U for the union of these d — 1 components. Then

U is a chain of d — 1 copies of P! over O. In particular, I/ is reduced and connected, so it
follows that

F(Z/{, E|M) =

i.e., sections of L are constant over U , hence, in particular, assume the same values at the
pomts Noo - T2 (for 3 =0,...,d — 1) that we are interested in.

Thus, modulo qﬁ, we have:
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Mig=3" Gyl - (Mg )
j=0

Now we would like to perform various elementary row operations on this matrix. Here,
we think of the matrix entries (i, 3) where i is fized and [ varies as a row. Thus, we will
speak of “the row (i,~).” Note first of all that the row (0,~) consists of 1’s, i.e.,

(Oaﬁ) = CO,O(T]OO) : (T[0]|T:%—|—ﬁ) =1

“—m

(where “=” in the following discussion will always mean “modulo q%”). Now I claim that

by performing elementary row operations on the matrix M, one may transform this matrix
1 . .

(modulo ¢~ ) into a matrix M’ = {M/ 5}, where

M; 5 = Gii7oo) - (TM|T:%+5) = TM|T:%+B

Indeed, we prove this for each row (i, ~) by induction on i. First of all, it is clearly already
true for ¢ = 0. The induction step is then proven by observing that the difference between
the original row (i,~) of M and the row (i,~) of M’ is

i—1
= Z Gi,j (o) - (T[J]‘T:%-s-ﬁ)
=0

i.e., the “difference row” may be thought of as the sum (for j = 0,...,7 — 1) of rows of
the form: “the constant (; (7o) times the row (j,~) of M'.” Since for j < i, we have
already converted the row (j,~) of M into the row (j,~) of M’ by means of elementary
row operations (by the induction hypothesis), we thus see that further elementary row
operations will allow us to convert the row (i,~) of M into the row (i,~) of M’, as
desired. This completes the proof of the claim.

Thus, it suffices to prove that det(M’) is invertible. Since

Mis=Tp g4

this amounts to an elementary and explicit calculation. Of course, one may perform this
calculation explicitly, but one indirect way to show that this determinant is invertible is
the following: It suffices to show that this determinant is invertible at every prime [ that
does not divide N. At such an [, % may be [-adically approximated by integers. Moreover,
since Z; is an l-adically closed subset of Q;, it thus suffices to prove that the determinant
is invertible when % is replaced by an arbitrary I € Z. Thus, it suffices to show the

invertibility of the matrix M"[I] = {M]s[I]}, where
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M) = T o1y
But now let us note that by repeated application of the relation §(71) = TI=1 one verifies
easily that M"[I] may be converted into M"'[I + 1] by means of elementary row operations.

In particular, det(M”[I]) is independent of I, so it suffices to show that det(M"[0]) is
wnvertible. But

0] = TW|r—p

is 0 if § < i, and 1 if § =i. That is to say, the matrix M”[0] is upper triangular, with 1’s
along the diagonal. Thus,

det(M”[0]) = 1

as desired. In other words, we have proven the following result:

Lemma 6.1.  The evaluation map

d—1 d—1
En : F(Cd7 E ®Ogd Fd(R;tT )) ®OS OSN - @ (‘C|'r]-7'5) = @ OSN
gdv[d] =0 =0

s an 1somorphism.

Now we would like to consider the consequences of Lemma 6.1, in light of the theory
of §5. To do this, let p be a generic point of Sy ® F,,. Write

i Spec(@SN’p)
Thus, W is a trait, i.e., the spectrum of a discrete valuation ring (of mixed characteristic).
Let us write py for the closed point of W. In the following, we would like to work over

W. To do this, we first pull-back the various objects that we have been working with over
Sn to W. Thus, we obtain a torsor

EI];V,[d} — EW

together with a line bundle Ly on Ey, and a d-torsion point 7 € Ew (W). In the

following discussion, we will often wish to base-change from W to the bases X def EW,
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def =t
Y = EW’[d].

When we wish to think of these objects not as group schemes over W, but
VALK We
will denote the result of base-changing objects over W (which have a subscript “W”) to

objects over X and Y by means of a subscript X or Y. Finally, let us write

rather as base extensions of W, we will use the notation “X,” “Y” for E’W, E

def

5)( € Ex(X) = Ew(X), 5Y = 5X|Y € EW(Y)a 511-/ S ET (Y) = EI];V,[d](Y>

Y,[d]

for the tautological points given by the respective identity maps.

Next, we would like to consider the following evaluation map (where the requisite
integrality follows from the statement at the end of Theorem 3.1):

d—1
—_ ef = * A e % A
Z;( . yr def F(EX,(']:;XE)() ®OEX Fd(’RIE:_'_ )) — @ (%X,Cx)h_g
X,[d] £B=0

(where 75, : Ex — Ex is the morphism given by translation by the point dx € Ex (X))

of locally free Ox-modules of rank d. Write ny for the pull-back of the torsion point 7 of

Lemma 6.1 to a point of X(W) = Ew (W). Note that since N € Oy, and ny is an N-
f

torsion point, it follows that ny lifts naturally to a unique N-torsion point 7y, € Ei{/ [d] (W)

cf. Chapter III, Corollary 5.9). Moreover, since < is a p-adic integer, translation by %
N N

preserves the “T'™” (over Sy or over W). Thus, we see that the morphism 7 t (translation
T

i

by 1) on E;[V (d] induces a filtration-preserving automorphism

RS R — R
771-1/ E:/[v,[d] E:/[v,[d]

Thus, we get an isomorphism

*J[ V]: T(Bw,Lw ®o- Fd(R‘f]L ) = F(EW,(T;WEW)®O~ Fd(R(fT )
Mw Fw EW,[d] fw EW,[d]

But now observe that the domain of T*T [V] is simply Viy (i.e., the pull-back to W of the
Tw
Og,-module “V” that we considered earlier), while the range of T*T (V] is iy (VL) ie.,

Tw

the restriction of the O x-module V¥ considered above to the point 1 € X (W). Relative
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to these observations, we thus see that the restriction to W of the morphism =,, of Lemma
6.1 may be thought of as:

= lw =iy (55) o T [V]

Tw

In particular, it follows from Lemma 6.1 that det(Z%) (which is naturally a section of a
certain line bundle on the scheme X) is not identically zero on (the irreducible scheme)
X ® (Ow /pw ). In other words, the vanishing locus of det(Z%) is finite and flat over W,

hence is determined by its restriction to the generic fiber of X = Ew — W.

Next, we would like to work over the base Y = Eiv LK Note that over Y, translation

by 51, defines an isomorphism

Ti[V]: T(By,Ly ®o- FYRY )©Q = I(Ey, (T, Ly) ®o. FIRY ) ©Q

E E
Oy Y Ey 1a Y By 1a

Note that here, we must tensor with Q since (one may easily check that) (5;[/ does not pre-
serve the “et-integral structure R of §3. Next, let us consider the “composite evaluation

map”:

s

-1
Skly o T3 V] DBy, Ly @0 FIRY )@Q — € (T Lyl @Q

E
6Y Y Y,[d]

T
o

Now, sorting through the notation, one sees that this composite evaluation map is (up
to translation by the torsion point “eg” of §5) the same as the evaluation map denoted
“ZH” in §5. Since the determinant of this evaluation map is not identically zero (by what
we did in the preceding paragraph), it thus follows from Theorem 5.6, that (if we denote
by ew € Ew (W) = X(W) the point denoted by “cx” in §5), we thus obtain that the
vamshmg locus of the determinant of this composite evaluatzon map s giwen by the divisor
Z 5= 0 lew - 7‘5/] on By ®Q. Combining this with what we did in the preceding paragraph,
we thus conclude that:

The vanishing locus of det(Z%) is given by the divisor Zdﬁ;%) lew - 7'5[/]

onX:EW.

Now recall the semi-abelian scheme E — S considered at the beginning of §3. One
may think of E as being the quotient £ — FE of FE by a subgroup scheme of E which is
naturally isomorphic to p,. Alternatively, relative to Schottky uniformizations, one may
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think of the isogeny £ — E as corresponding to the morphism G, /¢%? — G, /q%% induced
by the morphism “raising to the d-th power” on Gy,. If we pull-back the isogeny £ — F
to W, we get an isogeny

EW—>EW

When we wish to think of Fy — W as a base extension of W, we will denote Ey by

7z Eyw, and write vz € Ew (Z) for the identity morphism. Finally, we will denote the

pull-backs of the torsor E[J[j] — Eto W, Z by E;[V,[d] — By, E;[d] — FEz, respectively.
If we let Ly & Opy, (ery ) (where eg,, is the origin of Ey ), then we have an

evaluation map for E; (where the requisite integrality follows from the statement at the
end of Theorem 3.1):

L (B (T35 Bop, FURY ) —  (T,L5]e
Z,[d]

(Here 4E; C Ey is the subgroup scheme of d-torsion points in E;.) Thus, one observes,
relative to the theory of §5, that for an appropriate choice of “Lagrangian subgroup H”
(which lifts g, C E), the evaluation maps I1Z and Z% correspond to one another (up to
translation by ey ) with respect to the operation of “taking invariants with respect to the
Lagrangian subgroup” (cf. the discussion of §5). Thus, we obtain the following result,
which is the main result of this §:

Theorem 6.2. For any integer d > 1, the scheme-theoretic zero locus of the determinant
of the evaluation map

Hg : F(EZa (,]:V*Zﬁgd) ®OEZ Fd(Ret]L )) 7 (%*Zﬁgd)’(dEz)

Bz

on Z = Eyw is given precisely by d - [4FEz] C Ez, where [¢E 7| is the divisor defined by the
kernel of multiplication by d on Ey.

Here, W is a trait of mized characteristic (0,p); Ew — W is an elliptic curve with

the property that the moduli of the special fiber over W are generic in characteristic p; Lyy

1s the line bundle defined by the identity element on Ew,; Ez def Ew xw Z, Lz = Lw|z;

vz € Ez(Z) = Ew(Z) is the point defined by the identity morphism; T, is translation by
| 1s the torsor “E[Td] 7 (cf. §2) for the elliptic curve Ez; and R 18
E
»[d]
the “et-integral structure” (cf. Definition 3.2) on the filtered sheaf of functions R toon
EZ

»[d]

the point vz; E; d

N—

E} .
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Note that in the above proof, we made essential use of the p,-isogeny (i.e., isogeny
whose kernel may be identified with p )

F— F

That is to say, we proved Theorem 6.2, which essentially concerns objects over FE, by
descending objects on E to E via this isogeny, and then analyzing the resulting objects
over E (cf. the discussion preceding Lemma 6.1). In fact, however, one can also give a
proof of Theorem 6.2 by descending with respect to the Z/dZ-isogeny

Ed—>E

(cf. §3 for an explanation of the notation — roughly speaking, this is the isogeny that looks
like the isogeny

cch/qu N Gm/an

arising from the identity G,, — Gy, on Gy,), and then applying the theory developed in
§4 to the descended objects on E. The advantage of the p -isogeny proof given above is
that it allows one to calculate the relevant matrix very explicitly (up to the elementary row
operations) without much preparation, and is independent of the rather technical theory
discussed in §4. On the other hand, once one assumes the theory of §4, the proof of
Theorem 6.2 is relatively short and proceeds as follows:

Alternate Proof of Theorem 6.2:

We omit various “general nonsense” details concerning “descent with respect to the
isogeny in question” and “base-change to W” that were discussed extensively in the pre-
ceding proof of Theorem 6.2 and which are the same in both proofs.

Recall from the discussion of §3 that Eg o i.e., the “E[];]” for 5’d, is precisely the pull
d»

back via the compactified isogeny éd — (' of the usual universal extension torsor E(]LJ - C
over C' (2 E). Moreover, it also follows from the discussion of §3 that the étale-integral

structure on Egj J is precisely the pull-back of the étale-integral structure defined on EL

d>
in Chapter III, Proposition 6.1. Thus, in summary, although we are ultimately interested

in proving the result (i.e., bijectivity) for the evaluation map for functions in R°* , it
Bl
_ Cq-ld]
suffices (assuming that we can descend the relevant line bundle on Cy down to C' — cf. the
following paragraph) to prove the result for the evaluation map for functions in R, .

Eg
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The final detail that we must take care of before we discuss the relevant evaluation
map on C' is the specification of the relevant line bundle on C’d More precisely, this “line
bundle on Cd” will be a metrized line bundle on E .s- Moreover, we want this metrized

line bundle to descend to a metrized line bundle on E, g via the Z/dZ-isogeny E,— E.
We take this metrized line bundle on F s to be

~ev

Zst,; (respectively, L )
st,n ” of §1 for Eoo,s

(as opposed to E s). Here, 7] is the torsion point of EOO,S(SN) defined by ¢V € G, (Usy)
(where we think of E, s as “G,,/q%%). Thus, it remains only to see that the metrized

if d is odd (respectively, even) — i.e., the metrized line bundles “Ly ), “Lo)

hne bundle that we have chosen descends via Ed — FE. Going back to the deﬁmtlon of

‘Cst,n’ 'CSt >
~ev

“L. " by 7 and then adding various d—invariant 1’s. Since it is clear that the d-invariant

~ev

Y’s descend, it thus suffices to see that Est, L., descend. But this is clear from the explicit
forms of these line bundles given in Chapter IV, Lemma 5.4. Let us denote the resulting
descended metrized line bundle on F g by

in §1, we see that these metrized line bundles are obtained by translating “Est,

L

Note that £ has relative degree 1 over the base. Moreover, the curvature of £ is the same
same as the curvature of O¢(ec) (where ec is the identity element € C(S) of C). Thus,
one may think of £ as a sort of twisted form of Oc(ec). This “twist” may be resolved
by pulling back to an appropriate covering of C' (cf. Chapter IV, §23; §4 of the present

Chapter). Since this twist is defined by n (— the image of 77 in E g), and 1 does not lie
in the identity component of the special fiber of E, ¢ (a consequence of the fact that N is
assumed to be prime to d), it follows that the twist applied to O¢(ec) to obtain L is of the
sort effected by a character “x.” which falls under Case III (relative to the terminology
of §4).

Thus, to summarize, the above discussion shows that it suffices to consider the evalu-

ation map given by evaluating sections of £ ®o,. Fd(RetJ[) (over Esos) on pg € (Gm)g =
EC

Es — ETg (where Eg — ET§ is the canonical section x of Chapter III, Theorem 2.1).

Since this evaluation map is between vector bundles of rank d on S, it follows that it

suffices to prove that it is injective modulo any prime p of O, at least after one inverts q.

But this injectivity follows immediately from Corollary 4.7 (applied in the case j def d).
Indeed, to see this, we break up the evaluation map of sections of £ ®¢o F d(RetT) on
EC

ng C Gy = E:q\ - ETg into two steps:
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(1) First, we restrict sections of £ ®¢,, Fd(R:T) to Bg = (Gm)§ C ET

§.
C

(2) Then, we strict functions on Eg = (Gm)g to pg € (Gm)g = Eg.

Strictly speaking, the linear independence assertion of Corollary 4.7 implies that the first
restriction (1) is injective. (That is, if it were not, then there would be some A-linear
relation among (j,...,(} ; with at least one coefficient which is nonzero modulo (g,p).
Thus, in particular, we would get a linear relation modulo (¢"™%’,p) (with at least one
coefficient which is nonzero modulo (g, p)), but this contradicts Corollary 4.7.)

Thus, it remains to see that the second restriction (2) is injective. To see this, first
observe that since we are in Case III, the number “|C}/|” (notation of Corollary 4.7) is equal
to j = d, i.e., “modulo ¢"%"” (notation of Corollary 4.7) the only x,-special monomials
that may occur (i.e., are nonzero) are Og-multiples of

“UI—i—i-nw

(where U, n are as in Corollary 4.7; i = 0,...,d — 1; and [ is some fixed constant,
independent of 1) — cf. Schola 4.1. Moreover, “U™” (notation of §4) corresponds precisely to
the standard multiplicative coordinate on E5 = (G )5 (notation of the present discussion).
Let us denote this standard coordinate by V. Thus, we see that the assertion that the
second restriction (2) is injective amounts to the following fact:

For any prime p of O, every polynomial in V' of degree < d — 1 which
vanishes modulo p on p; C (Gm)g = E7 is identically 0 modulo p.

But this follows immediately from elementary algebraic geometry as follows: If we com-
pactify G,, by P!, then we see that we are reduced to verifying the assertion that every
global section over P! of the line bundle

Op1 (=[pg] + (d = 1)[oc])

(where “[u,]” is the degree d divisor in G, C P! defined by u,, and “[oo]” is the (degree 1)
divisor on P! at “infinity”) is identically zero (in every characteristic). But since this line
bundle has degree —1, this assertion is an immediate consequence of elementary algebraic
geometry.

This completes the proof of the various injectivity assertions mentioned above, and
hence of the entire alternate proof of Theorem 6.2. ()
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Chapter VI: The Scheme-Theoretic
Comparison Theorem

§0. Introduction

In this Chapter, we prove the Scheme-Theoretic Comparison Isomorphism. This result
essentially asserts that:

There is a natural bijection between certain natural types of algebraic
functions on the universal extension of an elliptic curve and the “set-
theoretic functions” on the torsion points of the elliptic curve.

This natural bijection is given by restricting the algebraic functions on the universal exten-
sion to the torsion points of the universal extension. This restriction morphism is referred
to as the evaluation map (and is the main topic of Chapter V). Ultimately, the goal of this
paper is to show that the evaluation map is not only a bijection, say, in characteristic zero
(cf. Theorem 3.1), but that it preserves natural integral structures on both sides at all
the primes of the rational number field. In the present Chapter, we address the scheme-
theoretic portion of this goal, namely, we show that we essentially get an isomorphism
schematically over (Mj )z (cf. Theorem 4.1). In other words, we show that the integral
structures at all of the finite primes (essentially) coincide.

In §1, we define the algebraic functions on the universal extension that we are inter-
ested in. The sheaves of such functions are called the “{v,et}-push forwards” of a metrized
line bundle. In §2, we study the various basic properties of these push-forwards, with an
eye to proving (in §4) that they are compatible with base-change. In §3, we prove the
comparison isomorphism in characteristic zero, i.e., that the evaluation map is bijective in
characteristic zero (Theorem 3.1). Finally, in §4, we complete the proof of compatibility
with base-change, and show that the evaluation map also (essentially) preserves integral
structures on both sides at all finite primes (Theorem 4.1).

§1. Definition of a New Integral Structure at Infinity

In this §, we prepare for the comparison isomorphism results in the remainder of this
Chapter by introducing a new integral structure in a neighborhood of the divisor at infinity
(i.e., the locus on the base where the log elliptic curve in question degenerates). It will be
relative to this new integral structure that the evaluation map of Chapter V, §2, will turn
out to be an isomorphism.
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In this §, we use the notations of Chapter V, §2. Let us first recall the Wg-torsor

ol

Ca,ld) Ca

considered in Chapter V, §2. Note that since Ei‘d 1d] extends the torsor E[];] — FE, which

is obtained from ET — E by “pushing out” with respect to multiplication by d on W, it

follows that the canonical splitting k (of Chapter III, Theorem 2.1) of ET — E over Es
defines a canonical splitting

Ko :E'/S\—> <E[1;l])§
B

Note that since the étale-integral structure of Chapter V, Theorem 3.1, is defined using
this canonical splitting (cf. Chapter V, §3; Chapter III, §6), it follows that + defines,
E

[d]
for any integer ¢« > 0, a direct sum decomposition

I

i—1
. 1 .
t ®
PR ) = D grile

(Bra)g =0
(cf. Chapter V, Theorem 3.1). Similarly, one sees easily that by translation by d-torsion
points, we get analogous direct sum decompositions of F(R° i ) over the g-adic

(EEdv[d])g
completions of F; at the other d — 1 connected components of the special fiber of Ej.
Note, however, that these translated decompositions do not glue together at the nodes:
indeed, if they did, then we would obtain that t extends over Cy, which is absurd (cf.
E
[d

]
Chapter III, Theorem 5.6).

Now let us suppose that we are given a “valuation”

v € Q> - log(q)

(where Q> is the set of nonnegative rational numbers, and “log(q)” is a formal symbol).
In the following, we will write

exp(v) X gv/1os(@)

We would like to construct, for each integer ¢ > 0, an S-flat coherent sheaf

FI(RY {v})

E ot
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on Cy associated to v, as follows. First of all, over Ug = S — D, we have

FIRY {vHlos = FI(RY Jug)
E

Cq.ld] Cq,ld]

Next, let us define F*(R ; {v}) over E5 by using the direct sum decomposition given
Ecd’[d]
above in the following way: We give F"*(R°* ; {v})|E~ the integral structure (relative to
E S

Cg,ld]

this decomposition) defined by:

i1

| . 1 -

FZ(RetT (VD ¥ op.e ( — - exp(—v) 'TE®]|EA>
E S S . S

Cq,ld] j=1 J

We then define F*(R® i {v}) over the completions of E; at the other d — 1 connected

E
Cg,ld]
components of F; in a similar way, using the translated direct sum decompositions discussed

above.

Now observe that we have defined F*(R®* ; {v}) over all of E;. Thus, it remains to
E

Cy4,ld
extend the resulting vector bundle over Ejy over [C]’d (in some sort of natural fashion). But
this is just a matter of elementary commutative algebra, which we review in Lemma 1.1
below. In fact, Lemma 1.1 will also show that there is a unique extension of this vector
bundle on E; over Cy which is S-flat, coherent, and satisfies the property that any length
2 regular sequence of local sections of O¢, is also regular on this extension. Relative to

the application of Lemma 1.1, we remark that:

(1) All of the notation used in Lemma 1.1 is strictly internal to Lemma
1.1 and has nothing to do with the notation in the remainder of the
discussion of this §.

(2) Of course, in general, Cy need not be regular, but it suffices to prove
extendability in the universal case (e.g., the “Ex — Sxn” of Chapter
IV, 84, for “N” taken to be d), in which case Cy is regular, and the
nodes of Cy (with the reduced induced scheme structure) are regular of
dimension dim(Cy) — 2.

This completes the definition of the S-flat coherent sheaf

FY(R™ {v})

Egy ta

on Cd.
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Lemma 1.1. Let A be a regular local ring of dimension > 2. Let B def A/(s,t) be a

quotient which is reqular local ring of dimension dim(A) — 2. Let F be a vector bundle
on U ¥ Spec(A)\Spec(B) C X o Spec(B). Then i.F is a coherent sheaf on X with
the property that any A-reqular sequence of length 2 in A is also (i.F)-regular. Thus, in
particular, if dim(A) = 2, then i,F is a vector bundle on X.

Proof. 1t is well-known that in this situation, i,F is a coherent sheaf (cf., e.g., [SGA2],
p. 97, Proposition 3.2). As for the assertions concerning depth, we reason as follows: Let
a,b € A be regular on A. Then b acts injectively on any localization of A/(a). Thus, the
long exact sequence obtained by applying the derived functors of i, to

0O — F % F — Fla-F — 0

shows that a acts injectively on i,F, and that we have an inclusion (i.F)/a — i.(F/a -
F). On the other hand, F/a - F is just a vector bundle over some open subscheme of
Spec(A/(a)), so multiplication by b is injective on F/a - F, hence also on i.(F/a - F), as
well as (i, F)/a. This shows that a,b is regular on i, F, as desired. If dim(A) = 2, then
this shows that i, has depth 2 as an A-module, hence (by the Auslander-Buchsbaum
formula — see, e.g., [Mats]) is a vector bundle. This completes the proof. ()

As remarked above, F'*(R* ; {v}) has a filtration

Eéy ta

0C...C Fj(RetT (v)c...C F"(RetT v}

Cyold] E

(where 1 < j <) whose subquotients admit natural inclusions

(FHFYRY (vh) € 5 eexn(=v) e,

Cy,ld]
Moreover, if vi < va, then we have a natural inclusion
Fi(RY  {wni}) © F(RY {v2})
E E
Cq,ld] Cq-ld]

We denote the union of all of these sheaves (as v ranges over all elements of Q>¢ -log(q))
by

FR {oo))

Cg,ld]



We summarize the properties of these sheaves as follows:

Proposition 1.2. The quasi-coherent sheaf of Oc,-modules

R vy € U PR {v))

Cy,ld] >0 Cy.ld]

comes equipped with an exhaustive filtration

FY(R™ {v})

EG a4

(for i > 0) whose i-th member is an S-flat coherent sheaf (of generic rank i) on Cy.
Moreover, this quasi-coherent sheaf restricts (as a filtered object) to RetT (as in Chapter

Ecd »[d]

V, Theorem 3.1) away from the divisor at infinity. Finally, the natural morphisms

% A e 1 i
(F"™/F)(R tT v}) — 4 -exp(=v)-Oc, ®os T
Cg,ld]

(ifi > 1) and

FURY {v)) = Oc,

Cq,ld]

arising from Chapter V, Theorem 3.1, are isomorphisms over Ey, i.e., away from the nodes

Of Cd.

By pulling back these various objects from Cy to Cs s and E g, we obtain cor-

responding sheaves over Co, s and Eo g (cf. the construction of ng < [d) E;ro [ =

E]Looy&[ q E. s in Chapter V, §2). Naturally, if we are given different sequences v, at
the various connected components ¢ of the divisor at infinity of S, then we may adjust the

integral structure according to the sequence v, at ¢, and thus obtain global objects suffixed
by “{v},” where v o {v.},. (We leave the formal details to the reader.)

In particular, if £ is a metrized line bundle on E., g of relative degree d and whose
curvatures are d-invariant (i.e., a metrized line bundle of the sort considered in Chapter
V, §2), then by taking global sections over E, g of
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Loo,, FIRY,  {v})
’ E

»[d]

(for i > 0) we obtain a natural metrized vector bundle (of rank d - i) with Gz-action

)<")

[d]

(fs)*(ZIET )SH{v.et) (2 (fs)«(L]
oo, [d

Bl
] o0,

on S.

Definition 1.3. In the following, we shall refer to these push-forwards as {v,et}-push
forwards.

62. Compatibility with Base-Change

In this §, we study the push-forwards defined in §1 and show, in particular, that these
push-forwards are compatible with base-change if and only if they are compatible with
base-change “modulo p.” We will then show, in certain special cases, compatibility with
base-change modulo p in §4 below, and thus conclude (in §4) that (at least in these cases)
the various push-forwards defined in §1 are compatible with base-change.

In this §, we continue to use the notation of §1. Let us suppose that we are also given
an m-torsion point

n e Eoo,S(Soo)

(where m > 1 is an integer) as in Chapter V, §1. Then, by pulling back the metrized
line bundles constructed in the universal case in Chapter V, §1, we obtain metrized line
bundles

—€ev

‘CStJI; ‘Cst,n

on E 5. Let us take the metrized line bundle £ (in the discussion at the end of §1) to be
Lyt (respectively, Z:/, y) if d is odd (respectively, even). Then, in this §, we would like to

study the {v,et}-push forwards

(F)-(Z] 4 ) {v.et)
oo, [d

]
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(for j > 1) on S. In particular, we would like to study the extent to which these push-
forwards are compatible with base-change, among bases S°¢ as in §1 (=as in Chapter V,
§2), i.e., bases such that the pull-back of divisor at infinity of (Mj o)z is a Cartier divisor
on S and for which the g-parameter locally admits a d-th root.

First observe that over Ug df g D, compatibility with base-change follows imme-

diately from elementary algebraic geometry (cf., e.g., [Harts|, Chapter I1I, Corollary 12.9,
Theorem 12.11), since: (i) the sheaf R°" admits a filtration with subquotients which are
(locally on S) isomorphic to the structure sheaf (Proposition 1.2); (ii) the higher direct
image sheaves of the line bundle L]y, with respect to the morphism E|y, — Ug vanish.
Thus, it suffices to localize S to a neighborhood of an arbitrary point of D. In the follow-
ing discussion, we will often carry out such localizations without further justification. In
particular, we may assume that “there is only one ¢,” i.e., that D is irreducible.

Let us consider the line bundle £. Without loss of generality, we assume in the case
of d even that the g-parameter has a 2d-th root on S. (This may always be achieved
by replacing S by a finite, flat covering of S; since this covering will be flat, it will not
effect compatibility with base-change issues.) If d is even, then we let § € E s(5) be a
2d-torsion point as in Chapter IV, Lemma 5.4. Now, we let

M

be the metrized line bundle L (respectively, TgZ‘;V ) if d is odd (respectively, even). (Here,
“Tg” is the automorphism of E g given by translation by 3.) Note that the curvature
of M is the same as that of £ (cf. Chapter V, the discussion preceding Proposition 1.1,
for a computation of the curvature of £; Chapter IV, Lemma 5.4, for a computation of
the curvature of ﬂ) Moreover, it is clear from the definitions of £ and M on Ew slus
(namely, both are obtained by translating a multiple of the divisor defined by the identity
element by some torsion point) that there exists an integer N > 1 such that (after possibly
localizing S further) we obtain an isomorphism of metrized line bundles:

—®N  ——®N

L =M

In particular, it follows that we may write
L=M®Q

where Q is a metrized line bundle on E s such that @@)N is trivial. Note, moreover, that
M is represented by a line bundle on Cy in the usual sense (cf. Chapter IV, Lemma 5.4).
The point here (cf. the proof of Chapter IV, Theorem 5.8) is that we would like to reduce
compatibility with base-change assertions concerning the metrized line bundle £ (which is
a delicate issue) to compatibility with base-change assertions for the “line bundle in the

usual sense M” (an issue which is well-known from elementary algebraic geometry).
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Thus, M is a line bundle in the usual sense on Cy. Let us assume (without loss of
generality) that the g-parameter on S admits an 2NN - d-th root. Then it follows that there
exists a finite isogeny E/, — E4 (of degree N) whose kernel is isomorphic to g . Moreover,
this isogeny compactifies to a diagram

E, C C
L
E; € Cy

The purpose of introducing E/, is that the pull-back of the metrized line bundle Q to Eéo,S
1s a line bundle in the usual sense. Indeed, to see this, one reasons as follows: First of
all, observe (from the general theory of abelian schemes) that the kernel of the pull-back
morphism on Picard groups induced by the isogeny E ¢|vs — Eoo s|us is the Cartier dual
of Ker(E slus — Fw,slus) = py- Thus, the kernel of the pull-back morphism is Z/NZ
(cf. the discussion in Chapter IV, §2, of the isogenies “EM — E — E” and line bundles
on E which become trivial when pulled back to El™). In other words, if one thinks of the
subscheme of N-torsion points of Eo, s|ug as py X (Z/NZ), then this kernel is generated
by the line bundle corresponding to a divisor of the form 7 — eg__ o, where eg__ . is the
identity element of E g, and 7 is an N-torsion point whose projection to Z/NZ generates
Z/NZ. In particular, this means that the pull-back of Qg to E. g|us is isomorphic to
the pull-back to £ g|us of the line bundle associated to a divisor of the form 7 — e Eoo.s5
where 7 € py(S) C E(S) C E s(S). On the other hand, note that for such a 7, the
line bundle (in the usual sense) O¢, (T — ec,) already forms a metrized line bundle on
Ew,s whose curvature is zero. Thus, in summary, Q| _ and O¢, (T — ec,)|p_  have
isomorphic restrictions to £ g|us and, moreover, both have curvature zero. In par’tlcular
by Chapter IV, Proposition 4. 3, it follows that these two metrized line bundles on E’_ 5.5

are isomorphic, i.e., that the metrized line bundle Q)| B . is represented by a line bundle

in the usual sense on C), as desired.

Thus, to summarize, we have L = M ® Q, where M arises from a line bundle in
the usual sense on Cy; and Q| . arises from a line bundle in the usual sense on C’. In
particular, we conclude that:

The metrized line bundle £]| p/_  arises from a line bundle P in the usual

sense on C’d Moreover, the restrlctlon of P to each to the irreducible
components of the special fiber of C?, is of degree N (since E/, — Ey is
of degree N).

Now fix an integer 7 > 1, and let

FEFRY (Ve

E
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Thus, F is an S-flat coherent sheaf on C!, whose restriction to £/, is a vector bundle of
rank j which admits a filtration whose subquotients are isomorphic to O B, Moreover, the
push-forwards

(F)-(Z] 4 ) {v.et)
oo, [d]

that we are interested in are simply the p-invariant portions of
fu(F ®0g, P)

(where, in the following, we shall write f, for the push-forwards to S of objects on C/; or
E!)) with respect to the evident natural py-action. Thus, since the group scheme gy is
of multiplicative type, hence reductive (so the operation of “taking the p-invariant part”
commutes with base-change), it follows that:

The issue of the compatibility of the push-forward

)<, et}
]

iy

with base-change may be reduced to the issue of the compatibility of the
push-forward f.(F ®o,, P)= [{(F ®o., P)lg,} with base-change.
d d

At this point, before we continue to study compatibility with base-change issues further,
we pause to note the following important lemma:

Lemma 2.1. The metrized vector bundle

(F)-(Z] 4 ){vet}
oo, [d

]

(which a priori — ¢f. Chapter IV, Definition 5.2 — is just a quasi-coherent sheaf %SOO)
is, in fact, a coherent sheaf on Soo. If, moreover, the classifying morphism S — (M )z
1s flat, then this coherent sheaf is, in fact, a vector bundle on S .

Proof. Indeed, the above discussion shows that this metrized vector bundle is just the
p-invariant portion of the push-forward

fi(F ®o,, P)
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On the other hand, this latter push-forward is clearly a coherent sheaf of Og_ -modules.
Thus, the metrized vector bundle (fg). (L] ¢ )<9{v,et} is, in fact, a coherent sheaf of
E
o0, [d]

Og_ -modules, as desired.

If the classifying morphism is flat, then formation of push-forwards is compatible with
base-change, so we reduce immediately to the “universal case” — i.e., where S is, say, of

1

the form Spec(O[[¢z~2]]), and O is the Zariski localization of the ring of integers of a
number field. In this case, S is a projective limit of regular schemes of dimension 2, so
we conclude from from Lemma 1.1 that “any metrized vector bundle on S,, which is a
coherent sheaf of Og_-modules is, in fact, a vector bundle on S.,” as desired. ()

Next, we consider base-change issues. The following result follows from elementary
homological algebra:

Lemma 2.2. Let A be a quasi-coherent Og-algebra. Then we have an exact sequence:

fAF ®0., Ple,} ®os A= fAF ®o., P)le, ®os A}
— TOT?S(lei{(]: ®Oc('1 P)‘Eé}’A) — 0

Moreover, when j = 1, i.e., F = Ocy, we have R'fI(F ®o., P) =0, and f(F Qo,,
d d
P) @os A= fi(F @o,, P ®os A).

Proof. Indeed, the exact sequence follows by considering the usual spectral sequence
relating H*(C') ®o, A and H*(C' ®o, A), where C' is a complex of flat, coherent Og-
modules. In this case, since the push-forward functor f, has cohomological dimension < 1,
the complex C* may, in fact, be taken to consist of just two terms, i.e., C' may be written
C’ — C'. The case j = 1 follows by considering the fact that P is a line bundle whose
restriction to each of the irreducible components of the special fiber of C/ is of degree
N > 1, and applying [Harts], Chapter 111, Corollary 12.9, Theorem 12.11.

Now let us suppose that S is the spectrum of a regular local ring of dimension 2.
Suppose that «, 3 are a system of regular parameters for this regular local ring, and that
V(B) C S is set-theoretically equal to the divisor at infinity D C S. Suppose, moreover,
that we know that the morphism

fA(F ®0, P)le} ®os A — f{(F ®0. P)le, ®os A}

is surjective when A is taken to be Og/(«). Then I claim that it follows that this morphism
is surjective for all A on which § acts injectively. Indeed, our assumption concerning the
case when A = Og/(«) implies that
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Tor?s (R fI{(F ®o. Pl }, Os/ (@) =0

i.e., that o acts injectively on the coherent sheaf B % R!f/{(F ®o., P)le,}. Note that
d

although B itself might not be finitely generated over Og, it may be written as a direct limit
of finitely generated Og-submodules B’ C B. Note that since a acts injectively on B, it
also acts injectively on B’. Similarly, since B is set-theoretically supported on D, it follows
that B’ is also set-theoretically supported on D. But this implies that the Og-module B’
has depth > 1, hence (by the “Auslander-Buchsbaum Formula” — cf., e.g., [Mats]) that the
Og-module B has cohomological dimension < 1. Since, moreover, B’ is (set-theoretically)
supported on D, we thus conclude that there exists an exact sequence

O—>O§LO§—>B'—>O
(where 7 is an integer). Moreover, since the zero locus of det(¢) € Og is set-theoretically
equal to D, we conclude that there exists an Og-linear morphism ¢ : O — O% such
that ¢ o ¢ = %, for some integer a > 0. In particular, we conclude that the above exact
sequence remains exact after tensoring with any A on which 3 acts injectively. But this

implies that for such an A, we have Tor?s(B’, A) = 0, hence (since Tor commutes with
filtered direct limits) that Tor®s (B, A) = 0, as claimed.

In fact, in our situation, instead of being given that the entire morphism

fAF ®0., Ple,} ®os A= fAF ®0., P)le, ®os A}

is surjective when A = O/(«), we will instead just be given that its py-invariant portion
is surjective when A = O/(«). But since pj is of multiplicative type, it is clear that the
argument of the preceding paragraph then allows one to conclude the surjectivity of the
p-invariant portion of this morphism for any A on which § acts injectively. In other
words, we have proven the following:

Lemma 2.3. Suppose that S is the spectrum of a regular local ring of dimension 2.
Suppose that o, B are a system of reqular parameters for this reqular local ring, and that
V(B) C S is set-theoretically equal to the divisor at infinity D C S. Suppose, moreover,
that we know that the morphism

FA(F ®0 P)le} ®os A— f{(F ©0 P, ®os A}

is surjective on py-invariant parts when A is taken to be Og/(«). Then it follows that
this morphism is surjective on p-invariant parts for all A on which B acts injectively.
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§3. The Comparison Isomorphism in Characteristic Zero

The purpose of the present § is to show that for appropriate choices of the metrized

line bundle £ (cf. Chapter V, §1), certain slightly modified versions of the evaluation maps
of Chapter V, Propositions 2.2, 2.3, are isomorphisms in characteristic zero.

In this §, we use the notation of §1. Let us suppose that we are also given an m-torsion
point

n e Eoo,S(Soo)

(where m > 1 is an integer) as in Chapter V, §1. Then, by pulling back the metrized
line bundles constructed in the universal case in Chapter V, §1, we obtain metrized line

bundles

—€ev

LStJZ; Est,'r]

on F s. We are now ready to state and prove the following result:

Theorem 3.1. (Comparison Isomorphism in Characteristic Zero) Let d,m > 1 be
integers such that m does not divide d. Suppose that S'°% is a fine noetherian log scheme,
and let

Clog N Slog

be a log elliptic curve over S8 such that the “divisor at infinity” D C S (i.e., the pull-
back of the divisor at infinity of (Mi,0)z via the classifying morphism S — (Mi)z) is a
Cartier divisor on S. Also, let us assume that étale locally on the completion of S along
D, the pull-back of the Tate parameter ¢ to this completion admits a d-th root, and that
the classifying morphism S — (M o)z associated to C'°¢ — S'°¢ is flat in a neighborhood
of D. (Note that this flatness automatically holds whenever S is of characteristic zero.)
Suppose, moreover, we are given a torsion point

n e Eoo,s(soo)

of order precisely m which (according to the discussion preceding Chapter V, Proposition

1.1) defines line bundles L, Z:,n' If d is odd (respectively, even), then let £ def Lt

(respectively, L & Z;V ). Then:

(1) For any collection v = {v,}, of elements of Q>¢ -log(q)|Joo (one for
each connected component v of the divisor at infinity D), the evalua-
tion map of Chapter V, Proposition 2.2 (for “a” taken to be 0) factors
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through the metrized vector bundle (fs)«(L| )<4v, et} of §1 to de-

EL,[d]

fine a natural morphism

E{v,et}: (fs)o (L] + )“Hv,et} = (fs)(L] 3 )

Ejo,[d] (aEs)
(2) If v, = oo for all v, then

E{v,et} ® Q

s an isomorphism. Moreover, at each i, there exists a unique sequence
a, ={(a,)o,...,(a,)d—1} of elements of Q>¢-log(q) such that the natural
inclusions

)={00,et})

s[d]

)“H(a)j-1.et}) S F((fs)(L]
]

F7((fs)«(L]

o, o

are all equalities and the natural projections

(F7JFI=1)((fs)+(L] )“H(a,)j-1,et}) —

EL[d]
1 - i—1
G- cexp(—(a,)j-1) - (f$)+(LlEw <) ®0s 75
(where j = 1,...,d) are surjective (hence bijective).

(3) Finally, these sequences a, satisfy the following condition: for each
connected component ¢, there is an X, € {I,11,1I1} such that

1
(a)j—1 = g ¢

where c; is as in Chapter V, §4, for Case X,.

Proof. First, let us observe that since the classifying morphism S — (Mj )z is flat in
a neighborhood of infinity, the various push-forwards (fs). (along with their filtrations)
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are compatible with base-change (cf. Lemma 2.2). (Note that in characteristic zero, the
classifying morphism factors through (M )q, which is regular of dimension one. Thus,
flatness follows from the assumption that the g-parameter is a non-zero divisor, i.e., that
the closed subscheme D is a Cartier divisor on S.) Thus, it suffices to prove Theorem

3.1 in the “universal case” — for instance, in the case of S def T, where T' — B is any
“nice covering,” as in Chapter V, Proposition 1.2, such that at each ¢, the corresponding
g-parameter has a d-th root in Orp.

Next, note that to see that the evaluation map of Chapter V, Proposition 2.2, factors
as claimed in (1), it suffices to prove that it factors in characteristic zero. Indeed, once it
factors in characteristic zero, the fact that it also factors away from the divisor at infinity
(cf. Proposition 1.2; the integrality statement at the end of Chapter V, Theorem 3.1)
implies — since S = T is finite, flat over (M o)z, which is regular — that it factors over
all of S = T. Similarly, the natural inclusions of (2) are equalities if and only if they are
equalities in characteristic zero. Indeed, if they are equalities in characteristic zero, then
both sides are vector bundles (cf. Lemma 2.1) which are tautologically equal away from
the divisor at infinity.

Thus, in summary, except for the surjectivity of the natural projections in (2), it
suffices to prove Theorem 3.1 in characteristic zero. In particular, for the remainder of the
proof (except where specified otherwise),

We assume that S is T' ® Q, where T' is as above.
Also, to simplify the discussion, we assume that S is connected. Thus, the base S is a
smooth, proper curve over a field of characteristic zero.

Now we divide the proof into parts:

Local Assertions:

Let us first show that the evaluation map factors as stated in (1) for any choice of v,
and that the natural projections of (2)

)<H(@)j-r.et}) —
)

(F7 /P71 ((f3)+(L]

iy

(,] _ 1)| 'exp(_(ab)jfl) ’ (fS)*(Z‘EooS) RKog ng_l

are surjective for the special choice of v referred in (2) and (3).

Since these are local issues at infinity, we assume (just for this “Local Assertions”
part of the proof) that

S = Spec(A)
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where A = O[[¢g~a]] (where N L om - d), and O is a Zariski localization of the ring of
integers of a number field. Let Ky = Z/dZ C 4F be the subgroup corresponding to the

d-th root q% of g. Thus, we have a finite étale isogeny

EdHEd/KH :EH

One checks easily (using Chapter IV, Lemma 5.4 — cf. the argument in the “Alternate
Proof of Theorem 6.2” in Chapter V, §6) that £ descends to a metrized line bundle Lz of
relative degree 1 on E, s. Thus, there exists a Lagrangian subgroup (cf. the discussion
of such subgroups in Chapter IV, §1)

HC Gy

Note that the {v,et}-push forwards, as well as the evaluation maps Z{v, et} all have “sub-
script H versions” (obtained by taking “H-invariants” of the original versions discussed
above). We leave the routine details to the reader.

Next, let us note that dEIoH C EIOH (d] lies inside the canonical section derived from
k. Indeed, this follows from the facts that:

(i) the canonical section is a group homomorphism (Chapter 111, Theo-
rem 2.1);

(ii) Wg has no torsion since our base S is Z-flat; and

(iii) the image of dEIo » 10 Eo,, s lies in the identity component of the
special fiber of E,, s.

Since the modifications in integral structure that one performs in order to construct the
{v, et}-push-forward (for any v) are all done using the splittings defined by the canonical
section (derived from k), it is a tautology that all sections of the {v, et }-push-forward which
have “denominators” relative to the usual push-forward vanish (i.e., modulo the sections
which do not have denominators relative to the usual push-forward) when restricted to

the canonical section, hence when restricted to dE;ro »- Thus, it follows that the evaluation
map of Chapter V, Proposition 2.2, factors as claimed in (1) (for any v).

Next, let us observe that “metrically speaking” Ly is the same as the metrized line
bundle Op_ . . (les.,, s]).- More precisely, we have:

—®m-d
Ly = 0p, J(m-d-les., )

Indeed, if we forget about metrics, this follows from the linear equivalence m(d - [n]) ~
m-d-[e] on Ex s|us pushed forward from E s to Eu,,.s. Moreover, it follows from the
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computation of the curvature of £ (in the discussion preceding Chapter V, Proposition
1.1) that both sides have the same curvature. Thus, by Chapter IV, Proposition 4.3, it
follows that these two metrized line bundles are isomorphic. (Indeed, it is easy to check
that the constant “C” in Chapter IV, Proposition 4.3, may be taken to be zero in this
case).

In particular, it follows that Lp differs from Op_  .([er.., s]) by a metrized line
bundle on En,,, ¢ whose (m - d)-th power is trivial. But, in the language of Chapter V, §4,

if we think of Ey here as the curve “E” of Chapter V, 84, then this amounts to saying
that Ly is the same as the “standard line bundle EE” of Chapter V, §4, twisted by some
appropriate character y, of order “n” where we take the “n” of Chapter V, §4, to be
N = 2m - d, relative to the notation used here. This character x, falls into one of the
three “Cases” treated in Chapter V, §4. We take X, € {I, 11,111} to be the “Case” that
X falls under (cf. Chapter V, Theorem 4.6).

Now let

def 1
(a,)j—1 = 770G -log(q)

(where ¢; is as in Chapter V, §4), and apply Chapter V, Theorem 4.6. Note that the “¢”
of Chapter V, §4, which we write g, V64 is such that q]CVh. V.54 is the g-invariant of F,

which corresponds to Ey in the present discussion. Since the g-invariant ¢z, of Ep is
equal to q%, we thus see that

=

N
1° = 49En = don, v §a

Thus, the various adjustments of integral structure used to form the {v,et}-push-forward
are of the form

1., ¢ N-c;j
exp((a)j—1) = 47 = qg, =4, "y 84

Note, moreover, that

cj = Max;,<;(cj,)

(where jo ranges over all integers < j which are admissible as “jy’s” for Chapter V,
Theorem 4.6, and we define the “Max” of the empty set to be 0). Note that Chapter
V, Theorem 4.6, addresses the case of “torsorial degree” (cf. Chapter III, Definition 2.2)
< j and states that in this case, there exist generators of the portion of the “usual” push-
forward (i.e., without the {v,}) corresponding to torsorial degrees jo — 1,...,5 — 1 which
vanish modulo exp((a,);j,—1) = q'% when restricted to the canonical section derived from
r over (Eg)g. Moreover, if jo is the largest “admissible jo” (for Chapter V, Theorem 4.6)
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which is < j, then exp((a,);/) = exp((a,)j,—1), for all 3 € {jo —1,...,j —1}. Thus, if
we divide these generators by exp((a,);,—1), we see that we get integral sections of the
(a,)j—1-push-forward. In particular, we see that for this choice of (a,);_1, the natural
projections

)<H(a,)j-1,et}) —
]

(F7 /771 ((f3)+(L]

Sy

cexp(—(a)j-1) - (fs)(Llpn o) ®os 75"

(=1

are surjective, as desired. This completes the proof of the local assertions.

Reduction to the Computation of Degrees:
Let us now return to our global, universal, characteristic zero S.

Next, let us observe that, by Chapter V, Theorems 5.6 and 6.2, it follows from the
fact that m does not divide d (so d-n # 0) that in the present universal situation, the
evaluation map of Chapter V, Proposition 2.2, is an isomorphism over the generic point
of S. Thus, now that we have shown that the evaluation map factors as stated, to show
that Z{v,et} is an isomorphism over all of S, it will suffice to compute the degrees of the
metrized vector bundles (of rank d?) on both sides, and show that:

deg(domain) > deg(range)
Note, moreover, that:

The surjectivity assertion of (2) (proven above) is necessary in order to

bound from below the degree of the {v,et}-push-forward (for v = o) by

the sum of the degrees of the various exp(—(a,)j—1) - (fs)«(LlE. ) ®0g
®j—1

e .

It turns out that the computation of the degree differs quite substantially, depending on
whether d is odd or even. Thus, in the following we carry out the computations in these
two cases separately.

Computation of the Degree in the Odd Case:

To complete the proof of Theorem 3.1 for d odd, it suffices (as noted above) to show
that in the situation discussed above, the degree of the domain of Z{v,et} is > the degree
of the range. Let us first observe that Chapter V, Proposition 1.2, implies that:

The degree of the range of Z{v,et} is equal to 0.
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Thus, it remains to show that the degree of the {v,et}-push-forward (for v = o0) is > 0.
First, let us note that the surjectivity assertion already proven implies that:

(in log(q) units), where:

(1) In the first inequality, the extra factor of d out in front arises from the
fact that the push-forward of the metrized line bundle £ on E s has
rank d.

(2) In the last equality, we apply Chapter V, Lemma 4.2.

On the other hand, the usual push-forward admits a filtration (by torsorial degree) whose
subquotients are 75’ @ (fs)«(Llg. s), for j=0,...,d — 1. Since the line bundle 7 on
S has degree (in log(q) units) given by —15 (cf. the proof of Chapter IV, Theorem 5.8),
we thus obtain that the degree of the usual push-forward is given by:

d—1

_% . (;OJ) +d- deg((fS)*(Zlqus)) o _2_14d(d2 . 1)

(cf. the Remark following Chapter V, Proposition 1.1). Thus, putting everything together,
we obtain that the {v,et}-push-forward has degree > 0, as desired.

This completes the proof of the fact that Z{v,et} is an isomorphism for v = oco. It
also shows that the natural inclusions of (2)

FI((fs)«(L] )H(a)j-11) QFj((fs)*(ZIEJ[ )<*{oo})
o, ld

Bl
oo, ]

(]
are all equalities (for if any one of them were not an inequality, it would follow that the
degree of the domain of Z{cc} is > the degree of the range, which is absurd). (Note that
here we use the fact that the function j — (a,); is “monotone increasing” (i.e., preserves
the relation “<”).) This completes the proof of Theorem 3.1, for d odd.
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Computation of the Degree in the Even Case:

In the even case, the computations become somewhat more complicated. First, let us
note that by Chapter V, Proposition 1.2, we have:

deg(range) = —d Z $1(—d-n, + %)

= —d Z {$1(—=d-n, + ) ¢1(=d-m.)}

where we note that:

(1) The intersection number of Chapter V, Proposition 1.2, must be mul-
tiplied by d?, since we have d? torsion points annihilated by d.

(2) In the second line, the sum over all ¢ of the second term is zero, since
m does not divide d — cf. the (proof of the) odd part of Chapter V,
Proposition 1.2.

Next, observe that for |§] < I, the function 6 — ¢1(0 + 3) — ¢1(0) is linear, except at
0 and % (cf. Chapter IV, Corollary 4.5), and takes the value —% (respectively, %) at
0 = 0 (respectively, § = %) — cf. Chapter IV, Proposition 4.4. It is easy to see that these
properties determine this function uniquely, namely:

1 1 1
$1(0 + 5) —¢1(0) = §|9| -3

for 0] < 1

On the other hand, we have

d
deg(domain) > ——d - 1) +ZZ c;j(Case X,)
v g=1
:——d —1 —i—ZZ c;j(Case X,) +Z cq(Case X,)
v g=1
— e Lo -2
= — (@ = 1)+ S (d—1)((d—1) 1)+ cq(Case X,)

1
= gpdd=D{=(d+1)+d -2} + Z ca(Case X,)

1
= —gdld—1)+ Z cq(Case X))
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where:

(1) The first line follows by the same general reasoning as in the odd case.

(2) The third line follows from the computation of the sum of the ¢;’s in
the odd case, applied to the odd number d — 1.

Thus, to summarize, we would like to prove that

gl =)+ enCase X) 2 = 3 {or(=d it 5) = i(=d o)

def
where we set k = %.

Now, for each ¢, we would like to define a number i,, as follows. If X, = I (i.e., we
are in Case I at ¢), then let

. def d—
e = M- 0=Mey v 84
(i.e., “m - d” in the notation of the present discussion corresponds to “m” in the notation

of Chapter V, 84 (= m, § ) — cf. the discussion of the “Local Assertions” part of the
proof). If X, = I, then let

. def
1, =0

If X, =111, then let

. def .
i = iy
(where |iy| < mg, V4 is as in the discussion of Case III in Chapter V, §4). Then let us

observe that it follows immediately from the explicit formulas for ¢4(Case X,) in Chapter
V, 84, that we have

1 1 ,
cq(Case X,) = 51{:2 - §k S

(where we use here the fact that d = 2k is even). Thus, we see that the left-hand side of
the inequality that we would like to show may be written as follows:



(where we note that in our conventions, the “sums” over ¢ are “to be in log(q) units,” hence
amount, in fact, to averages; thus, a sum over ¢ of a constant C' is equal to the constant C'
itself). Thus, by dividing by —d, we see that it suffices to show that

T )= S (- )

8 My, V,§4 B

where 0, is the unique rational number of absolute value < % that defines the same element
as —d - n, in S!. In particular, it suffices to verify that
1 i
) : = |9L|
Men. v,§4
for each «. But if one unravels the definitions, it is easy to see that this is essentially
a tautology: Indeed, it follows from the even part of Chapter IV, Lemma 5.4, that the

character x, of Chapter V, §4, is precisely that determined by the torsion point —d-n, + %
of St i.e.,

1
X£<—>—d7/],,+§

On the other hand, it follows from the definitions of Chapter V, §4, that jzzmiiL is

ch. v,84
precisely the “coordinate” on S! corresponding to the character y ., i.e.,

b

2Mey. v 64

XM =+

Moreover, the character x ¢ is the result of shifting the character x, by the character
defined by %:

1

XM @ Xt e 3

wloo»

Thus, putting everything together, the two “5’s” cancel, and we see that the rational

L (< 1) defines the same element (up to sign) as —d -7, in S}, hence is

number 5
m

Ch. V,Q4
equal to |0,|, as desired.

This completes the proof of the fact that Z[oo] is an isomorphism in the case of d even.
The fact that the natural inclusions of Theorem 3.1, (2), are, in fact, equalities follows by
the same argument as in the odd case. Thus, the proof of Theorem 3.1 is complete. ()

Remark. One may regard the computation of the sequences a, in Theorem 3.1, (2), (3), such
that the natural inclusions and natural projections of (2) are surjective as a computation
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of the analytic torsion of the {v,et}-push forwards (i.e., the push-forwards equipped with
the new integral structure/metric defined at the beginning of this §). This point of view is
very much in line with what we will do in Chapter VII, Chapter VIII, where we compute
analogous analytic torsion-type quantities at the archimedean primes of a number field.

§4. The Comparison Isomorphism in Mixed Characteristic

In this §, we prove the Comparison Isomorphism in Mixed Characteristic. Put another
way, we show in this § that the characteristic zero isomorphism of §3, Theorem 3.1, (2),
preserves certain natural integral structures (at all finite primes) on both sides.

In this §, we shall continue to use the notations of §3. The following result is the main
result of this Chapter:

Theorem 4.1. (Comparison Isomorphism in Mixed Characteristic) Let d,m > 1
be integers such that m does not divide d. Suppose that S'°8 is a fine noetherian log scheme,
and let

Clog N Slog

be a log elliptic curve over S'°¢ such that the “divisor at infinity” D C S (i.e., the pull-
back of the divisor at infinity of (My,0)z via the classifying morphism S — (Mi,)z) is a
Cartier divisor on S. Also, let us assume that étale locally on the completion of S along
D, the pull-back of the Tate parameter ¢ to this completion admits a d-th root, and that
we are given a torsion point

n € Eoo,S(Soo)

of order precisely m which defines line bundles ZSW,, Z;V,n (cf. Chapter V,§1). If d is odd

(respectively, even), then let L & L.y (respectively, £ L Z: o) Then:

(1) (Compatibility with Base-Change) For any collection v = {v,},
of elements of Q>¢ -log(q) |Joo (one for each connected component v of
the divisor at infinity D) such that for each v, v, > (a,)q—1 (notation of
Theorem 3.1, (3)), the formation of the push-forward

)<, et}

[d]

Bl
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(along with its filtration) commutes with base-change (among bases S'°8
satisfying the hypotheses given above).

(2) (Zero Locus of the Determinant) Assume that S is Z-flat. If

v, = 00 for all v, then the scheme-theoretic zero locus of det(Z{v,et}),
i.e., the determinant of the morphism

S{viet} s Fs)(El 5 )<{viet) = (fs)o(L]
E (aPoo)

oo

)

of Theorem 3.1, (1), is given by the divisor

d-[n () (B)]

(where 4E is the kernel of multiplication by d on Eg). In fact, the divisor
of poles of the inverse morphism to Z{v,et} is contained in the divisor

[ N @E)].

(3) (Analytic Torsion Properties) For each v, let us write

a, ={(a)o, -, (a)a1}

for the sequence of elements of Q> - log(q) discussed in Theorem 3.1,
(2), (3). Then the natural inclusions

Fj“((fs)*(ZIEJ[ )00, et})

]

[d]

)<H(a)j,et}) C Fj“((fs)*(ZIET
0o, [d

are all equalities and the natural projections

(PP (E] 5 VM adyeth) — - exp(—(a);) - () (Ele. ) o, 78
o, [d] )

TR

(where j = 0,...,d— 1) are bijective. Moreover, the sections of L|

E
oo, [d]
that realize these bijections have g-expansions in a neighborhood of in-
finity that are given explicitly in Chapter V, Theorem 4.8.
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Remark. Relative to the bound on the poles of the inverse morphism to =Z{v,et} (i.e.,
Theorem 4.1, (2)), we remark that these denominators tend to be very small. Indeed,
typically an intersection between torsion points will look like the zero locus of some 1 — w,
where w is a root of unity. In fact, by taking m to have at least two prime factors that do
not divide d, it is easy to see that one can arrange that n [ (4&) = 0.

Remark. Note that compatibility with base-change is extremely important for applications.
For instance, base-change from (M o)z to a point of (Mj )z valued in the ring of integers
of a number field is a typical case of a situation where one must use the “full power” of
compatibility with base-change.

Remark. The poles “exp(—(a,);)” appearing in Theorem 4.1, (3), are clearly of fundamen-
tal importance in Theorems 3.1 and 4.1, and indeed, of fundamental importance to this
entire paper. We shall refer to these poles as Gaussian poles, since they grow roughly like
a Gaussian (i.e., (a,); is roughly quadratic in j).

Proof. First, let us observe that once one proves the base-change assertion (1), assertions
(2) and (3) will follow as soon as they have been proven in the “universal case” — i.e., say,
for S regular of dimension 2 such that the classifying morphism S — (M o)z is flat. But
in this “universal case,” assertion (3) already follows from Theorem 3.1, (2). Also, in the
“universal case,” assertion (2) follows from Theorem 3.1, (2), and Chapter V, Theorem
6.2. Indeed, both the domain and range of Z{v,et} are vector bundles of the same rank
over a two-dimensional regular base (cf. Lemma 2.1), so the scheme-theoretic zero locus
of the determinant of Z{v, et} is known as soon as it is known at the height 1 primes. But
at the height 1 primes, the zero locus of det(Z{v,et}) is known by Theorem 3.1, (2), and
Chapter V, Theorem 6.2. Thus, in summary, to complete the proof of Theorem 4.1, it
suffices to prove assertion (1) under the hypothesis that assertions (2) and (3) are known
in the “universal case.”

On the other hand, by what we did in §2, we know that assertion (1) holds away
from the divisor at infinity. Thus, by Lemma 2.3, it suffices to prove compatibility with
base-change in the special case where S is regular of dimension 2, and the classifying
morphism S — (My,0)z is finite and flat (cf. the theory of [KM], Chapter 5). Let O be
the normalization of Z in S. Then we may even assume that the fibers of S — Spec(O)
are geometrically reduced, and even smooth near infinity. Indeed, by flatness over (M o)z,
it suffices to check this near infinity, where S may be taken to be such that its completion
at infinity is the spectrum of

for some positive integer M. In fact, Lemma 2.3 tells us that it suffices to prove compati-
bility with base-change for the particular base-change
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S xo Spec(O/p) — S

where p is an arbitrary maximal prime of O. In the following, we will denote the result of
base-changing objects via O — k 0 /p by means of a subscript k.

Next, let us observe that the morphism “f;(F®o_, P)®osA — fi(F®o, PRosA)”

studied in §2 is always injective. Indeed, this follows fdrom the fact that bothdsides inject
into their restrictions to Ug = S\ D, where they are equal. Thus, compatibility with base-
change issues amount to the surjectivity of the “py-invariant part of” (terminology of §2)
this morphism.

Thus, in summary, it suffices to show that the morphism

®o k)< {v,et}

[d]

(ﬁﬂAZgT )H{v, et} @o k — (fs)«(L]
0o, [d

] Ejo

is surjective for all j = 1,...,d. Let us write R; (respectively, D;; Z;) for the range
(respectively, domain; image) of this morphism. Note that R;, D;, and Z; are all vector

bundles on Si. Indeed, this is clear away from infinity; near infinity, it follows from the
fact that Sy is smooth over k near infinity. Thus, we have an inclusion

Z; CR;

of vector bundles on Sy which is an equality away from infinity. We wish to show that this
inclusion is an equality over all of Sj.

Now let us suppose that:

s ="TRq

Then I claim that it follows that Z; = R; for all j = 1,...,d. Indeed, this follows by
considering degrees, as in the proof of Theorem 3.1. That is to say, the fact that the natural
projections of (3) are surjective (over S), combined with the fact that the push-forward
(fs)«(L|E. ) commutes with base-change (cf. the last part of Lemma 2.2), implies that
if there were a single j such that Z; # R; = F’(R,), then summing up over the various
(F7/FI=1)(Rg4)’s and Z;/Z;_1’s, we obtain that
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d
deg(Ra) > > S {d- (a)j-1 + deg((fs)-(L|p.. « ®os TE71)))

¢ g=1
= deg((fs).(E] 4 )V {v.et} @0 Q)
oo, 1d]
= deg((fs)*(Z|E]L )< {v, et} ®o k)
o0, 1d]
= deg(Dy)
= deg(Rq)

(where the first equality follows from Theorem 3.1, (2); the second equality follows from
the fact that the degree of a vector bundle on S is locally constant over Spec(Q); the
third equality follows from the definition of Dy; and the fourth equality follows from the
assumption Z; = R4). Thus, we get a contradiction; this completes the proof of the claim.

Thus, it suffices to prove that

Zqa=TRa

Since this assertion is local at infinity, we will assume in the rest of the proof that

S = Spec(O[[g7]))

for some positive integer M. To conclude that Z; = R4, we would like to use the fact
that Z{v,et} is an isomorphism over S (by (2) in the “universal case”), so long as n does
not intersect 4E. Now of course, in the case under consideration n might intersect sF.
Note, however, that if we modify 7 by some torsion point 75 € E4(S) whose restriction to
the special fiber of F; lies in the same connected component as that of the identity, then
this problem can be avoided. Note that (after possibly enlarging O) such an 7s always

exists (since we have localized near infinity). Moreover, we may even assume that 7; is

such that »’ def 1 + ns does not intersect 4F. Next, note that, by (2) in the “universal

case,” the “Z{v,et}” corresponding to such an 7 is an isomorphism. Since in fact, we are
interested in the situation with the original 7, we observe that (by translating by —ns) we
can interpret the fact that we get an isomorphism when 7 is replaced by n’ as saying that
the evaluation map

(Fs)<(L] 4 )={v,et} — (fs)(L] f o)
co,[d d

] (_775 o

where nT is the natural lifting of ns to E]L is an isomorphism. Tensoring with k, we
0 00, |[d]
thus obtain that the evaluation map
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+ )<Hv, et} ®o k = Dg — (fs)«(L] toot
Boo,1al (=) +aE

oo

(fs)«(L] ®o k)

is an isomorphism (since push-forwards for finite morphisms always commute with base-
change). But this morphism clearly factors through R, (since sections of

(L®os,_ R:T {v}) ®ok

»[d]

over E g ®o k can always be restricted to (—77;[ + dEIO) ®o k). In other words, the
morphism Dy; — Ry is bijective, so I, = Ry, as desired. This completes the proof of
Theorem 4.1. O

Remark. In fact, compatibility of base-change, i.e., Theorem 4.1, (1), may itself be regarded
as a sort of “analytic torsion property.” Thus, it is not surprising that the proof of Theorem
4.1, (1), makes essential use of Theorem 4.1, (3), in the “universal case.”
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Chapter VII: The Geometry of Function Spaces:
Systems of Orthogonal Functions

§0. Introduction

The purpose of the present Chapter is to prepare for the discussion of the Arakelov-
theoretic extension of the theory of Chapter VI in Chapter VIII by developing the theory
of systems of orthogonal functions in the form in which we will use it in this paper. Such
systems of orthogonal functions are central to the archimedean portion of the theory of
this paper. The reason for this is that the main result of this paper, i.e., the comparison
isomorphism between “de Rham functions” (i.e., functions on the universal extension of
an elliptic curve, which is a sort of de Rham cohomology group of the elliptic curve) and
“étale functions” (i.e., functions on the torsion points of the elliptic curve) is, after all, an
isomorphism between function spaces. To consider such function spaces in an Arakelov-
theoretic context thus amounts to considering such function spaces equipped with some
metric. Thus, in order to develop the natural Arakelov-theoretic extension of the theory
of Chapter VI, we must study the relationship between the natural metrics induced from
the de Rham and étale sides of the comparison isomorphism. Because function spaces
tend to be rather large and unwieldy, in order to study their geometry as metrized spaces,
it is of crucial importance to have natural and explicit orthonormal coordinate systems
at our disposal which allow us to express the difference between the geometries induced
by different metrics in a precise and quantitative fashion. Such orthonormal coordinate
systems are provided by systems of orthogonal functions.

It turns out that the natural metrics arising from the de Rham and étale sides of the
comparison isomorphism are rather alien in nature to one another. It is thus difficult to
compare them to one another directly. Thus, in order to interpolate the difference between
them, we must introduce various intermediate systems of orthogonal functions. This is the
main goal of the present Chapter. In §1, we begin by discussing the “general nonsense”
aspects of the theory of orthogonal functions. In §2, we review the theory of Legendre and
Hermite polynomials, not only because they are perhaps the most fundamental examples
of orthogonal functions, but also because they play a crucial role in the theory of the
comparison isomorphism at the infinite prime. In §3, we discuss the theory of the “discrete
Tchebycheff polynomials,” which are a sort of discrete analogue of Legendre polynomials.
These polynomials also play an important role in the theory of this paper. In §4, we discuss
the metric arising from the de Rham side of the comparison isomorphism. Then in §5,
we discuss the relationship between this geometry and the theory of canonical Schottky-
Weierstrass zeta functions. Finally, in §6, we begin our study of the geometry of the space
of canonical Schottky-Weierstrass zeta functions. The geometry of this function space will
be studied further in Chapter VIII.

222



In fact, the introduction of various types of canonical Schottky-Weierstrass zeta func-
tions is the first and most crucial step in the interpolation between de Rham and étale
metrics referred to above. One way to think of this interpolation is the following: The de
Rham side of the comparison isomorphism involves functions on continuous spaces, i.e.,
more precisely, on the underlying real analytic manifold — which we denote Er — of a com-
plex elliptic curve E. On the other hand, the étale side of the comparison isomorphism
involves functions on some finite, discrete set of torsion points. Thus, in order to develop
an Arakelov-theoretic extension of the theory of Chapter VI, we must somehow bridge this
gap between continuous and finite, discrete spaces. Now note that Egr has precisely two
real dimensions. The passage (§5) from the de Rham-theoretic function space geometry of
64 to the canonical Schottky-Weierstrass zeta function-based geometry of §6 — which is a
sort of function theory on S' (which has precisely one real dimension) — then amounts to
the discretization of one of these two real dimensions. This discretization, which we refer
to as the first discretization, turns out to be the most essential. The second discretization,
i.e., the discretization of the remaining S*, will be carried out in Chapter VIII. Thus,
schematically:

de Rham-based function theory on Fr (dim/R = 2)

4

canonical Schottky-Weierstrass zeta function-based function theory on S* (dim/R = 1)

4

function theory of functions on a discrete set of torsion points (dim/R = 0)

In some sense, this diagram represents the main theme behind the theory of the present
and following Chapters.

§1. The Orthogonalization Problem

In this §, we introduce the basic ideas and terminology surrounding the theory of
systems of orthogonal functions. We begin by discussing what we call the orthogonalization
problem. That is to say, given a Hilbert space equipped with a filtration and an operator
satisfying certain properties, one wishes to construct a corresponding system of orthogonal
elements of the Hilbert space. We then discuss various basic invariants that one can
associate to such data — namely, the means and submeans of the system (cf. Definition
1.1). When the given operator is self-adjoint up to a constant multiple, it turns out that
the system of orthogonal elements is completely determined by a relatively small amount
of data, namely, the means and “principal submeans” (cf. Proposition 1.2). Finally, we
discuss various examples of this theory. We remark that the material that we treat here is

223



in essence well-known (cf., e.g., [Sze], [Bate]), but I do not know of a reference that treats
this material from the point of view that we take here.

We begin with a Hilbert space H over a base field K, which we assume to be either
R or C. We will denote the inner product on H by (—,—) and its corresponding norm
by | —|. Let us assume that H is equipped with a filtration of (not necessarily closed)
K-subspaces:

F'H)=0C F'(H)CF'(H)C...CF*(H)C...CH

where n ranges over all integers < some fixed N (where N € Z|Joc). Moreover, we assume

that the subquotients Q™ (H) et (F™/F"~1)(H) satisfy:

dimg(Q"(H)) =1

for all 0 < n < N. Thus, in particular, if 0 < n < N, dimg(F"(H)) = n+ 1. In the
following, we will write

P P om0 o

for the union of all the (respectively, all but the last) subspace(s) in the filtration.

Note that this data of Hilbert space plus filtration already determines splittings of the
filtration

(for 0 < n < N) given by taking the orthogonal complement of F"~!(H) in F"(H). Thus,
one can think of the Q" (H) as subspaces of H. In its most basic form,

The orthogonalization problem is the problem of explicitly determining
these splittings of the filtration F™*(H).

What does to mean to “explicitly determine” the splittings? To give meaning to this

expression, it is typical to assume that one is also given a (K-linear, but not necessarily
continuous) operator

X : F¥ Y H) — F>®(H)

Moreover, we assume that, for 0 < n < N, X(F""1(H)) C F*(H), and, moreover, that
the induced morphism
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Q" '(H) — Q"(H)

is an isomorphism. Put another way, if F°(H) = K - w, then

P (H) = {$(X) - =}

where ¢(X) ranges over all polynomials in X with coefficients in K of degree < n. Thus,
if one is given such an operator X, then it makes sense to ask:

Can one explicitly determine some set of polynomials {¢,(X)} (where
deg(¢,(X)) = m; n ranges over all nonnegative integers) such that
¢n(X) - w generates the one-dimensional K-subspace @, (H) C H?

This is the form of the orthogonalization problem that will appear most frequently in the
present Chapter. A mild variant of this problem involves finding ¢,,(X) as above such that
¢n(X) - @ not only generates @, (H), but has norm equal to 1.

Let us assume that the set {¢,(X) - w} is orthonormal. Then we shall denote the
coefficient of X" in ¢,,(X) by kn; € K (cf. [Sze], Theorem 12.7.1). Thus,

¢n(X) = Kn,0 X" +/’€n,1 'Xn_l + ... +/fn,n

Note (cf. [Sze], §12.3) that the number u, ef |kno| 2 may also be characterized as the
mfimum

inf X) - w|?
inf 10(X) -]

where ¢(X) = X" 4 ... is a polynomial in X (with coefficients in K) of degree n with

leading coefficient equal to 1. Note that this infimum is attained for ¢(X) o Ko On(X).

Definition 1.1. We shall refer to the number ji,, = |k, 0|2 as the n-th mean of the data
(H, F*(H), X). We shall refer to the number r, ; e Kn.i/kno (for 0 <i<n < N) as the
((n,i)-)submean of the data (H, F*(H), X). The (n,1)-submean will be referred to as the
n-th principal submean.

Note that the means and submeans are uniquely determined by the data (H, F*(H), X).
Moreover, if one knows the means and submeans of this data, then one can immediately
reconstruct the system {¢, (X)}, up to multiplication (of each ¢, (X)) by an element of K
of absolute value 1.
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The reason for the terminology “means” is the following: In a certain very basic and
representative case (cf. Example (3) below; [Sze|, §12.3) involving polynomials which are
orthogonal with respect to a given weight function on the circle S, the zeroth mean ug

is, in fact, the arithmetic mean of the weight function (i.e., in the notation of Example (3)
27
“Jo
tn < pin—1 (for all positive integers n) and their limit g, def lim,, oo Wy is the geometric
mean of the weight function (i.e., in the notation of Example (3) below, the quantity

exp(z= - [;" log(w(6)) db)).

One of the most important cases of the orthogonalization problem is the case where the
operator X is self-adjoint up to a constant multiple, i.e., there exists some fixed constant
ax € K such that (X -v,w) = ax - (v,X - w), for all v,w € F*>°(H). In this case, the
polynomials {¢,(X)} satisfy a recurrence relation:

below, the quantity - w(0) db). Moreover, in this case, the higher means satisfy

Proposition 1.2. Assume that the operator X is self-adjoint up to a constant multiple
ax € K. Then for1 <n < N — 1, we have

¢n+1(X) = (AnX + Bn) ’ ¢n(X) —Cy - ¢n—l(X>

where A, = Kp41.0/kn0; Bn = An - (Tny11 — Tna); Cn = ax - Ap/A,_1 (where the
bar denotes complex conjugation). That is to say, the polynomials ¢, (X) are entirely
determined by the means and principal submeans.

Proof. The proof is essentially given in [Bate], pp. 158-9. In fact, [Bate| only treats the
case where H is some space of real-valued functions on an interval (a,b) C R equipped

with the norm (f, g) def f; f+g-w arising from some weight function w on (a,b), and X is
the operator given by multiplying by the standard coordinate on R. In fact, however, it is
not difficult to see that the only properties of this data that are used in this proof are the
properties that we have assumed here. For instance, to see that (X ¢, (X)-w, ¢(X)-w) =0
for all ¢(X) of degree < n — 2, it suffices to apply the self-adjointness (up to a constant
multiple) of X, which implies that

(On(X) @, X - ¢(X) @) =0

since X-¢(X) is of degree < n—1. The coefficients A,,, B,,, and C,, may then be determined
in the obvious fashion — cf. [Bate], pp. 158-9. O

We conclude this § by listing some examples of the theory discussed so far. Some
examples are well-known; others are to be treated in the present and following Chapters.
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Examples of Orthogonal Systems:

(1) Polynomials on intervals of the real line: Let (a,b) C R be an open interval in R
(where a,b € R|J{£o00}). Write z for the standard coordinate on R. Suppose that w(z)
is positive integrable function on (a,b). Then we may form the Hilbert space L? (a,b) of

K-valued functions f on (a,b) which satisfy f: |fI? - w - dx < co. The inner product of
this Hilbert space is given by

b
(ﬁg)déf/ gow-de

(where g denotes the complex conjugate of g). Let us assume that for all n > 0, 2" €
L? (a,b). Then if we take

HdéfLij(a,b); F"(H) def {chz" + ...+ cx+co | coy...,cn € K} x ¥,

(i.e., X is the self-adjoint operator given by multiplication by x), we obtain data as in

the above discussion. The resulting ¢, (x) ef ¢n(X) - I’s are thus orthonormal with

respect to the weight function w(z). This special case of the above discussion is the most
fundamental. Two of the most basic examples of this sort of orthogonal system are the
Legendre polynomials (where a = —1,b = 1, w(x) = 1) and the Hermite polynomials (where
a=—00,b=o00,w(x) = e_%"’“"z). These two cases will be discussed in §2 below.

(2) Polynomials on a finite set of points: This case is similar to (1). Instead of working
with an interval in R, however, we work with the finite set of points {0,...,d — 1} C R.
We then consider a positive weight function w(x) on {0,...,d—1}. The Hilbert space H is
taken to be the set of K-valued functions f on {0,...,d — 1} with the inner product given
by

d—1

(f.9)E > f(z2) glo) - w(z)

=0

Here, we take N = d, and for 0 < n < N, we let F""(H) C H be the subspace of poly-
nomials in x of degree < n; and X the self-adjoint operator given by multiplication by x.
Just as was the case with (1), the present set-up (2) also has a long history, dating back
to the nineteenth century. The most basic example of this sort of orthogonal system is the
system of discrete Tchebycheff polynomials (where w(x) = 1), to be reviewed in §3 below
(cf. also [Sze|, §2.8; [Bate|, p. 223). As one might expect from the weight functions, the
discrete Tchebycheff polynomials are a sort of discrete analogue of the Legendre polyno-
mials. Another basic example of (2) is the case of Krawtchouk polynomials, which are a
sort of discrete analogue of the Hermite polynomials (cf. [Sze], §2.82).
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(3) Polynomials on the circle S*: Another important case is the case of a positive weight

function w(#) on the unit circle S. We let H o L2 (S') be the Hilbert space of com-

plex square integrable functions with respect to w on St; F(H) def {cnz"+ ...+ 1z +

¢ | coy-..,cn € C}, wheren >0, and z def e’: and X the operator given by multiplication
by z. There is a rich and well-developed concerning the resulting orthogonal system ¢,,(2)
— see, e.g., [Sze|], Chapters XI, XII — which is in some senses more transparent then the
theory of Example (1). For instance, this theory gives rise to asymptotic formulas for the
¢n(2z) in terms of w(#) (cf. [Sze], Chapter XII). Historically, one of the first cases in which
this situation was investigated in detail was the case in which w(f) is given by a theta
function on S (cf. [Sze2]). This case is particularly interesting in that it foreshadowed
the subsequent development of g-analogues of the classical orthogonal polynomials (such
as those of Legendre and Hermite).

(4) Derivatives of a weight function on the circle S*: In this case, we let H L LQ(SI) be
the usual L?-space of square-integrable complex functions on Sl. Moreover, we assume

that we are given a function w(f) on S which is infinitely differentiable (i.e., of class C>).

Let X ¢ 2 55 be the usual differentiation operator, and let F™(H) f {en X"+ .+ X+

co | coy.yen € C-w(B), for n > 0. Note that the adjoint of X is —X, so Proposition 1.2
applies. Thus, the ¢,,(X) are entirely determined by the means and principal submeans.

In the present paper, the case where w(#) is a theta function will play an important role
(cf. §6, Definition 6.3; Chapter VIII).

(5) Sections of a line bundle on an elliptic curve: Let E be an elliptic curve over C, and L
be the line bundle defined by the origin. Then £ admits a Hermitian metric (unique up to
constant multiple) || ~ ||z whose curvature is translation invariant (cf. §4 for more details).
This Hermitian metric allows us to define the L2-space of square-integrable sections s of H
satisfying [, ||s||Z < oo. We take H to be this L?-space, and (for n > 0) F"(H) to be the

space of sections annihilated by 7" 1t may be shown that dimc(F"(H)) =n+ 1. Now
one wishes to compute the splittings of thzs filtration defined by the inner product on H.
This is done in §4 by using the adjoint 9" of & (with respect to the inner product of H).
In particular, it is shown that if s is a generator of F°(H), then Q™(H) C H is generated
by (8 )™(s) (cf. Theorem 4.5 of §4 below). Thus, if we take X to be @ , then we see that
in this case, ¢, (X) is a constant multiple of X™. This example will also play a key role in
the present paper and will be treated in detail in §4.

(6) The discrete version of (5): Let E and L be as in (5), and write Hgr for the Hilbert
space “H” of (5). Fix a positive integer N, and let G C FE be a cyclic subgroup of order
N. Let n € E be a torsion point which is ¢ G. Then it follows from Chapter VI, Theorem
3.1 (2), together with the theory of §4 of the present Chapter, that the restriction map

Er: FY Y (HR) = Ly
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is bijective. Note that || ~ || defines a natural inner product on the N-dimensional C-
vector space L|,4+¢. Thus, L], ¢ is a finite-dimensional Hilbert space H. Let F"(H) ot
Er(F"(HRr)) & F"(HR) for 0 < n < N, and write X : F>*"Y(H) — F~(H) for the
operator induced by the “X” of (5) (via the isomorphisms F"(H) = F"(Hgr)). Then one

wishes to compute the resulting ¢,,(X). Indeed,

The computation of the ¢, (X) in this case is the ultimate goal of the the-
ory of the present and following Chapters. In fact, it is essentially a tau-
tology that concretely speaking, the comparison of the metrized function
spaces of “de Rham functions” and “étale functions” (cf. §0) amounts
to estimating the coefficients of the ¢, (X).

Since this ultimate goal of comparing Examples (5) and (6) is too difficult to achieve
directly, we relate Examples (5) and (6) by using a certain intermediate orthogonal system
which is a special case of Example (4) (i.e., the case where “w(#)” is a theta function).
Finally, we analyze this special case of Example (4) (cf. §6; Chapter VIII) by using the
well-known theories of Examples (1) and (2).

§2. Review of Legendre and Hermite Polynomials

In this §, we review the classical orthogonal polynomials of Legendre and Hermite.
These examples are important not only because they serve to illustrate the general theory
of orthogonal systems of functions, but also because they appear naturally in the theory
of the Hodge-Arakelov comparison isomorphism (Chapter VIII) as limiting cases of the
orthogonal functions arising from differential calculus on the “theta-weighted circle”.

We begin with the polynomials of Legendre:

Proposition 2.1. (Legendre Polynomials) For every integer n > 0, we define:

P, (T) = 2% Dy (=1) (n> (2n - 2j) =2

] n

(where [~] denotes the greatest integer less than the real number in brackets). Thus, P, (T)

18 a polynomial of degree n whose leading term is given by 27" - (2:) -T™ and which satisfies

P, (1) = 1. In particular,

(T =1 P~AT)=T
Moreover, the system of polynomials {P,(T)} satisfies the following properties:
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(1) (Orthogonality and Norms) f[—1,1] Po(T) Po(T) = 52~ - Spnn.
(2) (Recurrence Formula)

(n+1) Pos1(T) — (2n+ 1)T - Px(T) +n- Poy(T) =0

forn > 1.
(3) (Differential Equation)

(1—-T*HP)T)—2T - P,(T) +n(n+1)- P,(T) =0.

(4) (Rodrigues’ Formula) P,(T) = 5t - ()" {(T% — 1)"}.

Proof.  See, e.g., [Rice], pp. 47-48. Note that up to constant multiples, the P,(T) are
determined uniquely by the following two properties: (i) P, (7)) is of degree precisely n;
(ii) if m # n, then t,,(T) and t,,(T) are orthogonal with respect to L?([—1,1]). O

Next, we consider the polynomials of Hermite:

Proposition 2.2. (Hermite Polynomials) Let X be the standard coordinate on R.
Write D def %. Forn >0, define

Ha(X) € b D)

Thus, Ho(X) = 1; H1(X) = —X. Let da 1 e=3X" L 4X, which we think of as a met-
ric/measure on R. Then for n >0,

(1) (Orthogonality and Norms)

|

/+0° H,(X) -Hp(X) -da=(27)2 -n!- 6mn.

— 00

(2) (Explicit Formula)




where [n/2] is n/2 (respectively, (n — 1)/2) if n is even (respectively,
odd).

(3) (Alternate Definition) H,(X)= (D — X)"(1).
(4) (Recurrence Formula)

Hp1(X)+ X - Ho(X) = D(Ho (X)) = —n - Hy_1(X).

(5) (Differential Relations) If we set ®,,(X) def H,(X)-e 15" then

(D~ 5X) 0(X) = Bua(X) (D 5X) - @(X) = —n- By 1(X)

@P—i-x2—%y®4Xy=—m+1yéaxy

Proof. The properties here all follow essentially from [Bate|, p. 193. Since, however, we
use different normalizations here from those of [Bate|, we sketch the proofs here. First,
define the operator:

2 2
DeXp d:ef e%X ._D.e_%X

Then by definition, H, (X) = (D*P)"(1). But one computes easily that

D=P = 3% (¢72X" . D+ [D,e X))
= D+e2¥X. D(e_%XZ)
=D-X

7

This proves the “Alternate Definition.” The “Recurrence Formula” follows by applying

the operator-theoretic relation

D-D-X)"=(D-X)"-D+[D,(D - X)"|
= (D-X)"-D+4+n-(D-X)""'.[D,D - X]
= (D-X)"-D—n-(D-X)""!
to the constant function 1. The “Differential Relations” follow by using (D — X)(H,,) =
H,.1; D(H,) = —n- H,_1; and the operator-theoretic relation (D? — %X2) — % = D?—
1X?—1[D,X] = (D+ 1X)(D - 1X). This operator
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1 1
D+ -X)D-=-X
(D+5X)(D - 5X)
is a sort of Laplacian operator, and is self-adjoint for the L?-norm on R equipped with
the usual measure (i.e., dX). Thus, the fact that the ®,(X)’s are eigenfunctions for this
operator implies that they are mutually orthogonal. The integrals

“+o0
/ 2 dx

may then be computed by using the fact that D + %X (respectively, D — %X ) is adjoint
to —(D — %X ) (respectively, —(D + %X )). Finally, the “Explicit Formula” may be proven
by applying induction on n and the relation H,,11(X) = (D — X) - H,(X). O

Remark 1. In fact, the explicit formula given above (i.e., Proposition 2.2, (2)) may be
interpreted as a formula for any two operators A and B satisfying

[A,B]=ce C

and A -v = 0, for some vector v. That is to say, the explicit formula implies that

[n/2] m . Rpn—2m
(A+B)"-v=nl-Y (c/2)" - B v

m! (n —2m)!

m=0

Indeed, this follows by thinking of A as A= - D and of B as —A~! - X, where A=2 = —c.

Remark 2. Thus, the theory of Hermite polynomials essentially amounts to harmonic
analysis with respect to the metric

def _1x2
do = e 2% . dX

on R. This is interesting relative to the main theme of this work, i.e., of a “comparison
1isomorphism wvia theta functions,” since this sort of factor e~ 3X° (i.e., an exponential
with a quadratic exponent) appears frequently in the theory of theta functions (cf., e.g.,
[Mumf3], §12, proof of Lemma 2, (II)). Indeed, from this point of view, one may think of

this factor as being essentially:

exp (Chern class of £) = exp (Riemann form of £)

Note that this sort of factor also appears in the adjustment of integral structure at infinity
in Chapter VI, Theorem 3.1, (3), i.e., this adjustment of integral structure varies roughly
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as the exponential of the “c;’s” of loc. cit., which (cf. Chapter V, Schola 4.1) are quadratic
functions of j. This appearance of the exponential of a quadratic function in all of these
places is by no means a coincidence, as will become increasingly apparent to the reader as
he/she studies the material of this and the following Chapters.

§3. Discrete Tchebycheff Polynomials and the
Fundamental Combinatorial Model

In this §, we discuss the theory of discrete Tchebycheff polynomials. This theory may
be regarded as the archimedean portion of the fundamental combinatorial model underlying
the theory of this paper. This combinatorial model is the evaluation map

d—1
= Z[T] — P zZ
1=0

T— (0,1,2,...,d—1)

given by evaluating polynomials in the indeterminate T of degree < d (for d a positive
integer) with integral coefficients at the points 7' = 0,1,2,...,d — 1. In Chapter V (cf.,
especially, Chapter V, §6), we discussed the evaluation map = at finite primes. In
particular, we saw that if we adjust the integral structure in an appropriate fashion (cf.
Chapter 111, §6; Chapter V, §3) —i.e., if we consider the submodule of Z[T]®7z Q generated
by the polynomials

n) def 1

Tl
n!

T(T—1)(T—2)... (T —n+1)

— then the matrix corresponding to the evaluation map Z°° takes on the simple upper
triangular form

1 % ... % x%

. 0 1 ¥ %
(T 7= i jm01.2, a1y =

O 0 ... 0 1

which is manifestly both integral and invertible at all finite primes. Unfortunately, however,
although the polynomials 7™ are very well-suited to analyzing the effect of Z°? on the
integral structures at finite primes, they are not well-suited to analyzing Z°® at the infinite
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(archimedean) prime. At the infinite prime, the range of = has a natural “L2-metric”
given by:

1
l|(ag,...,aq—1)|| = (ag -l-...-l-ai,l)?

(where ag,...,aq_1 € R). In the present §, we would like to analyze Z°° relative to this
L2-metric on the range, i.e., we would like to discuss the metric induced on Z[T]<% via Z°P
by this L?-metric.

In the theory of 2P at archimedean primes, the polynomials that play the role of the
T are the discrete Tchebycheff polynomials discussed in [Bate], [Sze]. We summarize
their definition and basic properties in the following Proposition:

Proposition 3.1. (Discrete Tchebycheff Polynomials) Fiz a positive integer d.
Then we define, forn=0,1,2,...,d —1,

n

(1) (“Rodrigues’ Formula”) t,(T) def 1. g [(’.7:) (T—d)}

where, as usual, if f(T) is a polynomial in T, then 6(f)(T) Lt f(T4+1)—f(T). (When it is

necessary to specify the dependence on d, we write t,, 4(T') for t,(T").) Thus, for instance,

to(T) = 1; tl(T) =271 — (d — 1)

and (for allm =0,1,2,...,d — 1) the leading term of t,,(T) is (QT?) -T™. The polynomials
to(T) form an orthogonal system of polynomials for the L?*-norm (as defined above) on
the space of functions on the set {0,1,2,...,d— 1}:
(2) (Orthogonality and Norms)
d—1
(tn(T),tm(T) ) Z tn(T) tm(T) = 2n+ 1)1 -d(d® —1%)(d* = 2%) ... (d* —n®) - Opun

T=0

for min = 0,1,2,...,d — 1 (where dpy is = 0 if m # n and = 1 if
m=mn).

Moreover, these polynomials also satisfy the following properties:
(3) (Recurrence Formula)

(n+1) ty1(T) — 20+ 1)2T —d + 1) - t,(T) + n(d* —n?*)t,_1(T) =0
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form=1,2,....d—1.
(4) (Difference Equation)
(T +2)(T —d+2) *(t,(T) + 2T —d+3 —n(n+1)] 6(t,(T)) —n(n+1) t,(T) =0
form=20,1,2,...,d — 1.
(5) (Connection with Legendre Polynomials)

lim d" t,(d-T) = Pa(27 — 1)
forn =0,1,2,...,d — 1. Here P,(T) is the n-th Legendre polynomial
(cf. Proposition 2.1).

(6) (Connection with usual Monomials) For any real number € > 0,

2
lim d "1t ¢, (d' e T) = ( ”) T

d— oo n

form=0,1,2,...,d—1.

Proof.  See, e.g., [Bate], p. 223. The symbol T (respectively, 6(—); d) in our notation
corresponds to z (respectively, A; N) in the notation of loc. cit. Note that up to constant
multiples, the ¢, (T") are determined uniquely by the following two properties: (i) t,(7)
is of degree precisely n; (ii) if m # n, then t,,(T") and t,(T") are orthogonal with respect
to L?({0,1,...,d — 1}). The only result listed in Proposition 3.1 that cannot be found
in [Bate| is the connection with “the usual monomials 7".” But this follows immediately
from Rodrigues’ formula, which, in the limit, takes on the form

G = ()

n

as desired. ()

Remark 1. Note that the various properties of the Legendre polynomials listed in Proposi-
tion 2.1 may all be obtained by passing to the limit d — oo from the corresponding prop-
erties listed in Proposition 3.1. Thus, the discrete Tchebycheff polynomials are discrete
versions of the Legendre polynomials. The Legendre polynomials appear (by substituting
“cos(#)” for T') as eigenfunctions of the Laplacian operator on the sphere (equipped with
its unique rotation invariant metric). Indeed, the differential equation which states that
P, (cos()) is an eigenfunction of this Laplacian with eigenvalue n(n + 1) may be written
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entirely in terms of 7" and is, in fact, the differential equation that appears in Proposition
2.1. Thus, the discrete T'chebycheff polynomials may be regarded as discrete versions of the
eigenfunctions of the Laplacian on the sphere.

Remark 2. Note that while the limit of the discrete Tchebycheff polynomials as the length
of the interval under consideration remains fixed and equal to 1 is given by the Legendre
polynomials (Proposition 3.1, (5)), the limit of the discrete Tchebycheff polynomials as the
length of the interval under consideration — 0 is simply the system of “usual monomials”
T™ (up to constant multiples — cf. Proposition 3.1, (6)). That is to say, just as the
Legendre polynomials are “metrically suited” to reflect the geometry of the unit interval,
the usual monomials are functions which are “metrically suited” to reflect the geometry of
an infinitesimal neighborhood of a point. It is for this reason that such functions appear
naturally in the theory of Taylor series, i.e., the theory of expansions of functions in an
infinitesimal neighborhood of a point.

The main result that we wish to prove in this § is the following (Proposition 3.2),
concerning a bound on the coefficients of the discrete Tchebycheff polynomials. First,
let us introduce some notation: Write c¢i[d] for the coefficient of T* in the polynomial
d™" - tna(d-T) (cf. Proposition 2.1). Thus,

pld] = Coefka{din ta(d-T)} = dnl_k Coeftp {1,(1)}

(where “Coeff 4(B)” denotes “the coefficient of the monomial A in the polynomial B”).

Proposition 3.2. Let us write

£, (T) to(d-T)

(where 9| ~||” denotes the L*-norm on {0,1,...d —1}). Then:
(i.) cild] < e*";
(ii.) 1< {520 < (2n+1)% - enth < 3.2,

Coeff 7« {?n(T)} < (2n41)7 -3 < 3. etn;
(iii.) Coefize {T,(T)} = cpld] = (%) = 1;

for all integers d,n,k such that 0 < k <n <d-—1.
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Proof. Let us first prove (i.). First, note that d° - to(d - T) = 1; d= ! - t1(d-T) =
d12d-T+1—d) =T —1+d™ !, so the inequality of (i.) is satisfied for n = 0,1. Now
we apply the “Recurrence Formula” (cf. Proposition 3.1, (3)), and induction on n. This
gives us:

2n+1
n—+1

YWd2 —n2)d "t (d- T)} ‘

)2d-T —d+1)-d " -t,(d-T)

} Coefka{d_”_l -tn+1(d-T)} ] - ) Coefka{(
B (ni 1
< ) Coefka{Q(2T— 1+d) -d_”-tn(d-T)} ]

+ ‘ Coefka{di(nil) 'tnfl(d ’ T)} ‘
< 4-‘ Coefka_l{d_n'tn(d'T)} ‘
+2. ’ Coefka{d_n tn(d- T>} ’

+ ‘ Coefka{d_("_l) -tn_l(d‘T)} ‘
<4427l

Since e > 7, this completes the proof of (i.).
To derive (ii.) from (i.), it suffices (by Proposition 3.1, (2)) to bound

-d"

{ < (2n+1) 1
s (d?—n?)z

S @ - (@ - 2)

NI

=] NI

'dn'{(d—n—l)!-d}%

=@+l (d+n)!

By Stirling’s Formula (reviewed below — cf. Lemma 3.5), it follows that this last expression
may be bounded by

NI

{d2”+1 (d—n—1)d 1.1 (g _pn_1)z.¢

3 |
- < (2n+1)2-e"T < 3.27
(d+ n)d+n . e=(d+n) . (d +n)2 } ( )

(2n+1)

as desired. This completes the proof of (ii.) (as well as the proof of the first inequality of
(iii.)). That c[d] = (2:) > 1 follows immediately from Proposition 3.1, (1) (and the fact
that the leading term of (Z), (T;d) is %T"). O

n

Before proceeding, we would also like to bound the coefficients of the polynomials T™.
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Proposition 3.3. Let n be a positive integer. Then the coefficients of the polynomial

of 1
T (T 1) (T~ (0 1)
n!
satisfy (for k=0,...,n)
[n] 62n
£ (T"M) < —
Coeff i (T™) < —
In particular, if n < d, then
d\F d\m
Coeff(T/d)k(T[”]) < e . <_> < e2n . (—) < e2ntd
n n

Proof. If one expands the polynomial T(T'—1)-...-(T'— (n—1)), one sees that there are
< (Z) terms of degree k, each of which has a coefficient whose absolute value is a product
of n — k positive integers < n. It thus follows that

n—=k
Coeffri. (T < (n) N

k n!
—k
n’l’l
n
S 2 nn . e—n
- e2n

(where in the second inequality, we use Lemma 3.5 below). If n < d, then (d/n)* < (d/n)".
Finally, by Lemma 3.6, (d/n)" < e?. O

Next, we return to the combinatorial evaluation map:

d—1
=z — P z
1=0

As discussed earlier, the range admits a natural “L?-norm,” hence defines an arithmetic
vector bundle (cf. Chapter I, Definition 1.1) over Q, which we denote by ®.; (for “étale
function space”). Next, let us denote by ®pr (for “de Rham function space”) the arith-
metic vector bundle defined by Q[T]<¢ equipped with: (i.) the metric induced by the
L?-metric on ®; via = at the infinite prime of Q; (ii.) the integral structure defined
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by T, T .. Tl4=1] at the finite primes of Q. Thus, Z° induces an isomorphism of
arithmetic vector bundles:

(I)DR = q)et

Let us denote the filtration on ®pgr given by considering polynomials of degree < n by
F"(®pRr). Note that since @ is a direct sum of trivial arithmetic line bundles, it follows
that

d—1
Y deg{(F"™!/F")(®pr)} = deg(Ppr) = deg(®er) = 0

n=0

In fact, if we compute the “zeroes and poles” of the rational section of the arithmetic line

bundle

L, & (F™/F")(®pr)

defined by T, we see (cf. Proposition 3.1, (2); Proposition 3.2, (iii.)) that

deg(Ln) = log(n!) + log(|[t,||~" - Coeffr= (ta(T)))

= log(n!) + log<(2:) (@n+ 1)<(d' i(i)—')g —1))3 )

(where the first (respectively, second) “log” represents the contribution arising from the
finite (respectively, infinite) places). In fact, the fact that the sum of the deg(L,)’s is 0
may be checked directly as follows:

Proposition 3.4. The degree of L,
deg(L,) = log(n!) + log(||t,|| ™" - Coeffrn (£, (T)))
satisfies
1
| n-log(n/d) + 5 log(d) —deg(Ly) | < 4n+2

Moreover, the sum of the deg(L,,)’s satisfies:

T] exvtdes(z) = ] - (2”) (Gt D1 miyE
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(for any positive integer n).

Proof. The inequality concerning deg(L,,) follows immediately from Proposition 3.2, (ii.),
and Lemma 3.5 below. Thus, it remains to prove the assertion concerning the sum of the
deg(L,)’s. Although it is not logically necessary for the proof, we first observe that the
fact that the sum of the deg(L,,)’s is zero is compatible with the inequalities just proven.
Indeed, we have

(I (4)"at) =

while (by Lemma 3.6 below)

— d—1 d—1
(F (@) a)- (T =) < (I -etomn) o < ponponse <
n=1 n=0 n=1

as desired.

Now we prove exact equality. For simplicity, we treat the case of d odd; the case of d
even is similar (only easier). We compute:

d—1

2n+1)-(d—1—n) -2 (d—1)!
I] (d+n)! :1'&5““'@d_1y(m.u+4ﬂ-“-@d—nﬂ
={1-3-5-...-(d—2)}*

@22 (42 ... ((d—3))? - (d—1)!
(u—1y«w+1m24w+3m2-nmad—mgﬁ

If we multiply the square root of this expression by HZ;B (2:), we obtain:

0.4l ... (2d—2)! 21 (4) ... (d—3)!- (d—1)!
(uyzL“.wd_1m2)@'3““‘u‘2)(d @) (dT3) - .@d—mJ

) ()

o4l (d—-3)0)2
_<uaLm-”-m—UJ'<@L4-
1
1-20-31 . (d—1)!

—_

«d—@DJ
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as desired. O

Before continuing, we review the following well-known elementary Lemmas, which we
will use often throughout this Chapter:

Lemma 3.5. (Stirling’s Formula) If n is a positive integer, then
nl=n"-e"-\/n-V2r- -0,
where ©,, is a real number satisfying 1 < ©,, < e.

Proof. For a precise statement of Stirling’s formula, we refer to [Ahlf], Chapter 5, §2.5,
Ex. 2. The inequalities stated here are formal consequences of Stirling’s formula stated in
this form. O

ol

Lemma 3.6. If x,y are positive real numbers, then (£)* < e« .

Proof. By letting u def 4, we see that it suffices to prove that u < e« , or, equivalently,

that f(u) ©y—e- log(u) is > 0 for all positive real u. Now note that f'(u) =1— £ is 0 if
and only if u = e. Moreover, since f(e) =0, f(0) = 400, f(+00) = 400, we thus conclude
that f(u) > 0 for all positive real u, as desired. O

The above discussion of the fundamental combinatorial model at finite and infinite
primes, together with Remark 2 following Proposition 3.1, motivate the following point of
view: Fix an integer n > 2. Then let us consider the limit

- tn.a(d-T)
lim .
d—oo d" - Coeffrn (tn,d(T))

where A € R, and “Coeffrn(—)” denotes the coefficient of T in the polynomial in paren-
theses. Proposition 3.1, (6), states that when X\ > 1, this limit exists and is equal to T™.
Proposition 3.1, (5), states that when A = 1, this limit exists and is equal to a polynomial
of degree n whose leading term is 7", but which has (as one sees from the explicit formula
for the Legendre polynomials given in Proposition 2.1) nonzero terms of lower degree. The
fact that there exist nonzero terms of lower degree implies that if A\ < 1, then the above
limit diverges. Thus, we see that “A = 1”7 is a distinguished value associated to the family
of systems of discrete Tchebycheff polynomials that one obtains as d varies.

Terminology 3.7. We shall refer to this special exponent A\ of the scaling factor d as
the slope of this family of orthogonal systems on finite discrete sets.
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Later in this Chapter (cf. §6, especially Theorem 6.7), we shall encounter another
family of orthogonal systems on finite discrete sets whose slope is % and whose limit is the
Hermite polynomials. On the other hand, the natural system of polynomials at the finite
primes, i.e., the binomial coefficient polynomials T™ (cf. the discussion at the beginning
of this §), have slope 0, i.e., the exact same polynomials T capture the integral structure

at finite primes of Z-valued functions on the set {0,...,d — 1}, regardless of the size of d.

It turns out that the combinatorics of these three types of systems,

i.e., Legendre, Hermite, and binomial, are fundamental to the theory of

the comparison isomorphism at archimedean places (cf. Chapter VIII).

Moreover, in Chapter VIII, we shall see that these three types of systems

form the fundamental models of approximation that allow us to estimate

the difference between the natural metrics on the spaces of “de Rham

functions” and “étale functions” (cf. §0).
Also, it is interesting to note that the slopes of these three models, i.e., 1, %, and 0, are
exactly the same as the slopes of Frobenius that appear in the Frobenius action on the first
crystalline cohomology group associated to an elliptic curve in characteristic p. Indeed,
it is precisely because we feel that there is a deep analogy between these two notions of
“slope” that we chose the name “slope” for the invariant A of the above discussion. For
more on this analogy, we refer to the discussion of §6.

64. The Kahler Geometry of a Polarized Elliptic Curve

In this §, we study the Kdahler geometry of a polarized elliptic curve (i.e., an elliptic
curve equipped with a line bundle of degree 1) over C. Since the underlying real analytic
manifold of such an elliptic curve is a two (real) dimensional torus, it is natural to expect
that the topology of the torus will play a fundamental role in our analysis. In fact, the key
technology that we will use in this § is a sort of Lie algebra version of the theta groups
discussed in Chapter IV, §1. That is to say, just as the theta group of a line bundle may
essentially be thought of as the extension of (a certain portion of) the étale fundamental
group of the elliptic curve determined by the étale cohomological first Chern class (€ HZ
— i.e., the “Weil pairing”) of the line bundle in question, the “differential theta group”
that we consider here may be thought of as the extension of the topological fundamental
group tensored with C determined by the differential-geometric first Chern class of the
line bundle in question. This technology will allow us to analyze (in terms of various
differential operators) the structure of certain natural metrics on the space of sections of
the line bundle in question over the universal extension of the elliptic curve. This analysis
will be important in the following §’s since it will allow us to relate these natural metrics
to the canonical Schottky-Weierstrass zeta functions of Chapter III, §7; Chapter IV, §3.
We remark that the material of this § is “in principle well-known,” but we do not know
an adequate reference for it.
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Let E be an elliptic curve over C. We shall often write E for the complex manifold
defined by the given (algebraic) elliptic curve. Let us write Er (respectively, E;rl) for the

underlying real analytic manifold associated to E (respectively, the universal extension joul
of E). Then recall (cf. Chapter III, Definition 3.2) that we have a canonical real analytic
section

KR:ER*E]._:'-{

of the universal extension BT — F of E. This section kR is the unique real analytic section
that respects the group structures of Fr, EIJ;.

Let us write RET for the subsheaf of the push-forward of OET to Op consisting of
sections of finite torsorial degree (cf. Chapter III, Definition 2.2). Thus, RE]L admits an
erhaustive filtration {F™ (RET)}’ where F ”(’RET) is the subsheaf of sections of torsorial

degree < n. In particular, F' ”(RET) is a holomorphic vector bundle of rank n on F.

Moreover,

(F™HFY(R ) = 78" @0 O

(where 75 = w},, and wg is the cotangent space to E at the origin). Next, let us observe

that the real analytic splitting kg of the torsor ET — E induces a real analytic splitting
of the filtration on RET:

RET ®op OB = @ Tgn ®c Opg
n>0

Here, we write Opy for the sheaf of complez-valued real analytic functions on Er.

Now let du be the unique (real analytic) (1,1)-form on E which is invariant with
respect to translation by elements of ' and whose integral satisfies:

/ dp =1
E

Write

E d:ef OE(eE)

(where eg is the origin of E). Thus, £ is a holomorphic line bundle on E. Write Lgr def
L®oy Opg- Let || ~ ||z be a Hermitian metric on £ whose curvature O (i.e., the (1,1)-
form given locally by 90 log(||s||z), where s is a nonvanishing holomorphic section of £)
satisfies:
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(Such a Hermitian metric always exists, and, moreover, is unique up to a positive real

constant multiple — cf., e.g., [Mumf1,2,3], §12, Corollary to Lemma 1.) Note that du induces

a metric || ~ ||+ on Tg; || ~ ||z and dp induce a metric || ~ ||y on Vr o I'(ERr,Lr):

def
1612, =[E 16]12 - du

(for ¢ € VR).

In the following discussion, it will be useful to trivialize wg once and for all by some
differential form 6 such that ||6||, = 1 (where || ~ ||, is the dual metric to || ~ ||;).

Thus, 6 also defines a trivialization 0V of 75, as well as trivializations 0, 0" of the complex
conjugates of wy and 7. Moreover, one checks easily that 6 A6 is imaginary (i.e., complex
conjugation acts on it by multiplication by —1). Thus,

ONO = —i-du

(where the sign preceding “i” may be checked by computing using local coordinates).
Moreover, the trivialization ¥ allows us to think of

RET ®op Obp = 6?0 Tgm ®c Opg

as the Opg-algebra Opg [Tpr| of polynomials in the indeterminate Tpg.

Now write

V, ¥ T(E, L 2o, F™(R 1))

Then we can define two natural metrics on V,,, as follows:

(1) Let s € V,,. Then the above real analytic splitting of the filtration on
RET induces a decomposition of s into components: s = s[0] + s[1] -

Tor + ... +s[n—1]-Ths"', where s[i] € Vr. Now we define
def .
sz, = Z [Islilllva

We shall refer to this metric as the L% -metric on V.
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(2) Let s € V,,. Then one may think of s as a (holomorphic) section of £

over ET. Tf we pull-back this section via kg, we obtain a real analytic
section sg € Vr. (Note that in the notation of (1) above, sg = s[0].)
Then we define

def
Isllzz, = llsrllve

We shall refer to this metric as the L%—metm’c onV,.

One of the goals of this § is to describe the precise relationship between the L%y~ and
L%{-metrics.

To do this, we must introduce various differential operators, as follows. First, let us
denote by

VR : ER — ER ®@ER QER
(where Qg is the rank two locally free Opg,-module of (complex-valued) differentials on

ERr) naturally associated to the metric || ~ ||z (cf., e.g., [Wells], Chapter III, Theorem
2.1). Then the decomposition

_ nl,0 0,1
QER - QER S¥ QER

(Wh.?e Q}Eg = Qg ®o, Opg, and Q%; is the complex conjugate of Q}Eg) induces a decom-
position

VR — VLO D vO,l
where V1! is simply the O-operator on £. If we think of ET = E as the torsor of

holomorphic connections on £~ (cf. Chapter III, Theorem 4.2), then we see that the
(1,0)-component V1% induces a real analytic section

’%IZ:ER_)EI{

Moreover:

Proposition 4.1. We have: kr = fig, i.e., the canonical real analytic section kr of
Chapter III, Definition 3.2, is the same as the real analytic section defined by the canonical
connection Vg associated to || ~ || ..
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Proof. Since El - E is a holomorphic torsor, we may consider 0 of real analytic sections
s of this torsor. Such a d(s) will be a real analytic (1,1)-form on E whose integral

/E B(s) = 1

is precisely the class in H'(E,Qg) = C corresponding to the torsor El - E Next, let
us observe that (it follows from the definitions that) 9(ky) is a constant multiple of the
curvature ©,, hence is translation invariant. On the other hand, one sees immediately
from the definition of kg (cf. Chapter III, Definition 3.2) — which is essentially a matter

of linear algebra — that d(kr) is also translation invariant. Thus, if we write 1 def KR — K

for the (1,0)-form on E given by the difference between the two sections in question, we
see that J(n) is a translation invariant (1,1)-form whose integral is zero. Thus, d(n) = 0,
i.e., n is holomorphic. Moreover, n € I'(E,Qg) = wg will be zero if it is invariant under
pull-back by the automorphism « : F — E given by multiplication by —1. On the other
hand, it is clear from the definitions that both kg and I‘LK are invariant with respect to
a. Thus, a(n) = n, which implies that n = 0, as desired (cf. the proof of Chapter III,
Theorem 5.6). O

Remark. Note that if G, — E = Gy, /q? is a Schottky uniformization (as in the discussion
preceding Chapter III, Definition 3.3), then the splitting

ki, : G — El|a.

of Chapter III, Definition 3.3, coincides with kg on St C C* = G,,. (Here, note that
since 81N ¢% = {1}, we also have an inclusion S — G, /¢% = E.) Indeed, this follows
from the fact that both kr|s1 and kj,|s: are continuous group homomorphisms. Thus,
their difference is a continuous group homomorphism S' — wg (= C), hence is zero.
This coincidence of kg and rky, on St C Gy, E will be important in the computations of
this Chapter since it will allow us to relate the real analytic theory of the present § to the
arithmetic Schottky uniformizations over Z that appeared throughout Chapters III-VI.

Now we would like to study the various differential operators introduced above. Recall
that in the above discussion, we chose trivializations @, 6 of wg, Wg (the complex conjugate
of wg). These trivializations allow us to regard the operators V1:* and V1! as operators
on Vg = I'(ER, Lr). Note that the L?-norm || ~ ||14 defined above on Vg corresponds
naturally to an inner product ( —, — )y, on Vg.

Proposition 4.2.  We have: (V10)* = VOl (VO1)* = VL0 (where “” denotes the
adjoint of an operator on Vg equipped with the inner product ( —,— )vg )-

Proof. Indeed, if ¢,v € Vg, then
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= [ i (090w 0n0)e
:fE (6, VO W) ) -du= (6, V"M ()

Here, the second (respectively, third; fourth; fifth) equality follows from the fact that all
(0, 2)-forms are identically zero (respectively, the fact that Vg preserves the metric || ~ ||;
Stokes’ theorem; the fact that all (2,0)-forms are identically zero), and we recall that

ONO = —i-du

Thus, (V19)* = V%1 as desired. The relation (V%1)* = V1.0 follows similarly. O

Thus, in the following, we shall simply write:

9 L yLo; 5yl

Put another way, a" (respectively, 0) is simply Vg evaluated in the direction 6 (respec-
=V
tively, 6 ).

Proposition 4.3. We have: [0 ,0] = —2r.

Proof. Note that [QV,gv] = 0. (Indeed, this follows from the fact that the Lie algebra of
the complex Lie group ET is abelian!) Thus, it follows from the definitions (cf. [Wells],
Chapter 111, Proposition 1.9) that [0, 3] is simply the curvature ©, (which is a (1, 1)-form)
divided by 6 A0 = —i - dp, i.e., [5*,5] = —2m, as desired. ()

Remark. One can now define the Lie algebra GH to be the Lie algebra (over C) of
operators on Vg generated by 1,0, J . Thus, we have an exact sequence

O—>C-1—>g?:iff—>Lie(ET)—>0

247



where C - 1 is central in G3 and Lie(ET) = C-9 +C-3is the Lie algebra of et
Moreover, the commutator product of ggiﬁ“ defines a bilinear morphism

Lie(ET) x Lie(ET) — C

that maps (8 ,0) — —2r (by Proposition 4.3). This bilinear form is essentially the “dif-
ferential geometric” first Chern class of the line bundle £. Thus, this “differential theta
group” Qd“cf is very much analogous to the “étale theta groups” reviewed in Chapter IV,

§1.

Next, we would like to consider the following Laplacian operator on VRr:

def =%

1 _
N
27 -0
Then we have the following:

Proposition 4.4. We have:

(i.) A* = A
(ii.) A-0=0-(A—1)
(iii.) A0 =8 - (A+1)

In particular, the eigenvalues of A are all real and nonnegative, and eigenfunctions of

A with distinct eigenvalues are orthogonal to one another (with respect to { —,— )vg ).
Moreover, if, for s € VR, A € R, we have A(s) = X s, then A(D(s)) = (A—1)-(9(s));

A@ (s)) = (A +1)- (8 (s)).

Proof. (i.) Since (9)* =8, (8 )* = 8, we obtain immediately that A* = A.

(ii.) Compute (using Proposition 4.3): 2m-A-d =9 -0-90 = 0-0 -0—27-0 = 2r-(0-A—0).

(iii.) Compute (using Proposition 4.3): 27 - A-9 =38 -0
(@ -A+9).

The final remarks — except for the fact that the eigenvalues are > 0, but this follows from

the well-known argument:

A(S):)"S = >\<878>VR = <37A(8) >VR - <5(8)75<8) >VR >0



— in Proposition 4.4 are formal consequences of (i.), (ii.), and (iii.). O
We are now ready to prove the following result:

Theorem 4.5. The pull-back morphism

kr:Vn— VR

is injective, and its image is equal to the kernel of 9" (as an operator on Vg ). In fact,
to apply O to an element of the image of kg : V, — Vm corresponds to applying the

relative exterior differential operator (in the direction 5\/) of the morphism ET = F to

the corresponding element of V,,. In particular, Ker(0) = V; is a one-dimensional complex
vector space. If (PR € Ker(9) is nonzero, write

of 1
G E @)

if n > 0, (PR L) if n < 0. Then for n > 0, we have: C- (PR = Ker(A —n), and

PR (PR form an orthogonal basis of Ker(@nH) such that 8 ((PR) = (n+1) - DR
j— 27T n
B(CR™) = 2m - 8 I = - (1D -

n!

Proof. That kg : V,, — VR is injective follows from the fact that if it were not, then

the image of kg would be contained inside a one-dimensional complex subvariety of E]L,
which is absurd (cf. the definition of kg in Chapter III, §3). The statement concerning

the correspondence between 0 and the relative exterior differential operator for El - F
follows immediately from the definitions (cf. also the discussion of Chapter III, §3).

To see that the image rki(V,) is equal to Ker(8"), we reason as follows: First,

the statement concerning the relationship between 0 and the relative exterior differen-
tial operator of Bl — E implies that xi (Vi) C Ker(8"). Thus, in particular, we see
that dimc (_Ker(gn)) > n. On the other hand, one proves easily by induction on n that
dime(Ker(9")) < n: Indeed, this is clear if n = 1, since (by definition) Ker(d) = I'(E, L).
If n > 2, then note that @ defines a morphism Ker(d') — Ker(gn_l) whose kernel has
dimension < 1. Thus, by the induction hypothesis, we conclude that dimg(Ker(d")) <

1+ (n—1) = n, as desired. This completes the proof that s (V,) = Ker(d").

That A(CPR) = n - (PR (for n > 0) follows from Proposition 4.4, (iii.), induction on
n, and the fact that A((PR) = 0. If, for s € Vr, we have A(s) = n-s (for n > 1), then by

Proposition 4.4, (ii.), A(9(s)) :_gbn — 1) - 9(s). Thus, by induction on n, we obtain that
A(s) =n-s (for n > 1) implies 9 (s) € Ker(A). But if A(¢) =0, then

249



—x j—

(0t),0() Jve = (.0 -0(t) Jvw = (1, A(t) )y =0

so O(t) = 0. Thus, in summary, Ker(A —n) C Ker(5n+1). On the other hand, this im-

plies that (PR, ... (PR (which are mutually orthogonal by Proposition 4.4, hence linearly
independent over C) are € Ker(5n+1), which (as we saw above) has dimension n + 1.
Thus, we conclude that ¢PR,... (PR form an orthogonal basis of Ker(5n+1), and that
Ker(A —n) = C - (PR, as desired.

That 5*(§ER) = (n+1)- (PR, follows from the definitions. That d((PR) = 2m - (P,
follows by computing (using Proposition 4.3):

A" =n"10-0 (FF) =2r-n7 !t (A+1)(CER) =27 - (P8,

n n—1

Finally, ||¢P%([3;, = (2;:!)11 -[1¢PR 13, follows by computing:

2m-n- <€7]?R7<71?R > =27 < A(C??R)agrl?R > = <5(§71?R)75(§713R) > = (277-)2’ <C7]?E{17 7]?{{1 >
This completes the proof of Theorem 4.5. ()

We are now ready to analyze the relationship between the Ly - and L% -metrics:

Corollary 4.6. Let (PR[Tpr] € Vi, be the unique element such that ki (PR [Thr]) = ¢PR.
Then, relative to the above decomposition of RET ®0p Opg, we have:

n

PN Tp] = ) (- (BT Ty

~ (n—1)!

21 - Tryr )™ 2m - Tpr)" !
_gpn. (2o Ton)y PR.(%)+...+<,?R1-(2w-TDR)+<ER

In particular, (PR[Tpr], CPR[ToR], - - ., (PR[TDR], - .. are mutually orthogonal with respect
to both the L%y~ and L% -metrics, and their norms are given as follows: If we rescale the
metric on Ty so that |Tpr| = p € Rso (note that in the above discussion p = 1), then

[

2m)"™N 2
1 ¢ Tom] g, = 1%, = (Z25) - NGB RIve
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(n—1)! i!

-netmn (3 ()5

1=

= || &MToR] [l12, - Culp)

PR Tond s, = {30 (Y (EENE igomy,
=0

where 1 < Cp(p) < e™-2% - Max(1, p").

Proof. Let us first show that

. n . n—1
R {Ton] = - (BT P (BRI (B o o) + (B

We use induction on n. The result is clear for n = 0, so assume the result known for
“n — 1.” The fact that the constant term of (PR[Tpr] is (PR follows from the definition
of (PR[Tpr]. Thus, to prove the above equality, it suffices to prove it after applying
ﬁ. Since applying ﬁ corresponds (relative to pull-back via /{fi) to applying 0 to the
corresponding element of Vg (cf. Theorem 4.5), it follows (since (¢PR) = 27 - (PR, by

Theorem 4.5) that it suffices to show that

2 (8 [Tor] = (0

. e (2
( (n—1)! o (n —2)! ot G (27)
But this follows from the induction hypothesis. This completes the computation of the
components of (PR[TpR].

The statement concerning orthogonality then follows from the statement concerning
the orthogonality of the (P®’s in Theorem 4.5. The computation of the norms also follows
from the norm computation of Theorem 4.5 (together with the elementary facts that

(M) <2m Yy E<er forz>0). O

%!

Remark 1. One can regard the results of Corollary 4.6 as the computation of the analytic

torsion of V,, % I'E, LRo, F"(RET )). If there were “no analytic torsion,” then the norm

of ¢(PR[Tpr] would go roughly as the norm of its “leading term,” i.e., roughly as

(2m)"
n!
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not as ((2”‘)n )z (as in Corollary 4.6).

Remark 2. The reader may already have noticed many formal similarities between Theorem
4.5, Corollary 4.6 above and Chapter III, Theorem 7.4. These similarities are by no means
an accident. In §5 below, we will discuss the relationship between the theory of the present
§ and the theory of the canonical Schottky-Weierstrass functions of Chapter I, §7.

Remark 3. Just as in Chapter III, Remark 3 (following Chapter III, Theorem 7.4), one
can give a more “generating function-theoretic” formulation of the Corollary 4.6 as follows:
Let s be an indeterminate. Let us write 8ET for the “0-operator” acting on real analytic

sections of the holomorphic line bundle £ over E;[{ Thus, we may regard EET as an
operator on

Lr[Tor]

If we write 0, 9" for the operators obtained on Lgr[Tpr| by acting on the coefficients, then
one computes easily that

— — 0
aET_a_aTDR
hence that
9 ., 0 +2r-Tpr| = [0, 0 O o Tpr] = 20— 27 = 0
[ ET’ + 27 - DR] _[ ) ]_ [m7 T DR] = 4T — & =

(by Proposition 4.3). Thus, since @ET)( PRy =0, EET also annihilates

(T T RS (3 (P BT e

n>0 =0 (n —)!
= (MTor] + (M Tor] s+ G Tor] - 8% + ...+ [T - s”
+ ...

The coefficients of this series are precisely the functions discussed in Corollary 4.6. The
norms computed in Corollary 4.6 may also be computed directly from these exponential
expressions. We leave this as an exercise for the reader.
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§5. The Relationship Between de Rham and

Canonical Schottky-Weierstrass Zeta Functions

In this §, we study the relationship between the canonical Schottky- Weierstrass (“SW
” for short) zeta functions of Chapter III, §7, and the de Rham (“DR” for short) zeta
functions of §4 (i.e., the (P®’s). In a word, the combinatorics of this relationship are
described by the Hermite polynomials (cf. Proposition 2.2). Using the well-known explicit
form of the Hermite polynomials, we give explicit equations relating the two types of zeta
functions, and use these equations to bound the norm of the canonical SW zeta functions
in terms of the L3y -metric (of §4). One way to think about the material of the present §
is to regard it as corresponding to the usual Hodge comparison theorem (i.e., the “de Rham
isomorphism” between de Rham cohomology and singular cohomology — cf. Chapter VIII,
§1) over C, expressed at the level of differential operators, i.e.,

as the relationship between the “de Rham-theoretic” operators 0, 9" of
84, which correspond to differentiation in the direction of the Hodge
filtration and its complex conjugate, and the operator 0* of Chapter III,
§7, which corresponds to differentiation along a topological cycle of the
elliptic curve.

This relationship between differential operators is expressed at the function-theoretic level
as the relationship between the DR zeta functions of §4 and the canonical SW zeta functions
of Chapter III, §7.

We continue with the notation of §4. Thus, E is an elliptic curve over C. Recall from
the discussion of Chapter III, §3, that one has a natural isomorphism — called the de Rham
1somorphism —

Hpr(E,0p) =2 HL (E,21i-R)®r C=A®z C

sing
(where A 'y sing (B, 2mi-Z)) of complex vector spaces. The left-hand side of this isomor-
phism, i.e., H)r (E, Of), may be regarded as the tangent space to the universal extension
ET, and thus admits a natural surjection Hjx(E,Og) — 7g arising from the projection

ET — E. Note that since the right-hand side of this isomorphism H,\. (E,2mi- C) admits
def

a natural real structure (given by Ag = A ®z R), it follows that the isomorphism induces
on Higr(E,Og) a natural complex conjugation automorphism. If we use this automor-
phism to conjugate the projection Hp (E, Og) — T, we thus obtain a natural direct sum
decomposition:

Hir(E,0p) =15 © 75

(where 75, is the complex conjugate C-vector space to 7g). Note that here we use the

notation “r5” rather than Tg because we wish to think of 75 here as a “holomorphic
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dimension” (which just happens to be isomorphic to the complex conjugate of 7x), not as
an “anti-holomorphic dimension” (which is the interpretation most commonly given to a
“bar,” as in Tg).

Next, suppose that we are given a rank one Z-submodule

A CA

(cf. Chapter III, §3, the discussion of the “G,-splitting”). Choose a generator A\; € A;.
Then there exists a unique isomorphism of 7z with C relative to which E' may be written
in the form

E=C/{(1,7) =C*/¢*

where the “1” corresponds to A1, ¢ et e?™7 and Im(7) > 0. Relative to the de Rham

isomorphism and the direct sum decomposition of H. %)R(E ,Op) discussed above, A\; corre-
sponds to some element

(v,u-v°) ETE®TE = HﬁR(E,OE)

where v¢ is the element of 75, defined by v; u € C satisfies |u| = 1. Moreover, the length
of v (relative to the metric || ~ ||;) of §4) may be computed as follows:

Lemma 5.1. If \y corresponds under the de Rham isomorphism to (v,u - v®) (where
u € C satisfies |u| = 1), then the length of v is given by:

1
{872 - Im(1)}?

o]l =

Proof. Let us think of £ as C/ ( 1,7 ) = C*/q¢%, and write z (respectively, U) for
the standard coordinate on C (respectively, C*). Thus, U = exp(27miz). Moreover, the

differential corresponding to A\; € A; is given by d log(U) def dTU = 27i-dz. That is to say,
[|v||7t = ||d log(U)||, = 27 - ||dz]||.,. Moreover, the definition of || ~ ||, is such that

2|2 4 ]/ dzndz | =2 Tm(r)
E

as desired. ()

Now we would like to consider the relationship between the canonical SW zeta functions
of Chapter III, §7, and the DR zeta functions introduced in §4. To avoid confusion, let
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us denote the indeterminate “I"” of Chapter III, §7, by Tsw. Thus, we would like to
investigate the relationship between (&P [Tsw] (cf. Chapter ITI, Theorem 7.4) and (PR [Thg]
(Corollary 4.6). It follows immediately from the definitions that this essentially amounts
to investigating the relationship between the differential operators:

5* + Tpr and 0" + Tew

(where 0* is as in Chapter III, §7). This relationship may be described as follows:

Lemma 5.2. As operators on the holomorphic sections of L over ET, the above two
operators are related as follows:

for some u, L € C, where |u| =1, |L| = {872 - Im(T)}_%'

Proof. Note that 0* + Tgw is (by definition) the tautological connection on £|ET applied
in the direction (d log(U))Y. Put another way, this operator is the operator given by
differentiation in the direction defined by A\; € Ay C Ac = H)r(E, Of) (where we regard
H}x(E,OF) as the tangent space to ET) By definition, the tangent space to EFr C BT is
given by A @ R — H{Li(FE,Op). Thus, it follows that this tangent direction is contained
inside the real analytic submanifold EFr C ET defined by the section kg. Moreover, since
A1 corresponds to (v, u-v¢) under the de Rham isomorphism, differentiation in this tangent

direction on FR is given by the operator L - (5* +u-0), for some L, u as in the statement
of Lemma 5.2. Note that here, L is defined by the relation L - = (d log(U))". Similarly,

relative to the decomposition of ET induced by kR, the tautological connection (applied
in the tangent direction in question) at points of ET with relative coordinate (i.e., the
coordinate of ET over E) Tpgr is given by adding to the connection at the section kg the

M.” But this quantity is simply L - Tpg, as desired. O

quantity “Ipgr times
Remark. Note that the equality of operators in Lemma 5.2 does not necessarily hold when

applied to arbitrary real analytic sections of L over el Indeed, roughly speaking, the
operator on the right-hand side of the formula in Lemma 5.2 is the “holomorphic portion”
of the operator on the left-hand side of this formula.

We are now ready to compute the precise relationship between (VP [Tew] and (PR [TpRr].
It turns out that the combinatorics of this relationship are described by the Hermite poly-
nomials (cf. Proposition 2.2).

Let us begin by observing first of all that both (F'P[Tsw] and (PR [Tpr] are holomorphic
(hence, in particular, real analytic) sections of the line bundle L over Ef. Thus, it makes
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sense to compare them. Here, by (F'P[Tsw] we mean the complex analytic version of
the canonical Schottky-Weierstrass zeta functions (cf. Chapter III, Remark 1 following
Theorem 7.4). That is to say, these functions are the functions obtained by regarding the
(clearly convergent — since differentiation does not effect convergence) formal series in ¢ of
Chapter II1, §7, as holomorphic functions of ¢ = €*™" (where the family of elliptic curves

in question is given by C*/¢%, and 7 € § def {r € C | Im(1) > 0}.

Theorem 5.3. Let n > 0 be an integer. Choose (P, (P to be the same section (o €
[(E,L). Then we have the following equality of holomorphic (hence, in particular, real

analytic) sections of L over Bl

[n/2] oM (3 n—2m (DR
PP [Tsw] & L. (6" + Tsw)" (D) = L" - Y _ 7(3 o) S

n! — I'(n—2m)!
[n/2] m
Teu
=L"- ( m,) G [ToR]
m=0 ’

where u, L € C satisfy |u| =1, |L| = {872 - Im(T)}_%-

Similarly,
[n/2] x - PD
ef 1 a* (_7T ) u)m ) (5 + TSW)” 2m< )
DRy, o 1def = Tn ) (PR — 0
Go [Tor] = (0 +Tor)" (G ) mzzo L2l (n — 2m)!
[n/2] (=7 -u)™
_ =m-u)"  pD
_mz_:o Lz gt Sz Tsw]

Proof. 1Indeed, the first formula follows immediately by applying the identity

[n/2] m . pn—2m
(A+B)"-v=nl-Y (c/2)" - B v

m! (n —2m)!

m=0

(cf. Remark 1 following Proposition 2.2) with A oy dand BY 9" +Tpr (which satisfy

A(o) =u-9(¢) =0and [A,B] = u-[0,8 | = 2r - u (by Proposition 4.3)) to compute
| R — 1
(0 w9+ Tor)" () = L7 - (07 + Tow)" (G ) = L7 G, [Tsw]

(where the first equality follows from Lemma 5.2).
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The second formula follows similarly, by letting A e . 0, B -1 (6* + Tsw).

Thus, A+ B =8 + Tpgr (cf. Lemma 5.2), [A, B] = =27 - u (cf. Proposition 4.3). Note
that Lemma 5.2 applies here since the operator 0 (as we have defined it here) maps all
of the holomorphic sections of £ (over ET) in question to holomorphic sections of £ (over

ET) Indeed, this may be verified immediately by applying 0 to the expression on the
right-hand side of the first formula of Corollary 4.6 (cf. also the proof of Corollary 4.6).

O

Corollary 5.4. Let n > 0 be an integer. Choose (PR, (5P to be the same section
Co € I(E,L). Then if we rescale the metric on g so that [Tpr| = p € Rs¢ (note that in
the above discussion p = 1; cf. Corollary 4.6), then

87?-71)%

PD T "
Il G Tswl ez, < [lCollez, €™ - Max(1,p") - (Im(T)

Proof. We compute, using Theorem 5.3 and Corollary 4.6:

[n/2] |
1 n n n:
Pt GPTswl gy, < 0 LI D g I GZom Ton] iy,
m=0 ’
n % 2 n T n
S(W) (2-7%-2m) % €™ Max(1,p") - || Go [lr2,
[n/2]

.mzzo (n” : (m!?zl:z!z—2m)!)§

< (fugy) /2F e Max(L ) 1 6o g,

[n/2]

' ZO ((m!)2~(72—2m)!>§

m=

w3

N3

< ()

<11 Go llza,, - e - Max(1, p") - (

[(7/2)% - e Max(1,0") - | Go llz - 3"

i)

as desired. ()
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§6. Differential Calculus on the Theta-Weighted Circle

In this §, we commence our study of the function theory of canonical SW zeta func-
tions. We begin by giving various estimates (which will be useful to us in Chapter VIII,
as well as in the present §) of the coefficients of the q-expansions of several types of canon-
ical SW zeta functions (Lemmas 6.1, 6.2). Next, we introduce what we call orthogonal
canonical SW zeta functions. This new type of canonical SW zeta function is obtained by
applying the orthogonalization process discussed in §1 (cf., especially, Example (4)) to (a
slight variant of) the divided power canonical SW zeta functions of Chapter I1I, Theorem
7.4, and Chapter IV, Theorem 3.2. Certain limits (in which the scaling factor has slope %
— cf. the discussion surrounding “Terminology 3.7”) of the orthogonal SW zeta functions
give rise to canonical SW zeta functions based on the Hermite polynomials (Theorem 6.7).
Finally, we relate this fact to the discussion of §5 (which may be summarized as stating
that the de Rham zeta functions are essentially Hermite polynomial-based canonical SW
zeta functions).

Write

A Cl{gse}}

(i.e., convergent series in gs.). In fact, in this §, we shall think of gs. = exp(27miTy.) as

a complex variable on the unit disc |qsc| < 1, i.e., Tse € § o {z € C | Im(z) > 0}.

Let § & Spec(A) (cf. the notation of Chapter IV, §2,3). We would like to think of g

as the g-parameter associated to the elliptic curve E of Chapter IV, §2.3. Thus, g is
equal to “¢"™” in the notation of Chapter IV, §2,3. In the following, we shall write gy
(where “cv” stands for “covering”) for the “q” of Chapter IV, §2,3. Thus, in the present

complex analytic context, the elliptic curve “E” (respectively, “E’”) of Chapter 1V, §2,3,

corresponds to E, def G /g% (respectively, F. def G /q%). Also, we shall write U,

for the standard multiplicative coordinate on the copy (G )ev of Gy, which uniformizes

Eey = (Gu)ev/q%, and Uy, for the multiplicative coordinate on the copy (Gp)se of G

which uniformizes F. def (Gm)se/q%. Thus,

Usc - Ugn Gsc = quv

and Ey. = Eov /1,

Fix a character

x € Hom(IL,, (p,,)5)

as in Chapter IV, Theorem 3.2, where n = 2m € 2Z. Let o, € T(CX, (LEL)X), i, €
X g \bOox X
S
{—=m,—m + 1,...,m — 1} be as in Chapter V, Theorem 4.8. Note that the action of
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Zg X p,, on (£®?\0)X is compatible with the Galois action of Z; X p,, on C’:;'P, regarded as
S

a covering space of the elliptic curve E of Chapter IV, §2.3. Thus, if we descend and then
translate into the complex analytic language of the present section, we obtain a natural
line bundle

X
£sc

of degree 1 on F.. Note that the section “0"™” may then be thought of as a section of the
line bundle £X. over the cover

(Gm)cv - (Gm)sc - Esc

(where (G)ev — (Gm)se 1s the map Ugy +— Use = UZ,). Thus, if we divide the series for
o, in Chapter V, Theorem 4.8, by ™, we obtain the (twisted) theta function ©,:

Lk%4(iy /n) -k ; L(L k24 (i /n) -k ;
Z e (ix/m)k Ufgnk—i—zx 'X(ket) _ Z qgr(z (ix/n)-k) Ucz\fnk—&—zx 'X(ket)
keZ kEZ

where qo, def q%, and d is a fived positive integer. (We shall also write 7o, Ly, Tsc.) The

point of introducing these two “¢’s” (i.e., gsc and qo,) is that we want to think of ourselves

as being interested in degree d line bundles on the elliptic curve E,, def G./q¢%. To study
such bundles, it is convenient to take invariants with respect to “Ze;/d” (cf. Chapter IV,
Theorem 1.4) and work with degree d line bundles on the quotient F,/(Zei/d) = Egc.

Thus, we would like to think of the d as a scaling factor. That is to say, qo, is our “original

q,” while ¢y is our “scaled q.”

Recall the differential operator 6* of Chapter IV, Theorem 3.2. This operator satisfies
§*(UN)=N-U%N (for N € Z). Let us define the “x-shifted operator”

ge def g ix
X n

Thus,

* n-N+iy) _ TNy
5x(Ucv )_N Ucv

(for N € Z). Our first goal in this § is to bound the coefficients in the expansion of the
“shifted and scaled monomial” canonical SW zeta functions

0%

¢SS .gm (F)T(@x) = > (g)r-qér(%"“”“x/")"“)-UE&”’““X~x(ket)

keZ
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(where r is a nonnegative integer).

Lemma 6.1.  Let a be a positive integer. Then the coefficient C5° of Uczvmkﬂ" in 55
satisfies the following:

(1) If |k| < a-d, then |C35| < e @ Tm(Tor)- (K +(ix /m)-k) . g7 < g1

(2) Let € > 0 be a real number. If |k| > Max(*<,a-d), r < d, and
a>1-(b+1) Q"' where b € R>1, and

def ™

Q:2(1+e)

~Im(7oy)

then |CPS| < e~¥IFl. In particular, in this case, we have:

oo %)
5 ioplsa e 3 o g e
|k|=a-d |k|=a-d

Proof. The estimates of (1) follow immediately from the facts that |go,| < 1; |k| < a-d =
(Ik|/d)" < a”.

The estimates of (2) are obtained as follows: First, we observe that since |k| > a - d,
k| > 1£€ (so k? — |k| > ﬁ~k2),r§d, anda-Q>1-(b+1),

tog(ICES)) = 7 los((K|/d) — 27 - Tm(7or) - 5 (K + (2 /m) - F)
< - og([kl/r) — 2 Tm(rer) - 53K — [K])
k2
< k| — 27 - Im(7oy) - 50T
= K]~ 2Q - (Hl/d) - 1]
<K ~2Q-a-|K]
< —b-[K

(where in the third line, we use Lemma 3.6), as desired. The inequalities concerning the
sums then follow immediately. Note that here we use the facts that
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i (1—e 1) t<2; Ze F=(1—-e?)1<2

(which follow from e? > e > 2). O

Next, although it will not be logically necessary in the following discussion, we observe
that the estimates of Lemma 6.1 allow us to estimate the coefficients of the congruence
canonical SW zeta functions of Chapter V, Theorem 4.8 (cf. Chapter VIII, §3.4,5, for more
details on the archimedean properties of these functions):

Lemma 6.2.  The coefficient C°C[r]y of Ufgnkﬂ"‘ in the series
—m oy + /\T k + >\T 1 i/m)-k mk-i
Y. :<x >(@X):Z ( ).qsckﬁ-(x/) L U2ZMEF Ly ()
r r
keZ
of Chapter V, Theorem 4.8, satisfies the following:

r

(1) If |[k| < a-d, then |CCC[r]i| < a” - e - (4) <a"-edrtd,

(2) Let € > 0 be a real number. If [k| > Max(1te, ), 1 <r <d, and

a>5-(b+5) Q' wherebe Ry, and

”
then |CCC[r]| < e (bH1-IkL. (g) < e Ykl In particular, in this case,

we have:
o0 o
D (e Y B e ) N (Gl 1 U S BT
|k|=a-d |k|l=a-d

Proof. To apply Lemma 6.1, it suffices to estimate the coefficients of the polynomial
(Tt/\’“) in terms of (T/d)". One sees easily (since [A\,| < %; for N = 0,1,...,r — 1,
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| = N + \.| <r) that the estimates of Proposition 3.3 for the coefficients of the polynomial
(z) also hold for (Tt)‘T) (by the same proof as that given for Proposition 3.3). Thus, these

T
coefficients may be bounded by e?" - (%) < e?rtd Since there are a total of r +1 < e”

terms to contend with, we thus see that in order to get estimates for C“S[r]y, it suffices

to multiply the estimates for C’ES in Lemma 6.1 by e3" - (%) < 3"t This takes care

of (1). For (2), we note further that if we take the “b” of Lemma 6.1 to be b+ 4 (in the
notation of the present Corollary), then using r < d < a -d < |k|, we obtain

(COC[r)g| < eIkl (El)r

.
< o~ (rO- KB (C_l)’"

.
< o (1) [kl (C_l)’"

- T

< o~ (ORI o o= (1) (RI+IR =tk

as desired. O

Next, we would like to introduce the orthogonal canonical SW zeta functions, as fol-
lows. First, in the following discussion, we would like to restrict the variable U., € C*
to the unit circle; we shall write Ucy|(g1),, = exp(27ite,) (Where to, € [0,27)) for this
restricted Ucy. Then observe that ©,[(g1)., is a smooth function on (S')c, (varying with
the parameter ¢). Recall that L?((S').,) is equipped with a natural inner product given
by

def 1 _
(f,g)=2—-/ f-g-dt
™ (Sl)cv

Now we would like to apply the theory of §1, especially Example (/). That is to say, we take

H L?((SY)ey), X L 5%, and (for r > 0) F"(H) to be the complex vector subspace of H
generated by functions of the form P(d}) - ©,, where P(—) is a polynomial (with complex
coefficients) of degree < r. Put another way, we would like to consider the (C-)linear

combinations of the “standard monomial” canonical SW zeta functions

—m def <\ i T L5k ix/n)-k mk+i
CrSM'Q - <5> (@x) - Z(k‘f‘_x) 'qgr(2 i) )'Uc2v k+X'X(ket)

keZ "
_ qS—C%-(ix/n)2 , Z KL qsécki URx - x((ky — Z_X)et)
ky € 24X !
S TS B U (- X))
ky € Z+2X



(where Ugc e U ) whose restrictions to (S')., are orthonormal with respect to the inner
product just defined on L?((S')cy). If we normalize the orthonormal system that we deal
with by assuming that the leading coefficient (i.e., the coefficient of (5M) in the degree
r member of this system is a positive real number, then we see that we obtain uniquely
defined functions

OR,S* OR,S*
0 )t 7<r

PECIC

(for » > 0). Because these functions are a sort of prototype of the orthogonal functions
that we will consider in Chapter VIII(cf., especially, §2), we give them a name:

Definition 6.3. We refer to the C?R’Sl as the orthogonal canonical Schottky- Weierstrass
zeta functions.

Note that it follows from the general theory of §1 (e.g., Proposition 1.2) that the CTOR’SI

are completely determined by their means and principal submeans.

In the following discussion, we would like to consider the trivialization 6™ of the line
bundle £X. over the covering (G )y — (Gm)sc — Fse, where (Gp)ev — (Gm)sc is the
map U., — Us. = UZ. Note that this line bundle £X on the elliptic curve Fy. admits
a unique (up to a positive real multiple) metric with translation-invariant curvature (cf.
the discussion of the metric || ~ ||z in §4). This metric thus defines a function ||0™|| of
Uey. For simplicity, let us assume that our metric has been normalized so that ||0™| = 1
at Uy = 1. Note that since the natural action of p,, on “LEL” (cf. the discussion at the

S
beginning of Chapter IV, §2) fixes 0™ (as well as the metric || ~ ||), we thus see that ||0™||
is invariant under translation by elements of (S1).,. In particular, it follows that we may
regard ||0™]|| as a function of Us..

Lemma 6.4. At Usc = ¢%,. - exp(2mitc,) (where tey € [0,27), p € R>o), we have

2
167 |] = |gsc| 27

Proof. First, observe that the section 6™ (of the line bundle £X, over the cover (G, )ey —
(Gm)sc — FEsc) is nonzero for all values of U., € C* (i.e., it really is a “trivialization”).
Indeed, this follows, for instance, from the fact that the holomorphic connection defined by
0 is regular (i.e., has no poles) for all U,, € C* (cf. Chapter III, Theorem 5.6), which would
not be the case if # had zeroes. Thus, 0™ constitutes a trivialization of the line bundle in
question at all values of U, € C*. In particular, since the curvature of the metric that we

are using is translation-invariant (i.e., “constant”), it follows that the Laplacian g—; + 88—:2
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of the function ¢(p,t) o log(||0™]|) (where Us. = ¢f. - exp(2mitey)) is constant. Since

p,t) = ¢(p) is independent of t.,, we thus obtain that dQ—f is constant. But this implies
dp

that ¢(p) is a quadratic function of p, hence determined as soon as it is determined for

Use = ¢Z, i.e., for U, = g% . Thus, it suffices to prove Lemma 6.4 for such values of Us..

But for U, = ¢, we may calculate ||6™|| as the value of || Net (0™)]] = ||¢™

at U, = 1, which is just \qcv|m'N2 = |qsc|%'N2, as desired (since U, = ¢ corresponds to

Use = ¢¥). This completes the proof. O

Now that we have computed the absolute value of our trivialization ™, we would like
compute various L?-norms of canonical zeta functions as follows. First, let

P(s)

be a polynomial with complex coefficients in the indeterminate s. Then let us write

1 .

—m def * —5-(ix n)? %ki 1
I = P@HD)-(0,) =g ™M DT Pl AT) g Uk x((by =)

ky € Z4X

(where the indeterminate “I"” is as in Chapter IV, §3). We would like to consider the
value of this zeta function at U, = @7, - exp(2mit.,) (where toy € [0,27), p € R>g), i.e.,
Use = UZ = ¢~ - exp(2mit., - n). Since at this value of U, the indeterminate 7" takes on
the value p (cf. Chapter ITI, Corollary 5.9, for rational p; since T is a continuous function,
we thus obtain the result for arbitrary real p). Thus,

—L(iy/n 2
CP[T]'gim|U:q{f\,-exp(27ritcv) = qSCQ( /)
$k2 ko , i
Do Plte) g exp(@mitey k) - X((hy — er)
ky € Z4X

In particular, by applying Lemma 6.4, for U, = ¢%, - exp(2mit.,), we obtain:

Lo /m)241.,2
||CP[T]|| = |QSC| 2 (ix/n)"F3p

1E2 4k, - . 1
1S Pl o) a5 exprites k) Xy — X))

ky € Z+X
= lgue|7F
%ki P ; Z‘X
: ’ Z P(ky,p) - gse " - exp(2mitey -1 ky,p) - X((kx,p — p — _)et)’

i n
ky,p € Z+P+7X
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Thus, by squaring and integrating over (S1).,, we obtain the following:

Lemma 6.5. Write U, = q°, -exp(2mite, ), where we fix p, and let exp(2mitey) € (S1)ey
vary. Then for |Uey| = |qev|?, we have:

ICP MR (s1).y = lasel =™ > [P lkyp)? - lgse] ™0

kx.p € Z+p+iTX

If, moreover, we integrate these L?((S1)ey) norms as p ranges from 0 to 1, we obtain:

—(iy /n)? 2
||<P[T]H%2(Esc) =[xl e /k R & |P(kx)’2 ‘ |QSC|kX - dky
(€ R+

fd 627‘"-'hn('ror)'(ix/n)2 ,/ ‘P(k)‘Q . e—%'lm(’ror)%g . dk
R

(where the L?-norm L*(E,.) is defined by integrating the L*((S)e,) norms as a function
of p, where p ranges from 0 to 1).

Next, we would like to see what happens if we replace (S1)., in the above discussion by

py- Let us write ty. def n-tey, and think of p,; C (S1),. as a subset of the circle (S1)s. with
coordinate exp(2mits.). Then by restricting (¥ to p, and dividing by a(n) (unnecessary)
factor of exp(27i - iy - tey) - ™, we obtain

(P oxp(=2mi iy tey) 07 - P(6%) - (O))|pa,

—L.(iy/n)? , L
- QS02 (ix/m) . Z eXP(27TZtsc : kmod) : Z P(kx) ’ qS2C x
kmOdEZ/dZ k:X S kmod+7%<

k= 2

Let us define the inner product on L?(u,) by
def 1 _
(F.9)= 5+ > fle) g(a)
acp,

Note that, just as in Lemma 6.5, we have:

. 2 1k2
L EIED DI I DR B (R

kmOdez/dZ kX € kmod"_i_x
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Now assume (just for this discussion of functions on p,) that i, # 0. By Chapter VI,
Theorem 3.1, (2), this assumption implies that as P(—) ranges over the polynomials of
degree < d, the resulting ("Fa form a basis of L?(p,). Thus, we may orthonormalize
these (PMa’s to obtain

OR, 14 OR, [t
0 s 6d-1

Definition 6.6. We refer to the C?R"u as the p,-orthogonal canonical Schottky- Weierstrass
zeta functions.

We are now ready to state the main result of this §: First, let us write £X|s1),,
for the restriction of £X to the circle (S')e, € (Gu)ey Which is parametrized by U,.
Note that this bundle £X[1)., over (S')e, admits a natural trivialization defined by
0. In the following theorem, we would like to consider the analogue for the line bundle
LX on Eg. of the real analytic sections (PR of §4, 5, of the line bundle associated to
the origin of an elliptic curve. Since the pair (Ey., £X.) is isomorphic (by translation) to
the pair (Fys, Op, (eg..)) (where eg,, is the origin of E), we thus see that, by transport of
structure, the theory of §4,5, also applies to the pair (Es., £LX.). Thus, by abuse of notation,
we denote by (PR the resulting real analytic section of £X, on Ey. (associated to the choice
of (P® defined by o). The following theorem concerns the restriction (P%|(g1)., of ¢(P®
0 (SY)ev C (G ev-

v

Theorem 6.7. Let r > 0 be an integer. Let us fix qor, and consider d > 1 as variable.
Write

1

0 )

def

and P, 4(s) = Hr(s-’yd_l), where H,(—) is the Hermite polynomial of Proposition 2.2. Let

HM,, def Pa.
Cr d:C .d

9

CHMdvud d:ef gPT»d’l'l’d

T

Then if we regard sections of LX|(s1)., as functions on (S)ey by means of the trivialization
0™, we have:

7! (DR

CCHMa _ fi A2
Cr dli{l;o 7d (27T)T/2 T

_1
lim -y, 2 - (r!

d— o0

(where the convergence is relative to the sup norm for functions on (SY)e, ). If, moreover,
ix # 0, then (if we trivialize L |y by means of exp(2mi - iy - tey) - 0™ ) we have:
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d— o0

. -1 1 .0 . -1 ) 1 7!
lim 7 ()7 - GPRH = Tim g7 G = Jim vt g &

(where the convergence is relative to the sup norm for functions on p ).

Remark. It is not difficult to see that in the latter part of Theorem 6.7, if x is of order
precisely m, and one takes the limit over d which are not divisible by m, then the latter
part of Theorem 6.7 holds even if ¢, = 0. Indeed, the only place where we used/will use
that 4, # 0 is in the application of Chapter VI, Theorem 3.1, (2).

Proof. Let us first consider the (S!)., case. Recall from Lemma 6.5 that for |Uey| = |gev|?,
p = 0, we have:

_ _ 20 Im(Tor)- (iy /)> — 27 Im(7or ) k2

’Ydl'HCP||2L2((51)CV) :%zl‘edl (Tor) G /)™ Z ’P(kx)|2‘e & Im{ron) iy
ky € Z4X

— o T Im(ror) (ix/n)? > P, (k)2 em &) 41

ko€ vy (Z)
s def —1. 7y def /
where k' =k, - v, "5 Py, (k') = P(K' -~4). Thus, as d — oo,

fim 7" - 167 e (s0).0) = Jim 1Py, (K2 em 7 )" . !
d—o0 Ao .

Put another way, this is the L?-norm of P,,(—) for the measure on R that appears in
Proposition 2.2. Since all the norms considered here are on the finite-dimensional C-
vector space of (¥ for P(—) of degree < r, we thus see that if we take the basis for this
vector space given by letting

P(s)=1,..., (S/’)/d)j, ooy (s/va)"

1
and we divide the norms by ~;, then this normed vector space converges to the normed
vector space spanned by the first »+1 Hermite polynomials of Proposition 2.2. This proves

1 _1
limg_oo v, ° - (r!)% . CPRvSl =limg_oe v, ° - ¢HMa - (Note that here we use the fact that
the L2-norm of the Hermite polynomial H, is a constant (independent of ) times (r!)2.)

_1 _1
To prove that limg .o 7, * SCIMa = Timg o ST W (PR it suffices to observe that
(by the latter part of Lemma 6.5)
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lim Py, (K2 e 500" ak = Tim gt I 2o
d—oo k'ER d— o0 s¢

and that the L2-norm L?(Fj.) of Lemma 6.5 coincides with the norm || ~ ||z, of §4. (Note
that we use here the fact that the L?-norm of the Hermite polynomial H, is a constant

1
(independent of ) times (r!)%, while the L -norm of (PR is a constant times <(?:,))T> ’ )

Thus, it remains to prove the analogous results for p; when i, # 0. These results
follow similarly by applying the formula

P, —L(ix/n)? 27k i
1¢P P Te ) = ldor| ™7 (e/m)= 3 ‘ > | P(ky) -qor - x((ky — EX)%)
kmod €2/dZ k€ kpoqt X

together with the estimates of Lemma 6.1. When we apply Lemma 6.1, we take “d,” “r”
(notation of Lemma 6.1) to be r (in the present notation), and “a” (notation of Lemma
6.1) to be [L] (in the present notation). This allows us to take “b” (notation of Lemma
6.1) arbitrarily large as d — oo. Also, note that the factor of “d"™” (notation of Lemma
6.1) in ¢S5 does not bother us here, since in the present notation, this factor corresponds
to r” which is constant as d — oo. Thus, we obtain:

lim Z ‘ Z P(kx) : C]o%dki 'X((kx - %)et)

d— o0 i
kmodez/dz kX € k[llod+%

1122
~ fim 3 ]P(kx) g™
d— o0 -
ky € Z+2X, |ky|< 4
1122
— lim Y ‘P(kx)-q(?ﬁ x
d— oo

ky € Z4+X

which is the same sum as that which appeared in the discussion of the (S1)., case. O

Remark 1. Stated in words, Theorem 6.7 asserts that:

As d — oo, the orthogonal systems of canonical SW zeta functions
obtained from the natural inner products on L?*((S1)e,) and L*(u,)
converge to: (i) one another; (ii) canonical SW zeta functions modeled
on the Hermite polynomials; (iii) the de Rham zeta functions studied in

§4,5.

Thus, in particular, Theorem 6.7 implies that the de Rham zeta functions (PR are equal to
Hermite polynomial-based canonical Schottky-Weierstrass zeta functions. In other words,
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we see that we have obtained another independent proof of the latter part of Theorem 5.3,
which, in the notation of the present discussion, reads:

[r/2] : Y
DR _ (=7 u) - (6%)" " (0y)
= ;) Lr=27 - 51 (r — 24)!
_erwi Y (2 @y
(=1 (=177 jz_% {(27 - u)% ~L}r=2i . 4! (r — 25)!
— e {er 0t L6

(where |L| = {872 -Im(7s)} "2, |u| = 1). Note that the scaling factor here, i.e., {(2m-u)= -
L}, has absolute value equal to {#&T)}% = 74. That is to say, Theorems 5.3 and 6.7

are consistent in the sense that they yield the same scaling factor. Note, relative to the
discussion surrounding Terminology 3.7, that this implies that (if we think of Im(7,,) as

fixed), the ¢ s (for varying d) have slope 3 (as promised in §3).

Remark 2. 1t is interesting to note that in the discussion of this §, there are three natural
parameters involved; we would like to think of these parameters as follows:
Holomorphic Variable: 7o,
Anti-Holomorphic Variable: d
Arithmetic Variable: r

That is to say, one way to think of the goal of this paper is that we are trying to descend
the Z-scheme (ﬂl,o)z (i.e., the moduli stack of elliptic curves) to some sort of object over
the hypothetical/mythical “field of constants” F1 C Z. This descent may be carried out
at different primes; here we are interested in carrying it out at the infinite prime. Thus,
one expects that (M o)z should have three arithmetic/real dimensions over Fi. Two
of these arithmetic dimensions should be geometric and correspond to the holomorphic
and anti-holomorphic coordinates on the complex manifold (Hl,o)c- We feel that these
two dimensions are given by 7., (the holomorphic coordinate) and the scaling parameter d
(which plays the role of the anti-holomorphic coordinate, and corresponds to powers of the
geometric Frobenius morphism in the p-adic theory). Note that this interpretation of these
parameters is compatible with the fact that the exponent of the exponential appearing in
the various theta/zeta functions of this § essentially consists of 7,,-d~1, which is reminiscent
of the exponent “|z|? = z-Z” of the exponential which appears in the usual complex theory
of theta functions (cf., e.g., Remark 2 following Proposition 2.2; [Mumf3], §12). Finally, we
have the index “r” which plays the role of the single arithmetic dimension of Fy. In the p-
adic theory, this dimension corresponds to arithmetic Frobenius, i.e., the single dimension
of Gal(F)).
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Note that this point of view is compatible with the point of view of the discussion at
the end of §3 (see also Remark 1 above). Indeed, the slope as discussed in §3 is obtained
precisely by looking at the “action of the scaling parameter d.” Also, we observe that
this point of view is reminiscent of the point of view of the Introductions of [Mzk1,2]
which discuss the analogy between Frobenius actions and real analytic Kdhler metrics.
(The connection here being that orthogonal functions typically arise from some sort of real
analytic Kéhler metric, as in §4.)
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Chapter VIII: The Hodge-Arakelov
Comparison Theorem

§0. Introduction

In Chapter VII, we so-to-speak “introduced the actors” (which are systems of orthog-
onal functions) in the archimedean theory of the Comparison Isomorphism. In the present
Chapter, we “present the play.” Put another way, we complete the “Scheme-Theoretic
Comparison Isomorphism” of Chapter VI by computing the behavior of the Comparison
Isomorphism at archimedean primes. Thus, in summary, our result may be roughly stated
as follows (cf. the Introduction to Chapter VI):

There is a natural bijection between certain natural types of algebraic
functions on the universal extension of an elliptic curve and the “set-
theoretic functions” on the torsion points of the elliptic curve. Moreover,
this bijection is compatible with certain natural metrics/integral struc-
tures defined at all (finite and infinite) primes of a number field, as well
as at the divisor at which the elliptic curve in question degenerates.

We refer to this result as the Hodge-Arakelov Comparison Isomorphism. In more precise

terms, our result, obtained by combining Theorem 7.4 of the present Chapter with Chapter
VI, Theorem 4.1, is as follows:

Theorem A. (The Hodge-Arakelov Comparison Isomorphism) Let d,m > 1 be

integers such that m does not divide d. Suppose that S'°8 is a fine noetherian log scheme,
and let

Clog N Slog

be a log elliptic curve over Sloisuch that the divisor at infinity D C S (i'i’ the pull-
back of the divisor at infinity of (Mi,0)z via the classifying morphism S — (M1 )z) is a
Cartier divisor on S. Also, let us assume that étale locally on the completion of S along

D, the pull-back of the Tate parameter q to this completion admits a d-th root, and that
we are given a torsion point

n e Em,s(soo)
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—ev

of order precisely m which defines line bundles Ly ,, Ly, (cf. Chapter V, 81). If d is

odd (respectively, even), then let L def L. (respectively, £ def 7y ). Then:

st,n

(1) (Compatibility with Base-Change) The formation of the push-forward (cf.
Chapter VI, Definition 1.3)

(Fs)e(l 5 )<Hociet)
o0, [d]

(along with its filtration) commutes with base-change (among bases S'°% satisfying
the hypotheses given above).

(2) (Zero Locus of the Determinant) Assume that S is Z-flat. The scheme-
theoretic zero locus of the determinant det(={co,et}), i.e., the determinant of
the evaluation map (cf. Chapter V, Proposition 2.2; Chapter VI, Theorem 3.1,

(1)

E{OO,et}:(fs)*(Z\ET )<Hoo,et} — (fs)o(L] 4 )

,[d] (dEoo)

1 given by the divisor

d-[n () (aB)]

(where 4E is the kernel of multiplication by d on Ey). In fact, the divisor of poles
of the inverse morphism to Z{oc, et} is contained in the divisor [n () (¢ F)].

(3) (Analytic Torsion at the Divisor at Infinity) For each ¢, there is a sequence
of elements

a, = {(@)o, - (@)a}; (a); ~

of Q>0 -log(q), where (a,); goes roughly (as a function of j) as % (cf. Chapter

VI, Theorem 3.1, (2)), such that the subquotients of the natural filtration on the
domain of Z{c0, et} admits natural isomorphisms:

(PP (s)(E] 4 Y Hooet}) — - exp(—a)y) - (fs). Ll ) @0, 75
50, [d] '
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forj=0,...,d—1. Moreover, the sections of L| + that realize these bijections
o0, 1d)
have q-expansions in a neighborhood of infinity that are given explicitly in

Chapter V, Theorem 4.8.

(4) (Integrality Properties at the Infinite Prime) Suppose that D = (), and S
is of finite type over C. Let us then write L, Z, dET, E[Td] for L, Z{oc0, et}, dEIo,

EIO7[d]. Then one may equip L with a (smooth, i.e., C*>) metric | ~ |z whose
curvature is translation-invariant on the fibers of E — S. Moreover, such
a metric is unique up to multiplication by a (smooth) positive function on S(C).

Then | ~ |z defines a metric on the vector bundle (fs)«(L]| ET) (i.e., the range
d

of 2), namely, the L*-metric for “L-valued functions on dEJ[ ” (where we assume

that the total mass of dE]L is 1). Since = is an isomorphism, this metric thus
induces a metric on (fs).(L| t )<? (i.e., the domain of =), which we denote by
E
[d]

[~ et

and refer to as the étale metric. On the other hand, by using the canonical real
analytic splitting of EL}(C) — E(C) (i.e., the unique splitting which is a contin-
uous homomorphism), we may split sections of (fs)«(L| : )< into components
E
[d]
which are real analytic sections of L@ 15" (where v < d) over E(C). Since Tg
gets a natural metric by square integration over E, these components have natural
L2-norms determined by integrating their | ~ |% over the fibers of E(C) — S(C).
This defines what we refer to as the de Rham metric

| ~ |[br

on (fs)«(L] : )<4. The relationship between the étale and de Rham metrics may
[d]
be described using three “models”:

(A.) The Hermite Model: This model states that if we fiz r < d,
and let d — oo, then over any compact subset of S(C), the étale metric
|| ~ |let on F7((fs)«(L] : )<9) converges (up to a factor < e™t" > 1)
E
[d]
to the metric || ~ ||pr, as well as to a certain metric ‘| ~ ||lam,”
defined by considering Hermite polynomials scaled by a factor of
(constant)-\/d in the derivatives of the theta functions € (fs).(L|g) =
F (f3)+(£] ).

[d]

({’

(B.) The Legendre Model: This model states (roughly) that over
any compact subset of S(C), a certain average — which we denote
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|| ~ |lw,u, — of translates of the étale metric || ~ ||t on (fs)«(L] + )y<d
[d]
is equal (provided d > 25), up to a factor of (constant)?, to the de
Rham metric || ~ ||pr, as well as to a certain metric || ~ ||ren” de-
fined by considering discrete Tchebycheff polynomials scaled by
a factor of d in the derivatives of the theta functions € (fs)«(L|g) =
Fl((fg)*(L]E]L )<4). These discrete Tchebycheff polynomials are dis-
d

crete versions of the Legendre polynomials, and in fact, if we let d — oo
with the said scaling by d, then the discrete Tchebycheff polynomials
converge uniformly to the Legendre polynomials.

(C.) The Binomial Model: This model involves the explicit q-expan-
sions (where we write E = Gy, /q%, and q is a holomorphic function
which is defined, at least locally, on S(C)) referred to in (3) above, which
are essentially binomial coefficient polynomials (scaled by 1) in
the derivatives of the theta functions € (fs)«(L|g) = Fl((fs)*(£|ET )<9).

[d]
If we divide these functions by appropriate powers of q, then the norm

|| ~ |lqca for which these functions divided by powers of q are or-

thonormal satisfies the following property: If d > 12, and Im(1) >

200{log?(d) + n - log(d) + n - log(n)} (where q¢ = exp(2mit)), then:
nte e~ lgoa <~ e < €[]~ [lgca

Here, the factor of n=! that appears is the eract archimedean ana-

logue of the poles that appeared at finite primes in (2) above.

Finally, for each of these three models, the combinatorial /arithmetic portion of the

analytic torsion (i.e., the portion not arising from letting the elliptic curve E degenerate

— ¢f. (8) above for the portion arising from degeneration of the elliptic curve) induced on

(FT“/F’")((fs)*(EIET )<?) by the metrics || ~ |lpr; || ~ llama: [~ llvews 1| ~ llwp, 5
d

|| ~ |lqcc (in their re[s}pective domains of applicability) as r — d, goes (modulo factors of

the order (constant)?) as

~ (r) "t (d)?

which is precisely what you would expect by applying the product formula to the com-
putation of the “analytic torsion” in the finite prime case, which consists of a factor
of precisely (r!)~! (cf. Chapter V, Theorem 3.1; Chapter VI, Theorem 4.1; Chapter VII,
Proposition 3.4).

As discussed in the statement of Theorem A, the key point of the archimedean portion
of Theorem A is the comparison of the étale and de Rham metrics || ~ |let, || ~ ||DR-
Unfortunately, we are unable to prove a simple sharp result that they always coincide.
Instead, we choose three natural “domains of investigation” — which we refer to as models
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— where we compare these two metrics using a particular system of functions which are well-
adapted to the domain of investigation in question. One of the most important features of
these three models is that they each have natural scaling factors associated to them. The
three models, along with their natural scaling factors, and natural domains of applicability
are as follows:

Hermite Model (scaling factor = d2) : nondegenerating F, fixed r < d
Legendre Model (scaling factor = d) : nondegenerating F, varying r < d

Binomial Model (scaling factor = 1) : degenerating F

It is interesting to observe that the exponents appearing in these scaling factors, i.e.,
0, %, 1, which we refer to as slopes, are precisely the same as the slopes that appear when
one considers the action of Frobenius on the crystalline cohomology of an elliptic curve
at a finite prime (cf. the discussions at the end of Chapter VII, §3, 6, for more on this
analogy).

If we write E = G.,/q¢?%, q¢ = exp(2mit), then the Hermite Model (respectively, Leg-
endre Model, Binomial Model) corresponds to the case where/is most useful when Im(r)
is fixed (respectively, — 0; — oo). The Binomial Model is interesting in that it is the most
closely analogous to the situation at the finite primes. The Hermite model is interesting in
that it sheds light on the factors of qzﬁ'j ® _ which are essentially Gaussians — that appear
in Theorem A, (3). Moreover, the Hermite model in some sense makes explicit that essen-
tially what we are doing throughout this entire paper is simply studying the derivatives of a
Gaussian/theta function. Finally, the Legendre model is interesting in that it shows how
the Comparison Isomorphism for general elliptic curves may be thought of as being essen-
tially a (more complicated) version of the Fundamental Combinatorial Model (cf. Chapter
VII, §3) given by considering integer-valued polynomial functions on a set of d points.

Our main technique for comparing the étale and de Rham metrics in these various
models is to reduce the problem to the computation of certain metrics on certain finite-
dimensional spaces of g-series. The g-series then tend to have the form:

g-series = “head” + “tail”
where

“head” = a function of the sort that appears in the “model”

while

[ “ail | <

(i.e., the tail is rather small compared to the head). Such estimates then show that the
behavior of the g-series is roughly the same as the behavior as the special functions of the
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“model.” This sort of analysis was already carried out for the Hermite Model, which is
technically the simplest of the three models, in Chapter VII, §6. The analogous analysis
for the Legendre Model (which is technically the next simplest of the three) is carried out
in §1,2, of the present Chapter. Finally, we carry out this analysis for the Binomial Model,
which is by far the most technically intricate of the three models, in §3,4,5, of the present
Chapter. In §6, we then relate these estimates to the analysis of the de Rham metric given
in Chapter VII, §4,5. Finally, in §7, we summarize everything in the form of the main
theorem.

In a word, the main point of this sort of “head + tail” estimate is to show that the
“tail” is small. The reason that the tail is small is, invariably, because it decays like a
Gaussian, since the g-series in question are essentially just derivatives of theta functions.
Unfortunately, however, because we are ultimately working with the L?-metric || ~ ||e
defined by a discrete set of points (as opposed to, say, the L?-metric obtained by integrating
over the entire continuous elliptic curve in question), numerous technical difficulties arise.
These technical difficulties make the resulting analysis rather unpleasant, especially in the
case of the binomial model. Because of the cumbersome and unenlightening nature of this
analysis, we submit that the experienced mathematician may find it substantially easier
to work out the details for himself/herself than to wade through the lengthy estimates of
the present Chapter.

Also, we remark in passing, that although in Theorem A, we only give “qualitative
estimates” (e.g., of the form “(constant)?”), in fact, all the results that we derive involve
explicit estimates of the constants that appear. We refer to §6,7, for such explicit estimates.
Nevertheless, despite the fact that we made an effort to give such explicit estimates of
the constants that appear, we made no effort to give “best possible estimates” for these
constants. Thus, throughout the arguments of the present Chapter, the reader will often
note that the estimates tend to be rather weak, and that with very little extra effort,
one could give somewhat stronger estimates for these constants. Our aim here was not
to make any pretense of giving such strong estimates, but only to give estimates that are
representative of the essential technique involved.

Finally, we remark that although this “head + tail” technique has an unenlightening
technical side, it also admits the following intriguing philosophical interpretation. Namely,
the terms appearing in the g-series are naturally indexed by Z. Roughly speaking, the
terms that contribute to the head are those numbered 0,1,..., N —1 (where N is a positive
integer). The remaining terms then naturally form deformations of the “head terms” in
the following fashion: The term numbered by j deforms the term numbered by the unique
Head(j) € {0,..., N —1} such that Head(j) = j modulo N. Thus, the fact that ultimately
only the “head terms” contribute significantly may thus be interpreted as the datum of the
map (from Z to {0,1,...,N —1})

j — Head ()

i the language of function-theory. Put another way, it may be regarded as a function-
theoretic encoding of the splitting
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Z={0,1,....N—1} x (N-Z)

(given by j > (Head(j), j — Head())).

This interpretation is interesting for the following reason: As explained in the Intro-
duction to the present paper, the Hodge-Arakelov Comparison Isomorphism was originally
envisioned as a sort of Hodge theory-type comparison theorem between de Rham and
étale/singular cohomology, in the context of Arakelov theory. By analogy with the case
of a geometric base (as opposed to, say, a number field as base) for the elliptic curve in
question, such a comparison should result in some sort of Kodaira-Spencer map, i.e., a
map from the tangent vectors of the base to tangent vectors of the moduli stack of elliptic
curves (cf. the Introduction). Thus, in particular, this sort of comparison theorem should
have something to do with absolute differentials of Z, i.e., with the point of view that Z
contains some sort of “absolute field of constants F1” over which it acts like a polynomial
algebra:

‘LZ g F]_ [t]??

But now note that this formula “Z = F4[t]” is strikingly reminiscent of the decomposition
“Z>={0,1,...,N — 1} x (N - Z)” that appeared above. Thus, in summary, it is as if the
“head + tail” approach is a sort of appeal to the notion Z = Fi[t] encoded in function-
theoretic language.

In fact, it is tempting to take this analogy a step further as follows: The “fundamental
symmetries” of a polarized elliptic curve are controlled by the “theta group” and its anal-
ogous Lie algebra version (cf. Chapter VII, §4). Moreover, this sort of algebraic structure
is exactly what noncommutative geometers refer to as a noncommutative torus. Thus, it is
as if the mathematics of the Hodge-Arakelov Comparison Isomorphism is trying to assert
that:

The symmetries/twist inherent in the inclusion “Fy C Z” are precisely
the symmetries/twist described by the structure known as a noncommu-
tative torus.

It is the hope of the author that some day future research will allow one to make these
ideas more rigorous.
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§1. Averages of Metrics

In this §, we discuss certain metrics on the space of functions on S' obtained by
averaging the usual L?-metrics obtained by restricting these functions to translates of a
fized finite subgroup of S*. These metrics will play an important role in the theory of §2.

We would like to begin by discussing the Hilbert space L?(S!) equipped with the
standard inner product:

def 1 —
=

We shall write U %' exp(2mit) (where t € [0,27)) for the standard coordinate on S*. Thus,
any element f € L?(S') may be written in the form

-3 a0
kEZ
(where ¢, € C). Then L?-norm of such an f is then given by
def
1AIP =) Jewl?
keZ
Let us write C>°(S') C L2(S?!) for the subspace of smooth functions on S*.

Now let us suppose that we are also given two positive integers d,a. Write d¥dq.qa

Suppose that we are also given positive real numbers (“weights”) wo,...,wg—1. If ¢ =

d : o Yk - UF (where v, € C) is a function on p, (C S*), then we would like to consider
the norm

dfl
o]z, = Z el?

k=0

on L*(p4). Thus, for smooth functions f = >, ., ¢, - U" € C>(S*), we have:

2

11 S 1 I = Zwk EDERY

k'€k+d-Z

Moreover, if a € S, then we may translate || ~ ||, as follows:

;_n

2

d—
1 /
Tl = 5> wee| D aw-af
k=0 k'ck+d-Z
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(where T, (f)(U) ef f(a-U)). Note that [|(To(f)|p, )|z, only depends on the image of o

in S'/p,. Thus, if we write oy for the image of v in S'/p,, it makes sense to define

11 = T2,

Now we have the following result:

Proposition 1.1. For smooth functions f =Y ., ¢ - UF € C*°(SY), we have:

def 1
g, = 5 22 IF

w,ayy
ap M,
= a—1 s 1 Il )
=~ W ‘ E Cprr| 25 Wy ’ E C
d d
k=0 k'=0

(where we regard p, = p3/pg < St/u,).

Proof. 1Indeed, from the definitions, we have:

d—1
1 ) 1 12
a' E , Hf”w,au,:_ E g E Wk - E Cpr - &
ap M, apEM, k=0 k' €k+d-Z
d—1 —1
> 1 > “Z 3 At
_- — . E . Wi Cpr + (
apEH, k=0 K=0 prektdr/+dz
1 d—1 a—1 o 9
— — . E E . Wi g o E Cl1t
apEr, k=0 k=0 k' €k+d-k +d-Z

(where v € S' denotes any element that maps to ay € S'/p;). Thus, (readjusting the
notation) we see that it suffices to prove that if Ag,...,A\q—1 € C, then

—1 a—1
1 < L 2 2
L A ‘ - ‘ A ’
DI DUELRH DYDY
aE, k=0 k=0
To prove this, it suffices to observe that
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(where \; denotes the complex conjugate of \;). But if we average over o € p, in this
last sum, we see that the only terms that survive are those for which £ = j. Moreover, the

2
sum of these terms is precisely ZZ:) ))\k‘ , as desired. ()

§2. The Legendre Model

In this §, we study the space of canonical SW zeta functions equipped with a certain
natural metric, arising from restriction to torsion points. In particular, we show that when
equipped with this metric, the space of canonical SW zeta functions becomes “approxi-
mately isomorphic” to the space of discrete Tchebycheff polynomials studied in Chapter
VII, §3.

We begin by making certain estimates, based on the estimates of Chapter VII, Lemma
6.1. In the following discussion, we use the notation of Chapter VII, §6; also, we assume
(for simplicity) that d > 2. First, we recall the theta function ©,

1.2 (; . . Ll 24 (4 . .
Z qszck +(ix/n)-k . UCQVm,kZ-i-ZX . X(ket) _ Z qéir(z k= +(ix/n) k) . UCQVTnk?-‘rZX . X(ket)
kEZ keZ

In Chapter VII, §6, we also considered the derivatives

¢ss (5;

)0 = 3 (5) a0 ek (k)

d
kEZ

where (to simplify the notation) we omit the “0~™” in the definition of ¢(5°.

To prepare for the discussion below, we would like to introduce various objects related
to the coefficients of this expansion. If we think of the integers 0,...,d — 1 as representing
the elements of Z/dZ, then for j =0,...,d — 1, let us write

e, Min{% VRN NOR),

280



(where the minimum is over k£ such that £ = j modulo d) and w; et |gsc|7%% > 1. Next,

recall the linear function “Lq(T) =T+ \g— 557 of Chapter V, Theorem 4.8. Let us write

1 2 A
4Ty

Thus, 0 < Iy < % (since d > 2). It is easy to check that A4 has the following property (cf.
the proof of Chapter V, Theorem 4.8): the minimum appearing in the definition of e; is
attained for any k such that 0 < k + Ay < d — 1. Let us write

KCritd:ef{O—Ad,l—Ad,...,d—l—)\d}

for the set of such “critical” k. It thus follows that e; is attained for some k satisfying
k| < d. In particular, it follows that 2|e;| < |k? + (iy/m) - k| < 2 - d?, hence that

0 <log(wj) <3m-Im(7er) - d < 6(1+€)Q-d

(in the notation of Chapter VII, Lemma 6.1, (2)). Thus, if, for instance, one is considering
a situation in which ITm(7o,) varies in a compact subset of the upper half-plane, then it
follows that on that compact subset, w; is bounded above and below by constants ct, oy,
where C1,C5 € R~ depend only on the compact set.

Now that wo, ..., wq_1 have been defined, we may apply the theory of §1. In particu-
lar, if we fix a positive integer a > 2, then it follows from Proposition 1.1 that for smooth
functions f =", .z ¢k - UF € C*°((S1)sc), we have the following “averaged” L?-norm:

d

a—1
def 1
[T SRS D D D!
3'=0

k€j+dj +d-Z

I
—

‘ 2

<.
Il
=

In this §, we would like to consider two related norms:

def 1 2
e, 2 > wie| X e <

JjE€Kcrit k€j+;iv-Z

2
w’l’l'a

(where, for j < 0or > d—1, w; is defined as wj for the unique j° € {0,...,d—1} such that
j" = j; and the inequality follows from the fact that || f||3.., is defined to be the sum of a
subset of the same collection of nonnegative numbers whose sum constitutes the definition

of ||f[1% s, ) and

2

def 1
B 2 S o

jeKCrit
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In fact, in the following discussion, we would like to consider functions f € C*°((S')cy)

which are of the form f; - U, for some fi € C>®((S1)se). For such f, we write ||f]]7 Lt

|| f1l|22, where ?7= w, p,; Tche; or Tch.

Next, let us observe that when f = ©,, then it follows from the above discussion
concerning l; that the resulting “¢;” satisfy w; - |¢;|*> = 1, for j € Kcyig. Similarly, if oy
is the differential operator of Chapter VII, §6, and P(—) is a polynomial with complex
coefficients, then

1 2
1PE) - O =5+ . |PG)]

JE€Kcrit

that is to say, the expression on the right-hand side of this equation is essentially (i.e.,
up to a factor of é in front, and a shift in the variable 7 by the number A; of Chapter
V, Theorem 4.8) the (squared) L?-norm || ~ ||* considered in our discussion of discrete
Tchebycheff polynomials (Chapter VII, §3). In the following, we would like to show that
in the situation that we are interested in, the norms subscripted w, p,; Tche; and Tch are
very close to another and hence that the theory of orthogonal functions with respect to the
w, p,-norm is very close to the theory of discrete Tchebycheff polynomials of Chapter VII,
§3.

This observation motivates the following definitions: First, we introduce some inde-
terminates

o
Sl

ef

¢ def

; S:t—l—ld

1

Thus, as T ranges over Kcyit, s ranges over 0, 5, ..., %. In particular, we have

PO Ol =5 3 |POlems|

JE€Kcrit J=0

This makes the relationship between the norms considered here and the norms of Qhapter

VII, §3, explicit. Recall that the “normalized discrete Tchebycheff polynomials’ t,(s) of

Chapter VII, Proposition 3.2, are orthonormal with respect to the (square L?-) norm
2

Qs) — % Z?;é ’Q(%)‘ . Now we define the (discrete) Tchebycheff canonical SW zeta

functions as follows:

o . 5* ~ k 101 1.2 '3 n)- m 7
M L T 1) (0= 3 Bl L) s T Oy (k)

keZ
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where 0 < 7 < d—1, t,.(s) is the “normalized discrete Tchebycheff polynomial” of Chapter
VII, Proposition 3.2. Thus,

The (T are orthonormal with respect to the inner product defined by
[~ [lTen-

Now we would like to estimate the difference between the various norms defined above:

Lemma 2.1. Let A be an integer which satisfies A > Max(a,1 + Q~1), where Q def
T -Im(7o:). Then we have:

1P(8%) - Oxllren, < [IP(0}) - Oxlluwps, < (r+1)2 - e AT P(5]) - Oyl ren

for any polynomial with complex coefficients P(—) of degree < r < d.

Proof. The first inequality was already noted in the discussion above. Thus, let us prove
the second inequality. We may assume without loss of generality that |[P(d%)- O[3, = 1.
Thus, it follows from the above discussion that

Z% i(t+1a)

where v; € C, 377 y* = 1.

Next, we would like to bound the coefficients of P(T') as a polynomial in t. To do this,
first we observe that the coefficients of £;(—) (for j < ) may be bounded by (2r+1)z .31
(by Chapter VII, Proposition 3.2, (ii.)). Moreover, if one expands (t +1q)’ (for j <r) as a
polynomial in t, the absolute Values of the coefficients are bounded by ( ) - g <27 <2r

(where 0 < j' < j, and we note that |lq| < 1). Since (t+14)! (for j <r)has <r+1 terms
as a polynomial in t, it thus follows that as a polynomlal in t, tj (t + lq) has coefficients of
absolute value < (r +1)2 - €37+2.27 < (1 4+ 1) - ¥ 2. Since |v;1 <1 (for j <r), we thus
obtain that as a polynomial in t, P(T) = P(t 4+ lgq) has coefficients of absolute value

< (T‘i‘ 1)% _e4r+2

Thus, we obtain

* z T /
1P(52) - Ol < (r 4+ 1)F - e¥742 Z 1) O,
< (r 1)ttt Z 1655 .,
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On the other hand, the terms ||§J-SS||w7p,a may be bounded by what was already done in
Chapter VII, Lemma 6.1, as follows. To simplify the notation (more precisely, to free up
the letter “;” for use in future summations), we consider the case j = r. When j < r, a
similar argument applies. Now recall the general formula:

d—

iji ’ S 4

>/

= "= kejtdji+d-z

—_

9 2
112, g0, = |

Ul
<

In the case of f = (55, we would like to divide up the task of bounding the |¢y| into two
cases, the case where |k| < A -d, and the case where |k| > A - d:

Case (i): First, we consider the case where |k| < A -d. In this case, it
follows from Chapter VII, Lemma 6.1, (1), (plus the definition of wy)
that w; - |¢r|? < A%". Note that the number of k in a given residue class

modulo d = a - d that fall under the present Case (i) is <2-A-a~ %

Case (ii): Next, we consider the case where |k| > A -d. Let ko denote
the unique integer € K¢yt such that & = kg modulo d. Let o be
the sign of k, i.e., 1 (respectively, —1) if k is > 0 (respectively, < 0).
Write ks < oy - (|k| — |ko|). Note that since |ko| < d, we obtain that
lks| > (A—1)-d>1 (since A > 2). Thus,

(K2 + (5 /m) - k) — (K2 + (i /m) - ko) = ([kol + [ks)® = k3 + (i /m) - (ks + & — ko — ks)
= k§ + (ix/m) - ks +2 - |ko| - [ks| + (ix/m) - (o - |ko| — ko)
> ki + (iy/m) - ks + 2 kol - (Jks| — 1)
2 k(% + (ix/m) - ks

But note that, if we raise these inequalities to the base ¢s., we obtain

that
. 2 _ . 2 <« ﬂ QT. 2
wj - |Pr|” = wi, - [Pr]” < ] | P |
A

2r
< (H) ’ |¢k§|2 < 4" . ‘¢k5|2
Thus, by Chapter VII, Lemma 6.1, if A—1 > Q~!, where Q def T-Im(7,;)

(and we take “b,” “€” in loc. cit. to be 1; “a” in loc. cit. to be A —1;
“kE” in loc. cit. to be ks), then

1
S wi g < 22D < gdt2 o (A-Dd
k| >A-d

<

S 4 . e—(A—2)~d S 4
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If we then add up the contributions from these two cases, we obtain

A%
\

axw | X el <y (X e
3=0 3'=0 kejtd-j +d-z 7=0 3'=0  kejtdj'+dz
1 d—1 a-—1 9
—1 2r
SE-;O ]Z (2-A-a A +4>

<a- (6 cat .AQTJrl)2 < <6 , A2r+1>2

(where we use that A > a in the third inequality). Thus, we have [[¢7°]]y p, < 6- A*H
Combining this with the previous inequalities concerning || P(0%)-O|[2, ., » we thus obtain

HP((s;) . @wa,ua < (r+ 1)% LedT2 gL AL < (r+ 1)g Cedrta | g2+l
as desired. O

Next, we would like to compare || ~ ||reh, and || ~ ||1ch-

Lemma 2.2.  Suppose that a > Max(2+Q ™1, 8), where Q Im(7o,). Then we have:
{1=(@+1) 3L 1P(37)- O ren < 1P(05)-O I, < {1+<d+1>§'e4—d}'||P<6;>-@x||Tch

for any polynomial with complex coefficients P(—) of degree < r < d. Here, the first
expression in large brackets, i.e., 1 — (d + 1)% d=d s > % if d > 25.

Proof.  The argument is similar to the argument given for “Case (ii)” in the proof of
Lemma 2.1 (except that we take “A” to be a — 1). Indeed, the difference between the two
norms

def £l 2 e e 1 2
a2 o 3w | 3 a5 ad 1B S S s

JE€Kcrit kEj—l—gz JE€EKcrit

is that the sum in the definition of HfH%ChE involves the ¢y, for k € (Kcyit + d- Z)\ K ¢yt
e., (by the triangle inequality)
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def

2
(1 lbrene = 11f ) < Il < 5 20 wie| 30 4

JEKcrit ke(j+gz)\{j}

SHN

Just as in the proof of Lemma 2.1, we may assume without loss of generality that |[P(d7) -
Oy |4, = 1. This implies (just as in the proof of Lemma 2.1) that the coefficients of P(—)
have absolute value < (r + 1)2 - ¢*+2 hence that

™
* Z T
1P(8%) - Ollrens < (r+1)7 257 (1055,
=0

Thus, it suffices to bound ||¢35||7en,. But (as remarked at the beginning of this proof)
this was essentially already done in “Case (ii)” of the proof of Lemma 2.1. More precisely,

let kg € Kcyit, k = ko modulo d; assume, moreover, that k ¢ Kcyie. We would like to
consider the coefficient ¢, in the expansion of f = ¢35. Note that since |ko| < d, k € Kcuit,

it follows that |k| > d — d = (a — 1)d. Thus, if we substitute a — 1 (> 14 Q') for “A” in
the treatment of Case (ii) in the proof of Lemma 2.1, we obtain

1
S wp ok <4l
|k|>(a—1)-d
hence
‘2

1
5 By =2 > wec| D e

Fo € Kexie ke (ko+d-Z)\ {ko}
1
<= D, 16T =6 e
ko€ Kcrit

Thus, we have

o

1P(6) - Oyllmens < (r+1)% - 12 4. e=(a=3)d

<(d+1)%-e* e (D4 < (g4 1)

- €

L oA—d

[S]%e)

(where in the last inequality we use that a > 8). Moreover, (d +1)2 - ¢4 < +if d > 25.
This completes the proof. ()

We are now ready to state the main result of this §:

Theorem 2.3. Let Hgl( be the vector space of functions on S' of the form P(6}) - Oy,
where P(—) is a polynomial of degree < d with complex coefficients, and © and 05, are as
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defined in Chapter VII, §6. Forr € Z, let FT(Hf() C Hi be the subspace of such functions
for which the degree of P(—) is < r (cf. the notation of Chapter VII, §1). Let a > 8 be
an integer. Let || ~ [|w,u, be the L?-norm on Hi given by averaging the L*-norms on
a-py C (SY)e with weights wy, ..., wq_1 (as defined at the beginning of this §) as o varies
in p,.q/ g (see the above discussion for more details). Let || ~ ||ren be the L?-norm on
H;l( given by:

QU

—1

> |G =)

2
1P(87) - Ol = |

QU

<.
I
o

where lg is é times the constant “Ng” of Chapter V, Theorem /.8.

Then as r varies over 0,...,d — 1, the functions

- o ~ k 10120 A .
def 5k ix/n)-k mk+1i T
PO (1) (0) = Y B +la) g F O gz () e P
keZ

(where %vr(—) s the “normalized discrete Tchebycheff polynomial” of Chapter VII, Propo-
sition 3.2) form an orthonormal basis of Hgﬁ with respect to the inner product associated to

norm || ~ ||ren. Moreover, if a > Max(2 + Q~1,8) (where Q Lt T -Im(7or) — ¢f. Chapter
VII, Lemma 6.1), and d > 25, then we have

1 * * 2 r r *
5 IIP0) - Oxllren < [[P(d3) - Oxllwps, < (r+1)7 e g P(6)) - Oyl ren

In particular, if C:)U’u“, . ,C;U_’ﬁl'“ form an orthonormal basis of H;l( with respect to the

inner product associated to || ~ ||y p , and we write G = Z;:O Yrj - CJTCH, then

~1
{(r +1)% . et a2r+1} < |l <2

Finally, if Im(7,,) varies in a compact subset of the upper half-plane, then on that compact
subset, the w; are bounded above and below, i.e., there exist constants C1,Cy € Rsg
(depending only on the compact set) such that

O -1l ~llup, SN~ o, <6511~

l’l’l’a

where || ~ ||, is the norm defined in the same way as || ~ |[w pu, evcept with all the
“weights” (i.e., “w;”) equal to 1.
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Proof. Most of the assertions of Theorem 2.3 have already been proven. Thus, it remains
only to check the following: The inequalities relating || ~ [[y,u  and || ~ |[ren follow
from Lemmas 2.1, 2.2 (where in Lemma 2.1, we take “A” to be a). The resulting bound
> i=0 17| < 4 follows immediately. This implies |y.,| < 2. The lower bound for
|rr| results from the elementary geometry of Hilbert spaces, together with the inequality
bounding || ~ [|w g, in terms of || ~ [|ren. O

Remark. Thus, stated in words, Theorem 2.3 asserts the following:

Up to a factor of order C" on the degree < r portion of

Hy = {P(6y) - Oy | deg(P(-)) < d}
the L?-norm on H;l( given by averaging the L*-norms on the « - p
(as « varies over p,.;/p,, and a > 8, d > 25 are sufficiently large)
with weights wy, ..., wq_1 induces orthonormal polynomials which are
essentially the discrete Tchebycheff polynomials. Thus, as d — oo, the
orthonormal polynomials for this averaged L?-norm are essentially the
Legendre polynomials (cf. Chapter VII, Propositions 2.1, 3.1). Moreover,
if the elliptic curve in question varies on a compact set, then, up to a
factor of order C¢, we may even assume that the weights (i.e., the “w;”)
are all equal to 1.

Stated in this way, we feel that this theorem justifies the terminology “Legendre model”’
used in the title of this §. Also, note that, as expected, the Legendre limit involves a scaling
factor of d, i.e., this limit is a slope 1 limit — cf. the discussions at the end of Chapter VII,
§3, 6. Finally, we remark that that if, on the other hand, one fixes d and lets a — oo, then
one verifies easily that the norm with weights equal to 1, i.e.,

d—

a—1
Wp =g Y| X &

=

‘ 2

<

converges (up to a constant factor) to the usual L?-norm on L*(S'). Thus, in this limit,
the resulting orthonormal functions converge (up to a constant factor) to the orthogonal

canonical Schottky- Weierstrass zeta functions C?R’Sl of Chapter VII, Definition 6.3.
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§3. The Truncated Binomial Model

In this §, we discuss the analogue of the “truncated” (i.e., by comparison to || ~ ||rch,,
|| ~ ||w,p,) norm || ~ [|1cn of §2 for what we call the binomial model. In the case of the
Legendre model that we studied in §2, the truncated version was essentially isomorphic
to the system of discrete Tchebycheff polynomials (cf. Chapter VII, §3), which is already
well-known. In the present binomial case, however, the truncated version is not so well-
known, so we give an independent treatment in the present §. This will prepare us for the
following two §’s, in which we study the function space of derivatives of the theta function
by regarding it as a deformation of the truncated binomial model (cf. what we did in §2 —
i.e., we studied this same function space by regarding it as a deformation of the discrete
Tchebycheff polynomials).

We maintain the notation of §2. In this §, we would like to consider a filtration on the
set Kcyit, defined as follows. Recall the function “L,.(T') = T'+ A\, — i, /n” of Chapter V,
Theorem 4.8. Then we define (for r =0,1,...,d)

Fr(Keue) L {0= Ay 1= Apyocir— 1= A}

Thus, F"(Kcrit) has r elements; FO(Kcyit) = 0; F4(Kcit) = Kcrit. Moreover, one checks
easily from the definitions that (for r = 1,...,d) F" 1 (Kcu) € F"(Kcyit). Thus, for
r=0,...,d—1

F Y (Kepin) \F" (Kcyig)

consists of precisely one element, which we denote by k[r]. Moreover, the filtration
F"(Kcyig) induces a total ordering “<cyis” on the set Kcyyy defined by k <cy¢ K (for
k k" € Kepig) if k' € F"(Keyit) = k € F"(Kcyit) (for all r =1,...,d). Put another way,

klri] <cuit k[r2] <= 11 <

When the chosen character belongs to Case I (respectively, Case II; Case III), and r is
even (respectively, odd; either even or odd) F"(Kcyit) is the set of exponents of “U” (cf.
Chapter V, Schola 4.1) of the first r special monomials considered in Chapter V, Schola
4.1, where “first” is relative to the ordering induced by the exponent of q.

Stated in a word, the purpose of the present and the next two §’s, is to study the
congruence canonical SW zeta functions (cf. Chapter V, Theorem 4.8)

def Ly (6* kE+ Ar L2 4 (iy /n) -k mk-+i
e ()= 0 ()l e g

keZ
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at the infinite prime (where, for simplicity, we omit mention of the “trivialization” 6™).
In the present §, we would like to consider the following truncated versions of the (¢:

of —L.kIr2—(iv/n)klr k )\7- Lk24(iy /n)-
206 A M=) g (K )~q2’““x/>’“'U;‘;~x<ket)

SC SC
T
keKCrit

where U2, = U (note that we also divide by the unnecessary factor of Uéi,‘) Note that
the only nonzero terms of this sum over Kcyiy are those for which k ¢ F"(Kcyit). Thus,
the exponents of ¢ are all nonnegative. In the following discussion, we shall write

W(k) %2y %k

N | —

for the function of k appearing in the exponent of gs.. In this §, we would like to think of
the space of linear combinations of the ZY% as equipped with the usual L?-norm || ~ ||
on (S1)s. (i-e., the norm for which the UX (k € Z) form an orthonormal system — cf. §1).

The purpose of the present § is to consider the following problem: Let

d—1
def
Z= Z "YT'ZSG
r=0

be a C-linear combination (i.e., the v, € C) of the Z¢.

Suppose that ||Z|| = 1. Then to what extent can one bound the g, def

v | 2

Since || Z|| = 1, and the UE (k € Z) form an orthonormal system, it follows that the coef-
ficients of the UE (in the “Fourier expansion” of Z) are < 1. In particular, the coefficient

of Us{f;[r] is <1, hence:

- k[r] + A RNy
‘ v - ( [ ]j J) .qs\lé(k[ D=9 (k[5]) x(E[r]e) | <1
j=0

Thus, if we write

S det [(k[r] 4+ A 1) — ;
i ( Hj J) g [ (kLD

then we obtain
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r—1
gr S 1 + Z C[T,Tl] *Gry

r1=0

(so in particular, go < 1). If we then substitute into this last inequality the analogous
inequality for g,,, we obtain

gr < 1+ Z C[T, rl] + Z C[Tv Tl] ' C[Tbr?] “Gry

r>ry >0 r>1r1>122>0

Continuing in this fashion, we obtain

gr§1+z Z Clr,r]-Clri,ra] - ... - Clrj_1,1j]

=1 r>ri>ro>...>r; >0

(where we use that go < 1, and that if r > vy > ... > r; > 0, then j < r). Next,
we would like to analyze this double summation in more detail. First, we would like to
estimate the number of terms appearing in this summation. By using the transformation
(ri,re,...,r;) — (r—ri,r1 —re,m7g —7rs,..., ;-1 —1;), one verifies easily that the number
of terms in this double summation is < the coefficient of t" in the power series (1 —t)™"
(where t is an indeterminate). By taking the r-th derivative of (1 —t)~" (and dividing by
r!), we obtain that this coefficient is equal to (2’:1) < 22r=1 < 4" — 1. Thus, we obtain
that

The number of terms in the double summation above is < 4" — 1.

Next, we would like to bound the C[r,r']’s (where ' < r). This consists of two parts,
i.e., bounding the binomial coefficient portion of C[r,r’], and bounding the power of |gs.|
appearing in Clr,r’].

Let us begin with the binomial coefficient portion, i.e.,

(k[r] + )\r/)
71/

of C[r,r'], where 0 < 7’ < r < d— 1. First, let us observe that k[r’ — 1] + A+ is either
0 or ' — 1. Now one may check easily from the definitions that the interval of integers
FrH1(Kcyit) is obtained from interval of integers F"(Kcyit) by adjoining one more integer
to F"(Kcyit), where this last integer lies either immediately to the left or immediately to
the right of F"(Kcyit). Moreover, whether this last integers lies to the left or to the right
depends only on the parity of r, i.e., as r increases, “left” and “right” occur alternately,
one after the other. Thus, it follows that k[r] + A, is either € {—%(r — 1/ 4+ 2),..., -1}
or € {r',....,r" =1+ 1(r =+ +2)}. But this implies that |(k[r]:)"“')| is < a product of
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%(r — 1’ 4+2) < 2(r — r') positive integers, each of which is < ' — 1+ 1(r — ' +2) =
5(r+47") < r. Thus, we obtain that:
2(7’—1’/)'

The binomial coefficient portion of Clr,r'] is <r In particular,

the binomial coefficient portion of the term

Clr,m]-Clri,ra] ... - Clrj—y,1y]

in the double summation above is < r2t(r—ri)+ri—ra)+..+(rj—1-r;)} <
2(r—rj)
r i),

Next, we would like to bound the power of |gsc|, i.e.,

e FEID (k)

appearing in C[r,r’'] (where 0 <7’ < r < d—1). Since |gs.| < 1, this means that we would
like to bound W (k[r])—W(k[r']) from below. Note that we always have W(k[r])—W(k[r']) > 0.
In the following, we would like to obtain a stronger bound from below under the assumption
that r > 1’ + 6.

Lemma 3.1.  Suppose that v’ +6 < r. Then W(k[r]) — U(k[r']) > 15 (r+r")(r —1r').

Proof. The proof consists of a case by case analysis, depending on which of the three
Cases I, II, IIT of Chapter V, Schola 4.1, the character x belong to.

We begin with Case I. In this Case, 7 may be written as 2k or 2k + 1 (where k£ > 0 is
an integer). Then W(k[r]) = 3(k® + k) (cf. Chapter V, Schola 4.1). Let us write &’ for the
“k” associated to r’. Then

U(k[r]) — U(k[]) { k— &
2

(r—nr") {T46“1—:*’§ } ' <%>

> {g} () = 55+

}mk+y+1)

v

as desired.

Next, we consider Case II. In this Case, r may be written as 2k or 2k —1 (where k > 0
is an integer). Then W(k[r]) = 1 - k? (cf. Chapter V, Schola 4.1). Let us write k" for the
“k” associated to r’. Then
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S - b0 (- ()

> (s} (5) = g5+
as desired.

Finally, we consider Case III. In this Case, r may be written as 2k or 2k — 1 (where
k > 0 is an integer). Then W(k[r]) is > £ (k* — k), < 3(k* + k) (cf. Chapter V, Schola
4.1). Let us write k&’ for the “k” associated to r’. Note that since r > r’ + 6, we have
r—r'—=3>2%-(r—1'), k >k +2. Thus,

U (klr]) — U (k[r']) Z{k‘—k’—l}‘(kz—k—(k’)Q—k’> 2{r—r’—3}.(k+k,)

r—r! 2(r — 1) E—Fk —1 A(r — 1)
>t (50) = g+
as desired. O
Thus, in particular, it follows that
The power of |gsc| appearing in the term Clr,r1]-Cr1,re]-...-Clrj_1,7j]

i the double summation above is

={W(klr]) — W(k[r])} + {U(klr]) — U(k[r]) }+
co A {W (R a]) = WA}
=W (k[r]) — W(k[r;])

which is > 0 always and > 75 (r +7;)(r —r;) if r > r; 4+ 6.

Lemma 3.2. We have

r- {log(r) —2r- (logji(d))} < 12-d

for any integer r satisfying 0 < r < d.

Proof. Lemma 3.2 is clear if r = 0,1,2 (note that if » = 1,2, then the expression in
brackets {,} is < 1), or if » = d. Thus, we may assume that r > 3 (so, in particular,
d > 3). Write
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1) 7 Jogr) -2 (D))

Since we have checked that f(r) < 12-d for r = 2,d, it suffices (by elementary calculus)
to show that f(p) < 12 -d for any real number p € [2,d] such that f’(p) = 0. For such a

p, we have

3-log(p) > log(p) +1=4p- (10gd(d)>

(where we use that p > 2 implies 2 - log(p) > log(4) > 1) hence

£(0) = p- {108(p) — 5 - (lom(p) + 1)} < 5 -+ los(p)

(>

Next, let us apply the function log®(—) to both sides of the inequality 4.10?2( T2 log”(p)
). Since both sides of this equality are > 1, it thus follows that we obtain an inequality

log®(d) > logZ{_LQ(d)} > logQ(logp(p)) > % -log?(p)

(where we use that log(d) > 1 (smce d > 3), and @ > pi (since p > 2)). If we then
multiply the inequality log?(d) > log®(p) by 4,10?;;%( 7 2 logp(p)’ we thus obtain
3 2 3d 1 2 P 1
—d>log*(d) ————— > —"1o : = — lo
g dzlog’d) 4 log?(d) — 16 °° (P) togip) ~ 16 7 loelr)
e, f(p) < p-log(p) <12-d, as desired. ()
Now let us return to the inequality
gT§1+Z Z Clr,r1] - Clri,r2) - ... - Clrj—1,75]

=1 r>ri>ro>...>r; >0

Suppose that ¢s. satisfies:

1 4 -log?(d
—log|ge| = 2 - ; (7o) > GOTg()

Then by what we have done above (cf. especially Lemmas 3.1, 3.2), each term in the

double summation satisfies:
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log(C[r,r1] - Clri,re] - ... - Clrj_1,74]) < 2(r —r;) - log(r) + % (r 1) (r—r;) - log|gsc|

1
)+ 57 logldc)

IN

2(r —rj) - (log

—

<2(r —r;)- (log(r) —2-r-d~'-log*(d))
§2(7“—7‘j)-12-é§24~d
T
when r > r; + 6 and
log(Clr,m] - Clri,r2] - ... - Clrj_1,7r5]) < 2(r —rj) -log(r) <12 -log(r) < 12-log(d)

otherwise. Thus, since (as we saw above) there are 4" — 1 such terms in the above double
summation, (if we add in the additional “1+” at the beginning, so that we get a total of
4" terms, then) it follows that

gr < AT PAd < (26

Now we are ready to state the main result of the present §:

Theorem 3.3. Suppose that

2
Im(7or) > 3— -logz(d)
T

and let 7 < Zf;é Y - ZE9 be a C-linear combination (i.e., the v, € C) of the ZEC.
Then

(1) If the |y < 1 forr = 0,...,d — 1, then the L*((S')s.)-norm of Z
satisfies: || Z]| < d? - e? < €39,

(2) If ||Z]] <1, then the || < €259, forr =0,...,d — 1.

In particular, if we orthonormalize the ZSS to form

ocC ocC
79¢, ..., 799
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— which are unique if we stipulate that the leading coefficient of ZOC (i.e., the coefficient
of ZEC in the linear combination of Z§C, ..., ZEC that forms ZOC) be positive — then the
coefficients of the ZEC in each Z9OC have absolute value < €?°¢, and the absolute values of
the leading coefficients are > d=2.e %> ¢34,

Proof. The assertion concerning the Z9C at the end of Theorem 3.3 follows formally from
Assertions (1) and (2) (cf. the proof of Theorem 2.3). Assertion (2) is precisely what we
have just proven in the above discussion. Thus, it remains to verify Assertion (1). As we

saw above, the absolute value of the coefficient of Uz"! (for k[r] € Kcyit) in Z is

- GEPY - A Y
‘ ;- ( ["“]"‘ J) ,qi(k[r})—W(k[J]) x(k[r]et) ’ < ‘ ( [7‘]"' J) ‘
§j=0 J =0 J

Thus, since the cardinality of Kcyi is d, it suffices to show that 377 _ \(k[r}j’\j ) <d-e,

for all k[r] € Kcyit. Moreover, this last inequality will follow as soon as we show that

’ (k[r]"')‘j) ’<2d<6d
j <2<

But this follows from the analysis of the “binomial coefficient portion of C[r,r’]” in the
discussion above: Indeed, this analysis shows that there exists an integer N satisfying
j<N<j—1+3(r—j+2)<rsuch that

’ (k‘["ﬂ]"")\]) ‘: (N) <2N<2r<er<ed
J J

as desired. O

Remark. Thus, stated in words, Theorem 3.3 asserts that:

If Im(7o,) > 32 . log?(d), then up to a factor of order C? (for some
constant C), the L?((S1)s.)-norm on the complex vector space gener-
ated by Z§©, ..., ng}l, s the same as the norm for which the functions
Z5G, ..., fo_Gl are orthonormal.

Note that unlike the case with Theorem 2.3, in the present situation, one does not have
the stronger result that the discrepancy is of order C” on the subspace generated by
Z§G, ..., ZE9, Indeed, typically results such as Theorem 3.3, (2), (i.e., where one must
show that the coefficients are bounded whenever the L?((S')s.)-norm is bounded) are much
more difficult than results such as Theorem 3.3, (1) (i.e., where one must show that if the
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coefficients are bounded, then the L?((S1)s.)-norm is bounded). But it is not difficult to
check that even in this easier direction (i.e., the direction of Theorem 3.3, (1)) the binomial
coefficients that one must bound do not satisfy < C" type inequalities.

§4. The Combinatorics of the Full Binomial Model

In this and the following §’s, we discuss what we call the (full) binomial model. This
“full” binomial model is a deformation of the truncated binomial model studied in §3 (cf.
especially Theorem 3.3) in essentially the same way as the “Legendre model” studied in
§2 (cf. especially Theorem 2.3) is a deformation of (what are essentially) the discrete
Tchebycheff polynomials. One difference, however, between what we do in the present and
following §’s and what was done in §3 is that here, we do not use the averaging process of
§1. As a result, there are two types of deformation term that occur. The first type results
from the fact that we do not use the averaging process of §1. This type will be dealt with
in the discussion of the semi-truncated binomial model below, and is the more difficult to
handle (of the two types). The second type is exactly the same as the deformation terms
that occurred in “Case (ii)” of the proof of Lemma 2.1, and may be handled in exactly
the same way as in the proof of Lemma 2.1. Unfortunately, since our estimates of the first
type of deformation term are very involved, we treat the combinatorial aspects of these
estimates in the present §. In the following §, we apply the results of the present § to study
the orthogonal system which constitutes the “full binomial model.”

We maintain the notation of §3. Also, for simplicity, we assume in the following
discussion that

Let us write

Ksemi 2 {k € Z | Fko € Koyt sit. |k — ko| = d, |ko + (iy/n)| >

RS

,k'k0<0}

Thus, Ksemi [ Kcrit = 0, 0 ¢ Ksemi- In general, for k € Z, let us write

Crit(k)

for the (unique) ko € Kcyip such that & = ko modulo d. Also, let us write

(K]} = {0 = Aas1, 1= Aagrs ooy d = Aapi N EKenes F (Kene) < (kA Kenie
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In the following discussion, if F'is a finite subset of R, and A € R, then we shall write

Dist(\, F) < Minep {|A— f|}

for the “distance” between A and F'. Finally, we shall write

TO) W) + 3 - (in/n) = 3 - O+ (/)

for A € R. Note that if 7y < ro (where r1, ry are nonnegative integers < d), then ¥ (k[r{]) <
U(klra]), W(k[r1]) < W(k[ra]).

We would like to begin by introducing the “semi-truncated version” of the (°C, i.e.,
a function which is a sort of intermediate step between (¢¢ and Z5¢:

300 & w3 (k M /\T) g™ - UMy (ket)
T
ke Kcrit U Ksemi

_ . k + >\7" ri
_ ZSG + qSC‘I’(k[ D. Z ) -qs‘lé(k) : USCCj 6(k) “ X(Ket)

r
k€ Ksemi

The key to understanding BSG is the following analysis of the combinatorics of the sets
Kcrit, Ksemi:

Lemma 4.1. If A,B € R, let us write [A, Blint for the set of integers in the closed
interval [A, B] C R. Letr € [2,d|in. Then

(r—=2) (r—2) . ror
_ C L) = [— _ 1 — C _ _ _
[ 9 ) 9 It = F (KCrlt) [ )\r,’f' 1 /\T]Int = [ 27 Q]Int

In particular, for any ko € F"(Kcyit), we have |ko| < 5, and § > |k[r — 1] =2,

| >
Finally, the average (or “center of mass”) Avg(F"(Kcyit)) of the elements of F"(Kcyit) is
1(r—1) =X €{0,£35}.

Proof. Indeed, the number A, of Chapter V, Theorem 4.8, satisfies § > A, > ’"52 >0
(since » > 2). Thus, F"(Kcyit) = [=Ar, 7 — 1 = Aplme € [=5, 5|5 F'(Keuig) = [ A, 7 — 1 —
Alme 2 [—1552, 552]. Since k[r — 1] € {=A,,7 — 1 — A}, it thus follows that |k[r — 1]| >
Min(A,,” —1—\,) > Min(%52, *52) = 722 Finally, the statement concerning the average

2 0 2 2
follows immediately. O
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Lemma 4.2.  Suppose that k € Z\(Kcyit | Ksemi). Then |k + (iy/n)| > 3d; [k| > 1d.

Moreover, we have W(k) — W(kld —1]) > & - d - [k].

Proof. Write kg def Crit(k). Since k ¢ Kgemi, ¢ Kcrit, it follows from the definitions that
at least one of the following holds: |k — ko| > 2d, or |ko + (iy/n)| < 4, or k- ky > 0.
Suppose that |k — ko| > 2d. By Lemma 4.1 above, we have |ko| < 4. Thus, it follows that
|k + (iy/n)| > 2d — |ko| — 2 >2d — 1d — 1 = 2d — § > 3d (since d > 1), as desired.

Next, let us assume that |ko + (i, /n)| < 4. Write k = ko + A-d, where A € Z, A # 0.
Then |k + (iy/n)| > |A|-d — |ko + (iy/n)| > d — 2d = 2d, as desired.

Finally, let us assume that k- kg > 0. Write k = kg + A - d, where A € Z, A # 0.
Then since |ko| < ¢ < d—1 (by Lemma 4.1, d > 2), it follows that [A|-d > d > |ko|.
Thus, k - kg > 0 implies that A - ko - d > —k2, hence that A - kg > 0. In particular,
k+ (iy/n)| > [A-d+ko| — 5 > |A] -d— 1 >d— 5 > 3d (since d > 2), as desired.

This completes the proof of the assertion |k + (iy/n)| > 2d. This implies that |k| >

|k + (iy/n)| — 2 > 2d — 3 > 1d (since d > 2). Now we compute (using this assertion,

together with the estimates of Lemma 4.1):

2(W(k) — U(k[d - 1])) = 2(¥ (k) — W(k[d — 1])) = (k + (ix/n))* = (k[d = 1] + (i /n))
= {[k+ (ix/n)| + |kld = 1] + (ix/n)[}
Ak 4 (ix/n)| = [k[d = 1] + (ix /n)[}

3 , 1
> - (+ (iy/m)] = 5 — Kld = 1])
> - (k+ (iy/n)] = 3(d+2)+ )
> Zd- (|k =+ (i /n)| — §d+ %) > zd- (é|k+ (ix/m)| + %)

Y

1 1
d- (b =5 +3) = < d-|K]

co| =

1
S+ (i /)| +3) 2
(where we use d > 8), as desired. O

Lemma 4.3.  Let k € Kgemi- Suppose that there exists some k[r| € Kcyiy (where r €
[0, d—1]nt ) such that W (k) = WU (k[r]). Thenr = d—1, k = k[d], and the character x belongs
(in the language of Chapter V, §4) to Cases I or II. Moreover, under these hypotheses,
Crit(k) = k[d — 1], and (for any r' < d—1) we have V(k[r']) < U(k[r]) = ¥(k[d—1]). We

shall refer to such k as exceptional.

Proof. 1Indeed, this follows from the discussion of Chapter V, Schola 4.1. More precisely,
if x belongs to Case III, then ¥ is injective on Z. Thus, y must belong to Cases I or II.
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It follows from the discussion of Chapter V, Schola 4.1, that the map " — W(k[r']) (for
" =0,...,d) is monotone increasing even in Cases I or II, and that the fibers of the map

k' — W(k') (for k' € Z) contain at most two elements. Moreover, since k ¢ Kcyis, it follows
that U(k[d]) < U(k).

Now I claim that W(k[d — 1]) = V(k[d]). Indeed, if W(k[d — 1]) < V(k[d]), then it
follows that W(k[r]) < W(k[d —1]) < W¥(k[d]) < ¥(k) (which contradicts the hypothesis
U (k[r]) = ¥(k)). This proves the claim.

Thus, since the fibers of the map ' — W(k[r]) (for v’ = 0,...,d) contain at most
two elements, it follows that for ' = 0,...,d — 2, we have U(k[r']) < U(k[d — 1]) =
U (kld]) < W(k). Thus, we conclude that » = d — 1. If k[d] # k, then the fact that
the fibers of the map k' — W(k') (for k' € Z) contain at most two elements implies that
U (k[r]) = ¥(k[d—1]) = V(k[d]) < ¥(k), which is absurd. Thus, we conclude that k[d] = k.

Thus, it remains to prove that Crit(k) = k[d — 1]. But this follows from the explicit
analysis of Chapter V, Schola 4.1. Indeed, in Case I, since ¥(k[d —1]) = ¥(k[d)]), it follows
that d is odd, and that |k[d] — k[d — 1]| = 2-{1(d — 1)} + 1 = d. Similarly, in Case
IL, since k[d — 1] = k[d], it follows that d is even, and that |k[d]| = |k[d — 1]| = 4d, so
|k[d] — k[d — 1]| = d, as desired. This completes the proof. O

Lemma 4.4. Suppose that k is exceptional (c¢f. Lemma 4.3). Write ko e Crit(k).

Then the coefficient of U in Bdcf;l is a complex number whose absolute value is < 2 and
S
= 2m

0
Proof. Recall the original nontruncated series

ca def (Lr(67)\ cay _ KA\ wey promk+iy, /
et (F) ey = 30 (M)t wE

k'€Z

Now I claim that as k' ranges over ko+d-Z, the only &k’ (other than ky = k[d—1]) for which
U (k") = (ko) is the current exceptional k under consideration. Indeed, if k' € Kcyis, this
follows from Lemma 4.3. If k' € Kgomi, then by Lemma 4.3, k¥’ = k[d] = k. Finally, if
kK ¢ Kcrit, ¢ Ksemi, then by Lemma 4.2, W(k') > W(k[d — 1]) = W(ko). This completes
the proof of the claim.

Next, recall from Lemma 4.3 that ¥(k[d — 1]) > W(k[r]) for r < d — 1. It thus follows
that if we restrict the qs_c‘l/(k[r]) (G (forr=0,...,d—1) to py C (SV)sc, and let g — 0,

then the coefficient of UCQJn Fotix will be 0 for r < d — 1, and it will be equal (by the claim

of the preceding paragraph) to

> (M)

k' =ko,k
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for r = d —1. Note that for k' = ko, k, we have k' + X \y_1 € {—1,d—1}, so (klz;i‘i‘l) = +1.
Thus, the coefficient in question will be a sum of two n-th roots of unity. This shows that
this coefficient has absolute value < 2. It also shows that if this coefficient is nonzero, then
it has absolute value > sin(27/n) = sin(7/m) > 57— (where the inequality may be proven
by elementary calculus, using the fact that m > 2). Moreover, it follows immediately from
the definitions that this coefficient is the coefficient referred to in the statement of Lemma

4.4.

Thus, it suffices to show that this coefficient is nonzero. But since the corresponding
coefficients in q;;q/(k[r]) - ¢CC are 0 for r < d — 1, to say that the present coefficient in
question is zero would imply that the comparison isomorphism (Chapter VI, Theorem 4.1
— in fact, we only need it in characteristic zero, i.e., Chapter VI, Theorem 3.1) is false.

This contradiction completes the proof of Lemma 4.4. O

Remark. The proof of Lemma 4.4 is interesting because it may be turned around and
regarded as an explicit way to verify the comparison theorem (Chapter VI, Theorem 4.1)
in a neighborhood of infinity. That is to say, the fact that the coefficient in question is
nonzero may also be proven by a direct computation (which is not difficult, and is left as
an exercise for the reader). This direct computation may then be regarded as an alternate
proof of Chapter VI, Theorem 4.1, in a neighborhood of infinity. Put another way, this
portion of the treatment of the archimedean theory in the present Chapter may be regarded
as the archimedean analogue of the description of the scheme-theoretic zero locus of the
determinant given in Chapter VI, Theorem 4.1, (2).

Lemma 4.5. Let k € Kgemi- Then |k| > %d.

Proof.  Write kg L Crit(k). Since |k — ko| = d, we have |k| > d — |ko| > d —
Lemma 4.1). O

Lemma 4.6. Let X, A, and B be nonnegative real numbers such that B > A, B > 0.
Then (X + A) > (A/B) - (X + B).

Proof. Indeed, B(X+A)>B-X+A-B>A-X+A-B=AX+B). O

Lemma 4.7.  Let k € Kgemi- Write ko = k[ro] = Crit(k). Let r be an integer satisfying
4<r<d-1. Then

W(E) ~ W) > o d - Dist(k, F (Ke)

so long as either k is non-exceptional (c¢f. Lemma 4.3) orr < d — 1.
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Proof. Write oy, o k/|k| (note that |k| > 1 > 0, by Lemma 4.5), k[r|* e —(iy/n) + o -

|k[r] + (iy/n)|. By Lemma 4.1, |k[r]| > " —1>1 ;i— 5. It thus follows that k[r]* has the

. - 41 _ r—
same sign as k, and that |k[r]*| > 5= -1 -1 = 5=,

Write R - F" (K yit) for the closed convex hull (in R) of the points in F"(Kcyit). Note
that k ¢ F"(Kcyit), so k ¢ R-F"(Kcyit); 0 € R- F"(Kcyit) (by Lemma 4.1). Observe that
k divides the real line into two open rays. Now I claim that k[r]* lies in the same open ray
as R+ F"(Kcyit). Indeed, if this were not the case, then since 0 € R - F"(Kcyit), it would
then follow that |k[r]*| > |k| > 1. Since k[r]* and k have the same sign, it thus follows
that [k[r]" + (iy /)| = [k[r]"| = [k + (ix/n)| = [k|, hence that [k[r]* + (ix/n)| = [k + (ix/n)|-
But this implies that

2- W(k[r]) = (k[r] + (ix/n))? = (K[r]" + (ix/n))? = (k + (ix/n))* = 2 - W (k)

i.e., that U(k[r]) > ¥(k). On the other hand, since k[r] € Kcyit, k¥ ¢ Kcrit, we have
U(k[r]) < ¥(k). Thus, we conclude that W(k[r]) = U(k), so k is exceptional and r = d — 1,
contrary to the hypotheses of Lemma 4.7. This completes the proof of the claim.

Thus, k[r|* # k lies to the same side of k as R - F"(Kcyit). Next, let us prove the
mequality

1
|k’ — k[?"]*‘ Z R . DiSt(k,FT(KCrit))

Indeed, if |k — k[r]*| > Dist(k, F"(Kcyit)), then this inequality follows immediately, so
we may assume that |k — k[r]*| < Dist(k, F"(Kcyit)), i-e., that k[r]* lies between k and
R - F"(Kcyit). Since k # k[r]* and n - k,n - k[r]* € Z, it follows that |k — k[r]*] > L.
On the other hand, Dist(k[r]*, F"(Kcyit)) = |k[r]* — k[r']| for some " € {r — 2,7 — 1}
(i.e., k[r'] is the closest element € F"(Kcyit) to k[r]*). Moreover, by Lemma 4.1, we have
L4 1> [k[r]Y| > 525 2 > |k[r — 1], [k[r — 2]] > 552 > 0. Thus, in particular, it follows
that k[r'] and k[r]* have the same sign, so we obtain

Dist (k[r]", " (Kcuir)) = [k[r]" = k[r']

< Max(%(r—i—?)) — %(T —3), %T — %(T — 3)) =3

Thus, by Lemma 4.6 (where we take the quantity “X + A” (respectively, “X + B”) of
Lemma 4.6 to be |k — k[r]*| (respectively, Dist(k, F"(Kcyit)))), we have

1 -1 . 1 . .
|k — Kk[r]*| > —- (ﬁ + ) - Dist(k, F" (Kcpit)) > ™ - Dist(k, F" (Kcrit))

S|
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This completes the proof of the inequality |k — k[r]*| > - - Dist(k, F" (Kcit))-

Now we are ready to complete the proof of Lemma 4.7. Note that since either k is
non-exceptional or v < d — 1, we have W(k) > U(k[r]) (cf. Lemma 4.3). Also, by the
definition of k[r]*, it follows that k[r]* + (i, /n) and k + (i, /n) have the same sign. Thus,
we compute (using the inequality of the preceding paragraph, together with Lemma 4.5):

20 (k) — U (k[r])) = 2(¥ (k) — U(k[r])) = 2( (k) — U (k[r]"))
= (k4 (iy/n))? = (K[r]" + (ix/n))?
= (Ik + (ix/n)| + [E[r]" + (ix/n)]) - (& + (ix/n)| = [E[r]" + (ix/n)])
> |k (x/n)| |k + (ix/n) — k[r]" — (ix/n)]
> (Rd- L)kl
> (id) % Dist(k, F" (Kont)) = 16% d - Dist(k, F" (Kou))

(where we use that d > 2) as desired. ()

Finally, we need one more lemma in the style of Lemma 4.7, which is a sort of analogue
(in the present context) of Lemma 3.1 of §3:

Lemma 4.8. Let r > 1’ be nonnegative integers < d — 1 such that

[k[r] + i /)[BT + (ix/n)| 2

ERSH

and U (k[r]) # U(k[r']). Then V(k[r]) — U (k[r']) > 55— - d- Dist (k[r], F" (Kcxit))-

Proof. Write k < k[r], k' < k[r'), o % k/|k| (note that |k| > |k + (iy/n)| —
1> 0, since d > 6), (k)" < —(iy/n) + 0% - |k + (ix/n)|. Since |k + (i /n)], |k + (ix/n)

|
4> 1, it follows that k, (k')*, k + (iy/n), and (k')* + (iy/n) have the same sign. Thus,
[+ (i /)| = |(K')" + (i /n)| = ok (k+ (i /n) = (k)" = (ix/n)) = ok (k= (K')") = [k[ = |(K))"]

On the other hand, since ¥ (k) > U(k') = W((k')*), it follows that this difference of absolute
values is > 0, hence that

[kl > [(K")"]
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Next, observe that Ay
(since |k, |k'| > 4 —
hand, since r > 7/, k
to the same side of k

0 (cf. Chapter V, Theorem 4.8). Thus, k[0] = 0, hence r,r" > 1
% > 1). In particular, 0 € F1(Kc,i) C FT/(KCrit). On the other
=klr] ¢ FT/(Kcrit). Thus, we conclude that (k')* and FT/(KCrit) lie
(i.e., in the same connected component of R\{k}).

Note that the fact that 0 € F" (Kcyy) also implies that F™' (Kcyit ) is nonempty. Let us
write k[r”] for the unique element of F" (K¢t ) such that |k — k[r”]| = Dist(k, F™ (Kcuit))-
Then r” € {r’ — 1,7" — 2}. Thus, by Lemma 4.1 (plus the fact that k[0] = 0), we have:

r’ +1 '’ —1
> |k[r"]] >
T k) >

On the other hand, again by Lemma 4.1, we have

"+ 1 r—1
T ) = k)l >
which implies that
"+ 3 r—3
Crl s Wy =t
2 2

hence (since k[r”] -k >0, (K')* - k > 0) that

r+1 =3 rr"+3 r"—-1
2 2 72 2
~Max(r” — 7" + 4,7 —r" +4) <3

)

<

Now we are ready to prove the inequality:

Ik — (k’) | > Dist(k, F" (Kcm))

1
an’
Indeed, without loss of generality, we may assume that |k — (k')*| < Dist(k, F" (Kcuit)),
i.e., that (k') lies strictly between k and F" (Kcyi). Since k # (K')* and n-k,n- (k')* € Z,
it follows that |k — (k)| > L. On the other hand, |(k’)* — k[""]] < 3, so by Lemma 4.6,
we have

1

1 1 1 y
b= (K)| =~ (—43)7 - |k = k[ = - [k = k[r"]| = o~ - Dist(k, ™ (Kox)

as desired.

304



Thus, just as in Lemma 4.7, we have:

2(W(k) = U(K')) = 2(¥ (k) = U(K)) = 2(V (k) = W((K)))

= (k+ (iy/n))? = (K')* + (ix/n))?
= ([k+ (ix/n)| + [(K')" + (ix/n)]) - (Ik + (ix/n)| = [(E)" + (ix/n)])
> (ke + (i /n)]) - [k + (ix/n) — (K)" = (i /n)]
> d- k= ()]
> id. % Dist(k, F™ (Ko)) = 16% d - Dist(k, F" (Kowi)

as desired. O

§5. The Full Binomial Model

In this §, we apply the estimates of the preceding § to study the orthogonal system
which constitutes the full binomial model.

We maintain the notation of §4. We begin by considering the binomial coefficients
that appear in the sum defining BSG.

Lemma 5.1. Letk € Z, r € [0,d — 1|t (where [0,d — 1]t e 0,d — 1] Z is as in

Lemma 4.1). Then

’ (k: + Ar) ’ _ (Dist(k;, Fr'(Kcrit)) + 1 — 1>

r r

In particular, log( ‘ (]Hf‘r)

) < Dist(k, F"(Kcuit)) - log(|k| + d).

Proof. First, let us observe that in general, for any N € Z, we have the identity

‘ (N)‘ _ (Dist(N, (0,7 — 1me) + 7 — 1)

Indeed, this is clear for N € [0,7 — 1]y (since both sides are zero). For N < 0, one checks
easily that |(]7Y)| = (r_lr_N), Dist(N, [0,7—1]int) = Dist(r—1—N, [0,7—1]1nt), so it suffices
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to prove the identity when N > r. But for N > r, we have Dist(N, [0, r—1]mt) = N—(r—1),
so the identity follows immediately.

Applying this identity, we obtain

‘ (k + Ar> ‘ _ (Dist(k + Ary [0, = 1ine) + 7 — 1)

,
B (Dist(k:, (0,7 — 1 — Ap) +7 — 1) B <Dist(k, F"(Kcait)) +1 — 1)
r T

by the definition of F"(Kcyit)-

Finally, we note that the binomial coefficient (DiSt(k’F T(I:Cr“))JrT_l) may be bounded
by the product of Dist(k, F"(Kcyit)) — 1 (< Dist(k, F" (Kcyit))) integers all of which have
absolute value < |Dist(k, F"(Kcyit)) +7 — 1| < |k — Avg(F" (Kcwir))| + [r — 1] < |k] + 5 +
(d—2) < |k| +d (by Lemma 4.1). O

Let us write

Cdef .
K = Crit(Ksemi) € Kcrit

Thus, (by the definition of Kgemi) every ko € K3 satisfies |kg + (iy/n)| > % > 3 (so
ko] > 3), where we use that d > 12. Also, if k[r] € K2, then r > 4 (indeed, if r < 3,
then by Lemma 4.1, |k[r]| < "1 < 2). Let us write

emi def emi
RER = {r € [0,d — 1 | k[r] € K&}

Next, let us observe that

Koot = {ko € Keuie | ko + (ix/n)| > =}

A~

Indeed, “C” follows from the definition of Kgemi. On the other hand, if |k + (i /n)| > %,

and oy, def ko/|ko|, then (since |ko| < ¢ < d by Lemma 4.1, d > 1) the integer k def
ko — ok, - d satisfies k - kg < 0, hence € Kgepi. This completes the proof of the above

observation. In the following, we shall write

Semi(ko) < ko — o, - d

In particular, since (for r € [0,d — 1) r — [|k[r] 4+ (ix/n)| = {2~ U(k[r])}2 is (not

necessarily strictly) monotone increasing, it follows that R%‘i?g‘ is an interval of integers,
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i.e., of the form [r,d — 1)1y (where |k[d — 1] + (iy/n)| > %2 — 2 > 4 (by Lemma 4.1,
d > 6) implies d — 1 € RZ™M) for some integer r.

Next, we would like to define a matriz M % {M, .} (where r,r" € R by:

def ele!
M’r’,’l"/ — COeHUfc[r/] (‘3T )

W (klr klr'] + A »
= g { (M A g el

N <Semi(k:[r’]) + A\

r

) . gu(Semi(k(r')) .X(Semi(k['f’,])et)}

Let us write

M %' My + Msemi

where (M), ,+ is defined to be the sum of all the terms in M, ,, in which the exponent of

Gsc 18 zero; Mgemi f M- M. More precisely, (by Lemma 4.3) (M), ,» can be nonzero

only when W(k[r]) = W(k[r']). Moreover, when W(k[r]) = W(k[r']), we have

Elr'] + A

r

Semi(k[r']) + A,

r

(Mo, = X (klr']er) + e - x(Semi(k([r'])et)
() ( )

where € ' 1ifr =+ = d— 1 and Semi(k[d — 1]) = k[d] is exceptional (cf. Lemma
4.3); and € 4f () otherwise. In the following discussion, we would like to show that (under
certain conditions) M admits a bounded inverse. We will do this by regarding Mgem; as a

deformation of My, i.e., we will first study the inverse of My and then show that Mgem;
is rather small.

We begin by considering M. Note that since the fibers of the map r — W(k[r|) have
at most two (necessarily adjacent) elements, it follows that (M), ,» can be nonzero only
in the cases r =’ and r =7’ £ 1.

Now suppose that r = r’. Then we have k[r] + A\, € {—1,r}, so (HT]:'A”) = +1.
Similarly, if » = " = d — 1 and Semi(k[d — 1]) = k[d] is exceptional, then we have
Semi(k[r]) + A, € {~1,d — 1}, so (3™FIDIAY — 41, Thus,

™

(Mo)r,r = Ex(K[r]er) € - x(Semi(k[r])et )

(where the two “+’s” are not necessarily the same sign). Note that when r =7 =d — 1
and k[d] is exceptional, (My),,, is precisely the coefficient discussed in Lemma 4.4.
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Next, suppose that r = r’ — 1. In this case, ¢ = 0. Moreover, k[r'] = k[r + 1] €
F™2(Kcyit), so k[r'] + A\, € {—1,r}. Thus, (k[’" 1~+/\T) = +1, so we have:

(MO)r,r—i—l - j:X(k[T + 1]et)

Note, moreover, that in this case, since ¥(k[r]) = VU (k[r + 1]), and the fibers of the map
r — W(k[r]) have at most two elements, it follows that W(k[r 4+ 1]) < W(k[r + 2]), i.e., that

(Mo)r+1,r+2 = 0.

Finally, suppose that r = r’ 4+ 1. In this case, € = 0. Moreover, k[r'] = k[r — 1] €
F"(Kcyit), so k[r'] + A € [0,7 — 1]1nt. Thus, (k[r/]f)‘r) = 0, so we have:

(MO)T,T—l =0

In particular, we conclude that (My),,» = 0 if » > 7" or r < v’ — 1. In fact, this analysis
shows the following:

Lemma 5.2.  The matriz My is of the form

+ 0 0 0
0O « 0 0
0O 0 0 ... =«

[y

that is to say, zeroes away from the “diagonal” (i.e., the “«’s”), where each “«” in the
diagonal is either a one-by-one matriz or an upper triangular two-by-two matriz. In par-
ticular, My itself is upper triangular. Moreover, the diagonal matrix elements of each
submatriz “«” are either n-th roots of unity, or (in the case of (Mg)d—1,a—1, when k|[d]
is exceptional) the coefficient of Lemma 4.4. The off-diagonal elements of each submatriz
“” are all n-th roots of unity. Finally, My is invertible, and the components of its inverse
Mal are complex numbers of absolute value < .

Proof. All the statements except for the “Finally,...” follow immediately from the above
analysis. The “Finally,...” follows from the fact that each of the x’s are invertible, with
inverses bounded as stated. (Note that here we use the estimates of Lemma 4.4.) O

Next, we would like to bound Mgemi. By definition, Mgem; consists of the terms of
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M, = g ¥ {(k[r'] + )\r> D (k)

N (Semi(k:[r’]) + A

' ) U (Semi(klr]er) )

for which the exponent of g is nonzero. Thus, there are two cases (corresponding to the
two terms that appear in M, ,/) to consider: (i) W(k[r']) # ¥ (k[r]); (ii) U(Semi(k[r'])) #
U(k[r]). We begin by considering case (#i). In this case, either Semi(k[r’]) is non-
exceptional, or r < d — 1. Moreover, (since r € R%‘iﬁ?l) r > 4. Thus, Lemma 4.7 implies
that

1
W (Semi(k[r'])) — W(k[r]) > o~ - d- Dist(Semi(k[r']), F" (Kouit))
n
Thus, since d + |Semi(k[r'])| < 2d + |k[r']| < % -d < d* (by the definition of “Semi(—),”
Lemma 4.1, d > 3), we have (by Lemma 5.1):

‘ (Seml(k[r’]) + /\T> . q;I‘/:(Semi(k[T’]))—\I/(k[T]) . X(Semi(k[r’])et)
T
< e2.1og(d).Dist(Semi(k[r/D,Fr(Kcm)) . |qsc|32in

_ 6(2.10g(d)_1m(7m)-ﬁ)-Dist(Semi(k[r’]),Fr(Kcm))

-Dist(Semi(k[r']),F" (Kcrit))

(where we use that log|qs.| = —27“ -Im(7;)). Also, let us observe that (since Semi(k[r']) ¢
F"(Kcyit)), we have Dist(Semi(k[r']), F" (Kcrit)) > 1.

Next, we consider case (i), i.e., the first term in M, ,» when W (k[r']) # U(k[r]). Note

first of all that this condition implies that r # r’. Moreover, if r > r/, then k[r'] €
F"(Kcyit), 1., k[r'] + A € [0,7 — 1]1nt, sO (k[wlf)"‘) = 0. Thus, it suffices to bound this
term when r < r'. Note that since r,r’ € RS, we have |k[r]+ (iy/n)|, |k[r']+ (iy/n)| > 4.
Thus, by applying Lemma 4.8 (note that “r,” “r’” in Lemma 4.8 are the reverse of what
they are in the present discussion), we obtain

U(k[r']) — O (k[r]) > ﬁ -d - Dist(k[r'], F" (Kcyit))

Thus, using Lemma 5.1 (and the fact that d + |k[r']] < 2 - d < d?, by Lemma 4.1, d > 2)
as in the preceding paragraph, we obtain:

k[r'] + N\, ) — .
‘ ( [ ]r ).qgc(k[ D=¥ D . 3 (o r]oe)

< ¢21og(d)-Dist (k[r'].F" (Kexn)) . | 158

_ e(2-log(d)—1m(7—or)~ ﬁ)-Dist(k[r’],Fr(Kcrit))

Dist(k[r'],F" (Kcrit))
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Also, let us observe that since r < ' (so k[r'] ¢ F"(Kcyit) C FT'(KCM)), we have
Dist(k[r'], F"(Kcyit)) > 1.

Now let us assume that

- 15+ (log(n)/log(d))} - 16

Im(7o,) >
T

-log(d) - n

Then it follows that

2 -1og(d) — Im(7e) - =~ < —{3 + (log(n) /log(d))} - log(d)

16—77/ =
+ ({5 + (1og(n) log(d))} - log(d) — Im(ror) - 7= )

< —{3 + (log(n) /log(d))} - log(d) = —3 - log(d) — log(n)

In particular, it follows that both of the terms (cf. the treatment of cases (i), (ii) above)
which appear in the components of Msemi have absolute value < e~3108(@)~log(n) — (5 .
d?)~1. Thus, since there are two terms involved, we obtain the following result:

Lemma 5.3.  If the condition

- 15+ (log(n)/log(d))} - 16

Im(7o;) >
T

log(d) - n

1s satisfied, then the components of the matrix Msemi have absolute value < n?dg. In

Zcigticular, the components of the matrix Mgl - Mgemi have absolute value < d - % . n?dg <

Proof. The statement concerning the absolute values of the components of Mgen,; was
proven in the above discussion. The statement concerning the absolute values of the
components of My b Mgemi follows from this estimate, plus the estimates of Lemma
5.2 (together with the fact that these matrices are square matrics of order equal to the
cardinality K2 < [Keyie| = d of K22, O

Now we come to the invertibility of the original matriz M. Note that

Mgl'Mdéfl‘i‘Mgl'MSemi

Write M/ def -M, L. Msgemi- Then by Lemma 5.3, the components of M’ have absolute
value < d=2. Thus, for any nonnegative integer N, the components of (M')V+! will have
absolute value < d=2 - (d - d=2)N = d=N=2 (where we again use the fact that |[K2¢mi| <
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|Kcrit| = d). Thus, the series )y~ (M')¥ converges to a matrix whose components have
absolute value < (1 —d~1)~! < 2. Moreover,

M~ = ( 3 (M’)N> M;!

N>0

Thus, (applying the estimates of Lemma 5.2) we see that we have proven the following:

Lemma 5.4.  Under the hypothesis of Lemma 5.3, the matriz M is invertible, and the
components of its inverse have absolute value <2-d- 2 < d-n.

Now we would like to consider the analogous problem for the 39 S to the problem that
we solved in §3 for the ZS%: Namely, let

d—1

3N 40 30¢

r=0

be a C-linear combination (i.e., the 7, € C) of the 3.

Suppose that ||3|| = 1. Then to what extent can one bound the g, et v 2

Since ||3]| = 1, and the UE (k € Z) form an orthonormal system in L?((S1)s.), it follows
that the coefficients of the UX (in the “Fourier expansion” of 3) are < 1. In particular,
for each v’ =0,...,d— 1, the coefficient of Uskc[r] ts < 1. Thus, we would like to analyze
these coefficients in a fashion similar to §3. Unfortunately, however, the present situation
is somewhat more complicated than in §3, so we must break the situation down into two
cases.

First, we consider the case 1’ ¢ R(Sfr?g‘ This case is the simpler case since it may be
reduced to the results of §3. More precisely, let us observe that for /' ¢ R%‘J;?t“, there do

not exist any k € Kgem; such that Crit(k) = k[r/]. Thus, if we just look at the coefficient

of Us{f;[T ], SSG is ezactly the same as Z$S. Thus, we obtain exactly the same inequalities

r’ I{ZT'/ +/\r N .
> %( bl )-q;%(’“[ DD X (klr)er) | <1

r
r=0

as in §3. Note that since r’ € R%i?t“, any r < r’ will also € R%‘irft“ Thus, for the r appearing

in this sum, we also get similar inequalities (obtained by considering the coefficient of Uﬁ;m ).
In particular, by the analysis of §3 (more precisely: by Theorem 3.3, (2)), we obtain the
following result:

311



Lemma 5.5.  Suppose that Im(7o,) > 22 - log*(d). Then |y, < €294, for all r ¢ R3S

Next, we consider the case r’ € R%‘i‘gl This case is the more difficult of the two cases.

First, let us observe that by looking at the coefficient of Uskc[r ], we obtain an inequality

d—1
‘ Z r - Coeff k['r"] ‘< 1

r=0

analogous to the one considered in the “¢ R%‘?lrt“ case.” Thus, under the hypothesis of
Lemma 5.5, we obtain

‘ Z ’77"' r,r’

=] ¥ - Coeff (359 |

re R reRES
<14 Y ool (359 |
TR
< 14204, Z ) CoeHUk[r/] (BSG) ‘
PR )
Now we have the following result:
Lemma 5.6. Letr € [0,d — 1)1y, 7' € RS, Then ‘ Coeff /]( ‘ < 23d-1,

Proof. Note that \If(Serm(k[ CJ)) U (k[r]) always, and W(k[r']) > W(k[r]) if » <7’'. On
the other hand, Coeff 1(359) is given by

k ! +)\7" r'— r
( [’ )’qs‘lé(’“[ D=¥(RID) .y (kT

N (Semi(k[r’]) + Ar

; ) - q Y BemiCk D) =W Ly (Semi(k[1']) et )

where the first term is zero if » > 7/ (since then k[r'] € F"' 1 (Kcy) € F"(Kcuit), 0
Elr'] + A € [0,7 — 1]1nt). Since the exponents of gs. appearing in the nonzero term(s) are
> 0, we thus obtain that this coefficient has absolute value <

‘ (k[r’]r—i— AT) ‘ N ‘ (Semi(k[:’]) + )\T) ‘

- Dist(k[r'], F"(Kcyig)) + 7 — 1 n Dist(Semi(k[r']), F" (Kcyit)) + 7 — 1
- r r
< 2Dist(k[r’],FT(KCrit))—i—d—Z + 2Dist(Semi(k[T’]),FT(Kcrit))—l—d—Z < 22d—2 + 23d—2

S 9. 23d—2 — 23d—1
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(where we use Lemma 5.1, d > 1, and the estimates

Dist(k[r'], F" (Kcrit)) < [k[r] — Avg(F" (Kcrit))| <

[\CR S
IA
SY

N =

and

Dist(Semi(k[r']), F" (Kcrit)) < |[Semi(k[r']) — Avg(F" (Kcpig))| < [Semi(k[r'])] + %

1 d 1
< d+ |k[r —<d+-+=<2d
< +|VH+2_ +2+2_

—cf. Lemma 4.1). O

Thus, applying Lemma 5.6 in the above discussion, we obtain:

Z Yy - Mr,r’ <1+ 626-d . |[07d . 1]Int\R%erIiItli’ . 23d—1 < d - 626-d . 23d < d - 629~d

Semi
reRCrit

On the other hand, by Lemma 5.4, M is invertible, and the components of M~! have
absolute value < d - n. Thus, we conclude that, under the hypothesis of Lemma 5.3, we
have:

”77“‘ < ‘R%e;rlrtnl . (dn) -d-€29'd < n.d3_629~d < n_eSO-d

(since d < esd for d > 6) for r € R3S That is to say, we have proven the following
analogue for the BSG of Theorem 3.3:

Theorem 5.7.  Suppose that d > 12, and

2 1
Im(7o) > 32 -log*(d) + 50 -n - log(d) + W, n - log(n)
7T ™ T

and let 3 Zf;é v -39 be a C-linear combination (i.e., the v, € C) of the 35“. Then

(1) If the |y.| < 1 forr = 0,...,d — 1, then the L*((S1)sc)-norm of 3
satisfies: ||3]] < d? - €31 < e,
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(2) If I13]] < 1, then the |y | < n- e for allr = 0,...,d — 1, and
el < €264 if r ¢ RSom.

In particular, if we orthonormalize the BSG to form

OocC (e]6}
0o > "73d71

— which are unique if we stipulate that the leading coefficient of 390 (i.e., the coefficient
of BSG in the linear combination of SOCG, e ,SSG that forms 3?0) be positive — then the
coefficients of the BSG in each 380 have absolute value < n - e3>, and the absolute values
of the leading coefficients are > d=2 - e=3% > =44,

Proof. Note that the hypothesis of Theorem 5.7 implies the hypotheses of Lemmas 5.3,
5.4, 5.5. The final portion concerning the 3¢ follows formally from (1), (2) (cf. the proof
of Theorem 3.3). Moreover, (2) is precisely what was proven above (cf. Lemma 5.5 for
the last part of (2)). Thus, it suffices to prove (1). To prove (1), it suffices to bound the

absolute value of the coefficient of each Uskcr/] in BSG (for 7,7 = 0,...,d — 1) by e3?. For
' ¢ RI™ (as discussed above) the 39 look exactly the same as the ZSG, so we obtain

the estimate “< e (< eSd)” as in the proof of Theorem 3.3. For r’ € R%ﬁﬁ‘gi, the coefficient

of UL has absolute value < ¢3! by Lemma 5.6 (cf. the proof of Theorem 3.3). This
completes the proof of (1). O

It thus remains to deal with the discrepancy between BSG and the original ($¢. This
discrepancy may be dealt with exactly as in the proof of Lemma 2.1 in §2 (where we dealt
with deformations of the discrete Tchebycheff polynomials). Indeed, let

def k+)\r — r ri
(Ooh e 3 ( i >.q§i<k> W(klr]) O (k)
keZ

k + )‘T - r ri
_ 306 4 3 ( i ) | QEI-VGED | Ot (k)
kez\(KCrit U KSemi)
be the series obtained by restricting g "IN i ¢C% to py C (SY)se. Let
d—1
CHENT A, (CGH
r=0

be a C-linear combination (i.e., the 7, € C) of the ¢ " Moreover, let us assume that
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d—1

3E N 4,300

r=0

satisfies ||3]| = 1. Then we would like to bound ||[CH|| from above and below. In the
following discussion, we assume that the hypotheses of Theorem 5.7 are satisfied. Then by
Theorem 5.7, (2), we obtain

el < e

for r = 0,...,d — 1. On the other hand, by Lemma 4.2, for k € Z\(Kcyit | Ksemi), we
have |k| > 3d, U(k)— W (k[d—1]) > {5 -d-|k|. Thus, (by Lemmas 4.1, 5.1, and the estimate
Dist(k, F"(Kcyit)) < |k — Avg(F" (Kcrir))| < k] + %) we have:

‘ (k —+ )\T) ) q;I‘/:(k')—‘I/(k:[T]) ‘ < (Dlst(k’, FT(KCI‘it)) +r— 1) . |qSC|\II(k)—‘I/(k[d—1])
r o r

< oDist (k, F" (Kcrit))+r—1 -d-|K| < olkl+3+d—2

B Lok
' |qsc| 16 ' ’CIOr’w K]

< 231kl |qor|11_6"k| < o3|kl — 35 Im(7or) - K| < elkl-3=F Im(7or)

Now let us assume that

e 2
c g Im(7ey) —3 > 62+ pi -log(n)

Then it follows that

k4 .
I¢oeH — 396 < ™ | ( >.q;g<k> ¥kt

r
kE€Z\ (Kcrit U Ksemi)

< Z o—C'lkl

kE€Z\(Kcriv | Ksemi)

<9. Z o—Ck

k>1d

<2.¢7300 (1 — ¢ C)l <g.e 204

(since C' > 1 implies ¥ > e > 2, s0 (1 — e~ %)~ < 2). Thus, since %C’ > 31+ %, we
have:
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d—1
1CH =31 <D bl - 1IG7SH = 379

r=0
(n- €30~d) (4 6—%C~d)

d-(31-%0C)

IN

IN

‘n-e

1

. elosm) _ 1

2

AN
N =N = &

(where we use that d > 4 implies 8d < e?). Thus, since ||3|| = 1, we obtain

<1311 =113 = K < MIcHIT < NIck = 31+ 11311 <

N W

<2=2-|3]

N |

1
3 |13]] =

This is the desired bound on ||[¢*||. Thus, we have proven the following result, which is
the main result of the present §:

Theorem 5.8.  Suppose that d > 12, and

Im(7or) >

i<

80 16 ]

and let ¢ &ef Zf;é Y- g P -¢CY be a C-linear combination (i.e., the v, € C) of the
geo KD CCG. Let us write
1€ let

for the Lz(y,d‘) norm (i.e., the norm for which UL, UL, ... U3=1 are orthonormal) of the
function (Uey™ - Olp,c(st)e- Then

1) If the |v,.| <1 forr=0,...,d—1, then we have: ot < 2:d2-e30 < etd,
( ) ,7 2 ) )

(2) If |[C|let < 1, then the |7T] <2n-e3%% forallr =0,...,d—1, and
el <2020 if r ¢ R

In particular, if we orthonormalize the qs_cql(k[r}) - ¢SS to form
OC oC
0 s 8g—1

— which are unique if we stipulate that the leading coefficient of (9 (i.e., the coefficient
of ¢SC in the linear combination of (§C,...,¢(CY that forms (OC) be positive — then the
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coefficients of the (S in each CSC have absolute value < 2n-e3°¢, and the absolute values
of the leading coefficients are > e~*%.

Proof. One checks easily that the hypothesis of Theorem 5.8 implies both the hypothesis
of Theorem 5.7, as well as the assumption

2
g In(7r) = 3> 624 - log(n)

made above. Then (1), (2) follow from the corresponding assertions of Theorem 5.7,
together with the inequalities

1
5 Bl < Kk <2 1131

derived above (which hold even if ||3|| # 1). The assertions concerning the (9 follow
formally from (1), (2) (cf. the proof of Theorem 5.7). O

Remark. Thus, stated in words, Theorem 5.8 asserts that:

IfIm(7y,) is sufficiently large (roughly > the order of log®(d), when n is
held fized), then up to a factor of order n - C?% (for some constant C),
the L?-norm on the complex vector space generated by the qs_cqj(k[r}) (LG

(forr =0,...,d—1) is the same as the norm for which these functions
qs‘c‘l’(’“[’"]) ¢SS (forr=0,...,d— 1) are orthonormal.

Note that the factor of n in “n - C%” is precisely the archimedean analogue of the scheme-
theoretic zero locus of the determinant given in Chapter VI, Theorem 4.1, (2) (cf. also the
Remark following Lemma 4.4). In some sense, of the three models (Hermite, Legendre,
and Binomial) discussed, the (full) binomial model is the closest archimedean analogue to
what is done in Chapter VI at finite primes. Unfortunately, however, the estimates for the
binomial model only hold when the elliptic curve in question is fairly close to infinity. This
degree of proximity, i.e., log? (d) when n is held fixed, is not so outrageously large in the
sense that, roughly speaking, Im(7o,) should be regarded as being roughly on a par with d
in terms of size (cf. the discussion of “natural variables over F;” in Remark 2 at the end
of Chapter VII, §6). Thus, in some sense, to require that Im(7,,) be at least of the order
of logz(d) is a “logarithmically weak” requirement on the proximity to infinity.
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§6. Relations Among Various Norms and Zeta Functions

In this §, we prepare for the discussion of the Hodge-Arakelov Comparison Isomorphism
in §7 below by relating the material of §1 through 5 of the present Chapter to the theory
of §4 through 6 of Chapter VII. That is to say, throughout Chapter VII and the present
Chapter, various canonical norms on function spaces, as well as various canonical zeta
functions were introduced. The reason that so many such objects were introduced was
because each one relates to a certain piece of the fundamental problem of relating the
natural metrics on the function spaces of “de Rham functions” and “étale functions” to
one another (cf. the Introduction to Chapter VII). Thus, the purpose of the present § is
to explain how to put these pieces together.

We continue with the notation of §5. In addition, we suppose for simplicity that

d > 25

Let us review the situation that we are in. First of all, we have our “original” elliptic

curve B, def (Gm)or/q%, together with our “scaled” elliptic curve F. def (Gm)sc/qZ,

where o, = €*™7or | gy, = 2™ 7o = d - Ty, and (G )or = (Gm)se. Thus, we may think
of Fs. as a quotient

def def

Eor (Gm)or/Q?r - ESC = (Gm)bc/qszc

of E,;. The pull-back morphism on differentials thus induces a natural isomorphism

Laiff : WE,, = WE,,

Note that this quotient map extends to a push-forward morphism on the universal exten-
stons of Eqy, F:

0 — WgE,, —— Esy — FEyp — 0

ow |

0 — wg. — EJC — Ee — 0

One checks easily that the push-forward morphism induces the map d - tqig on wg,, =
wg,.- In the following discussion, we would like to think of 75, = wy, (respectively,
Tg,, = wp_) as the space of (linear) functions on the wg,, (respectively, wg,. ) portion

of E;[r (respectively, EJC ). From this “function-theoretic” point of view, we obtain an
1somorphism

lftunc * TEs. — TEo,
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where tfunc def (d-taig)” -

Next, we would like to consider various trivializations of 75, , Tp,.. If we think of
E,. as the elliptic curve “E” of Chapter VII, §4,5, then we have the trivialization “6v”
(cf. Chapter VII, §4,5) of 75, which is determined up to multiplication by an element
€ S C C* by the property that its norm with respect to the metric “|| ~ ||, of Chapter
VII, 84, is 1. Let us denote this trivialization by ©pr .. Put another way, if we regard
Es. as the “E” of Chapter VII, §4,5, then Opgr s may be identified with the exterior
derivative of the function “Ipr” on Chapter VII, §4,5. Similarly, we have a metric “|| ~ ||,”
(as in Chapter VII, §4) on 7, which gives rise to a trivialization ©pgr o of 75, whose
norm is 1 and which may be normalized by requiring that it be a positive multiple of
OpRsc € TE,, = Tg,, (where “=” is either L(\i/hcf OT Lfync — both give the same result since
they differ by a positive multiple). Since the metric “|| ~ ||.” of Chapter VII, §4, is defined
by integration, and integrating the pull-back to E,, of a (1, 1)-form on Eg. differs by a factor
of d from integrating the form on Ex., we thus obtain that d2 (Opr,or)Y = L&#((@DR’SC)V),
which implies (by taking the dual) d~= - ObR,or = ti(ODR,sc), hence (by multiplying by
d%):

1
GDR,or =d 2. qunc(@DR,sc)

« 2

On the other hand, in Chapter VII, §5, we also considered the trivialization ﬁw)
(where U is the standard coordinate on Gy,), which gave rise to the function “Tsw” of
Chapter VII, §5. Let us write Ogw s (respectively, Ogw o) for the trivialization of wg,__
(respectively, wo,) defined by m (respectively, m). If we think of the elliptic
curve “E” of Chapter VII, §5, as being E,., then one may also think of Ogw s as the
exterior derivative of the function “I'sw” of Chapter VII, §5. In particular, it follows from

Chapter VII, Lemma 5.2, that

N[

®DR,SC — {87T2 Im(Tsc)} : GSW,SC — di% : C’or : @SW,SC

where Cyop % {872 - Im(7o;)} 2. Similarly,

@DR,or - C101? : C'-)SVV,or

Remark. One convenient way to keep track of the various trivializations introduced above is
to think of them as functions on the “wg,__ (respectively, wg,__ ) portion” of E;rr (respectively,
ESTC), hence as linear functions (well-defined up to some constant term, since E;fr, ESTC are

torsors) on the d-torsion points of E(J)rr (which map to the d-torsion points of ESTC) From
this point of view, we see that (if we neglect the constant term, then) Ogw or (respectively,
Osw sc) takes values € é - Z (respectively, € Z) on the d-torsion points (cf. Chapter III,

Corollary 5.9) of EII. Thus, in summary, the values taken (if we neglect the constant term,)

by these functions (trivializations) on the d-torsion of Ej:r are given by:
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Oswsc : € Z ObRsc : € j% -z
© etz © e o7
SWor : € d DR,or * € d

As we will see in the following discussion, these factors of d, dz that occur are related to
various scaling issues, of the sort discussed at the end of Chapter VII, §3.

Next, we would like to apply the theory of Chapter VII, §5, relating the de Rham and
Schottky- Weierstrass canonical zeta functions in the case where the elliptic curve “E” (of
Chapter VIIL, §5) is Fy.. First, let us write (S)sc € (Gm)se for the copy of (S')s in
(Gm)sc- Note that (S1)s. also injects into Eq. via the projection (G, )sc — Egs.. Moreover,

(S1)se C FEi. lifts naturally (and uniquely!) to a closed subgroup (S')s. C ESTC. Thus,
we may restrict the relations of Chapter VII, Theorem 5.3, to (S')s. C ESTC. Note that
the functions “Tsw” and “Ipr” of Chapter VII, §5, are zero on (St)s. C ES]LC. (This

Y Y

follows since the canonical sections of EjC — F.. used to define “Tgw” and “Ipr” are

continuous homomorphisms, hence map (S')s. C Fi. into (S1)s C ESTC) Also, note that
although the theory of Chapter VII, §5, was only given in the case of a trivial character
X, it generalizes immediately to the case of an arbitrary character y (cf. Chapter IV,
§3, especially Theorems 3.2, 3.3), for instance, by “transport of structure” relative to
the automorphism of “E” given by translating by an appropriate torsion point (cf. the
discussion immediately preceding Chapter VII, Theorem 6.7). Thus, by Chapter VII,

Theorem 5.3, we obtain (for r € Z>():

[r/2]
7! 7! (- u)™
sy = dr 6Pl = cr - d5 > Cml K= ICHN
or m=0 ’

(where (55 is as in Chapter VII, §6). Thus, in particular, if we think of ¢35 as a section

of the line bundle £X, on Ey. corresponding to x (cf. Chapter VII, §6) over ESJ[C, then the

leading term of (35, i.e., the image of ¢35 in (F"1/F")(R J[) ®op,. LX, is equal to a
El sc

o

unimodular multiple (i.e., S C C*-multiple) of

1
Cgr : d%

1
Qr _ Qr — Q9T
’ @DR,SC - Cr ’ @DR,or - @SW,or
or

while the norm of ¢35 with respect to the metric “|| ~ 22 " of Chapter V1L, §4,5, which

we denote here by || ~ ||pRr sc, satisfies (by Chapter VII, Corollary 5.4, and the fact that

& S )

e” /8m-r-d\3 _ /8maNT (r-d)E
163 lpmse < 165 Ipmse 37 () = 165 Rse e ()
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Finally, by Chapter VII, Lemma 6.5 (where we take “P(—)” to be 1, and change the

variable of integration from “k” to x Lt {Z Im (7o)} 2 - k), we have:

SS||2 = ZTW'Irn(Tor)'(iX/n)2 . (47T—d)%/ _de
HCO HDR’SC ‘ 82 . Im(Tor) R ‘ !

_ o B Im (o) iy /m)? | (Ar-d)? - CLt 72 =21 (d)C2)2 e and
Thus:

1 ( or"L'X/”rL)2 . d %
||CTSSHDR,SC <100 - (d/C’gr)Z -eCT - (50/Cip)" - (r-d)

In the following discussion, we would like to think of the metric || ~ ||pRr sc, as well as
the metrics || ~ [|ren; || ~ [|w,p, of §2, as being metrics on the spaceI'( B, LX. ®o, R T)’
a B

sc

which we think of as the subspace
[(Ese; L3, ®0p,, R +) < L((SY)se)
ESC

where the map “—” is obtained by dividing by the trivialization ngmy generated by
here th “” is obtained by dividing by the trivialization “Ucy -6 ted b
¢58,...,¢58, ... (i.e., (5% and its derivatives).

On the other hand, let us write || ~ ||sg for the metric on I'(Fy., LY ®o, R T) for
ESC
which the ¢35 are orthonormal. Then by Chapter VII, Theorem 5.3, we have:

/2

d>\" bR () L
(Cor> o |<S”S°_mz::() ol (r —2m)) o2l

which shows that (for r < d)

1 [r/2]
d% r ' r
(&) - IePMlss < - 3" D < e¥or {14 (r/C2)
or m=0 or

(where we use that

dr—m _ dr—m r—m cor dr—m
m!(r —2m)! = (r —m)! m )~ (r—m)!
< 627' . dr_m < 62T+d < eSd
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by Chapter VII, Lemmas 3.5, 3.6). Since, by Chapter VII, Corollary 4.6, Lemma 6.5, we
have:

27\ 1 21)" 1 (Cor-in /)2 1 1
1P b 2 (Z20) PR e = (ZE) 7 58 om0y,

we obtain:

N

DR||—1 DR _ Corviy/m? - (r!)
HCT‘ ||DR,SC ’ HCT‘ ||SS S € gmd ' 27_(_)

(Cop /)2 1 {1+ (1/C2)}" - >

I3

~~

_ (Oor'ix/n)2

<e T.(T!.d—"”)%<

Cor+m-Co\" r-Col® 4,
1 or> . 1 - €
(2m)2 dx

Thus, in summary:

Lemma 6.1.  Forr <d, the metrics || ~ |[pr.sc, || ~ [|ss on I'(Ese, LX @0, FT(R T))
ESC

satisfy:

Bl

Corin/m? gy ) 11 ( (2m)3 )T
e 8nd - (d nz . ———~2 -(d
(d"/r!) o+ nC (

PN

- CHAHT |~ lss < || ~ [|DRyse

o (50/Cor)" - 100 (d°/C3)% - || ~ [Iss

Proof. This follows immediately from the above inequalities: Indeed, if ||¢||ss < 1 (where
¢ € I'(Bye, LL oy, F"(R T)»’ then ¢ may be written as a linear combination of the
E

sSC

¢58 with complex coefficients < 1. Thus, ||#||pr.sc may be bounded using the bound for
1¢58||pR.sc obtain above. Similarly, if ||¢||pr.sc < 1, then ¢ may be written as a linear

combination of the HCPRHB%-{’SC - (PR with comple; coefficients < 1. Thus, ||¢||ss may be

bounded using the bound for ||CPR||5%{’SC -11¢58||gs obtain above. O
Remark. Note that (for r < d), we have:

(dr/’/")% .d=2. ¢34 > e—4d

(r-d)z .d2<e’”-(r-d)§

. o d2<e - (d/r):-d><e-d* e
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(cf. Chapter VII, Lemmas 3.5, 3.6), where we use that d? < e? since d > 10. It thus
follows that:

If 7or s restricted to vary in a compact subset of the upper half-plane,
then || ~ |lss and || ~ ||prse differ from each other by a factor <
constant - e*?

In fact, even if 7, is not restricted to vary inside a compact set, the “constant” in this
(Cor-ix /m)?
statement is bounded by (some absolute constant)? times e =1 - (Cop + C21)%. Note,

in particular, that:

Despite the fact that the “leadmg term” of (35 (cf. the above discussion)
goes like or @%ﬁ or = @SW or: the absolute value of ¢3S with respect

to || ~ HDR,SC (a norm which is based on a Opr sc-type scaling of R t
E

not a OpRr. or-type scaling!) goes (at least for compactly varying Im(T():(j,
and up to a factor of constant - e*¢) like ~ 1.

This discrepancy of roughly a factor d (when Im(7,,) varies compactly) in the portion
of torsorial degree r, i.e., a scaling factor of d%, is the phenomenon of analytic torsion —
cf. Remark 1 following Chapter VII, Corollary 4.6, which concerns a factor of (r!)% ~ dz
(as r — d) in the portion of torsorial degree r. This analytic torsion may be regarded as
the analogue at the infinite prime of the factors of 1 that must be added to the integral
structure of the portion of torsorial degree r in the ﬁmte prime case (cf., e.g., Chapter V,
Theorem 3.1).

Next, we would like to recall from §2 the relationship between || ~ ||ss and || ~ ||ren-
First, let us recall from the first part of the proof of Lemma 2.1 that if ||¢||rcn, = 1 (for
¢ € I'(Eye, LE. @0, FT'(R ]L)), r < d), then ¢ may be written as a linear combination of

Eg

the ¢35 (where /< r) with complex coefficients of absolute value

<% 47“

Thus, we conclude that on I'(Eyc, LY ®o,_ F'(R T)) (where r < d), we have:
E

|~ lss <77 -e* || ~ ||7en

On the other hand, from the definition of || ~ ||1cn, we have

T
D

2r

Q| =

1G5 e = =+ > [(/d) -

VAN

Ul

’ Q.
Dy

<.
Il
=
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where [4 is as in §2, hence satisfies 0 < Iy < 3. Thus, on I'(Es, L ®0, . F"(R : )) (where
ESC

r < d), we have:

|~ flren <7 -]~ [lss

We summarize this as follows:

Lemma 6.2.  Forr <d, the metrics || ~ [|ren, || ~ [lss on T'(Ese, £X ®0p,, FT(R 1))
ESC

satisfy:

_ 9
r e~ fleen < [~ Hlss <72 e~ lren

while the metrics || ~ |[Tcn, || ~ [|DR,se on T'(Ese, L oy F'(R T)) satisfy:

sc

(Cor'ix/n)Q_gd 1 (271-)% r 3 2 1 _
e Tsar T —3d (g Tg2.<—> (i el ~
@/ (Gramr) | 2]~ fhren

S H ~ HDR7SC

< e(coréirxd/")z ) (7’ . d)%

: (es/cor)T - 100 - (dlz/cor)§ |~ [|en

r!

w.lt, (cf. §2), || ~ |Ipr,se on I'(Ese, L, R0p.. FT(RET )) satisfy:

sC

Finally, the metrics || ~ |

(Corix /n)? _

e maq——3d, (dr/T')% . ( (271-)%

64 * a2 * (Cor +7r * C(;‘l
< || ~ [IpR,sc
(Corvix/m?  (r-d)?2

< e 8md
- r!

)@~ o,

(€% /Cor)™ 200 - (d2/Cop)% - || ~ |

w.l,

where a is a positive integer satisfying a > 8 + (7 Im(7,)) 7L
Remark. Thus, stated in words, the above Lemma asserts that:

When Tm(7o,) varies compactly, || ~ |[prsc and || ~ ||w p_ differ by at
most a factor of (constant)?.

Thus, || ~ [Ipr.sc; || ~ llss; || ~ [ITen; || ~ [lw, g, belong to “the same equivalence class”
— i.e., in the sense that when Im(7,,) varies compactly, they differ by at most a factor of
(constant)?.
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Similarly, we may recall the relationship between || ~ ||ss and the (¢, as follows. Let
us write

| ~lloa  (respectively, || ~ [lqca)

for the metric on I'(Eye, LX. ®o,. . FY(R 1 )) for which the (¢¢ (respectively, q;;ql(k[r]) (LG
Ebc

— notation of §3,4,5), where r = 0, ... ,d — 1, are orthonormal. Recall from the proof of
Chapter VII, Lemma 6.2 (i.e., in essence, Chapter VII, Proposition 3.3), that (¢ is a
linear combination of CES, ..., (38 with complex coefficients of absolute value < e27+¢,
Thus,

1G7Css < (r+1) - €™

In particular, on I'(Ey., LY. ®o,_ F'(R ]L)) (where r < d), we have:
E

sc

| ~|lss < 72- €| ~ ||ca

On the other hand, if we consider a linear combination of ¢, ..., ¢(¢% whose || ~ ||7en =
d~!, then we see that the issue of bounding the coefficients of such a linear combination
is exactly the same as the situation considered in §3, except with |gsc| = 1. (Indeed,
note that if we set |gs.| = 1, then in the context of §3, || ~ ||Ten = d~! means that the
usual L?((S1)s.)-norm of the corresponding linear combination of Z§¢,... Z¢% is = 1.)
Thus, by specializing what we did in §3 to the case where |gsc| = 1, we see that the
coefficients of this linear combination are bounded by a sum of 4" terms, each of which
has absolute value < r?" (cf. the bounding of the “binomial coefficient portion of the
Clr,rm] - Clri,ra] ... - Clrj—1,7;]” in §3). Thus, the coeflicients of the linear combination
under consideration have absolute value < 47 - r2". In particular, we obtain that on
['(Ee, L, @05, FT(RET )) (where r < d), we have:

| ~llog <7477 -d- || ~ ||ren

¢

Finally, the leading term of is equal to the leading term of ¢(YP. That is, in summary:

Lemma 6.3.  Forr < d, the metrics || ~ |lca, || ~ |lss on T'(Ese, £ @op,, FT(R 1))
ESC
satisfy:

A4 2 )~ lee <~ lss <7 @3] ~ lea
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and (for 0 <r < d—1) ¢SS has the same leading term (i.e., image in T'(Eye, LX. R0g,.
(F™Y/FT) (R T))) as 4 - (55, On the other hand, (for r < d) the metrics || ~ ||ca,
E

r!

[~ llpr.se on T(Eee, L3 ®0p,, F'(R 1)) satisfy:

(2r)2
4(Cop + 7 - Cor?)
< || ~ |IDR,sc

X2 n)2 . 3
< e(corsﬂ'xd/ ) ) (7’ d) 2

(Oor"ix/’”)2 _

e wad———3d, (dr/’l“')% Lp2r=2 (

) (@G~ Hloa

(€7 /Cor)? - 100 - (d7/Cor)? - || ~ ||ca

rl

and (for 0 <r < d—1) ¢SS has the same leading term (i.e., image in T'(Ey, LX. Rop,,
(FT/F) (R 1)) as g - 6%
Esc or ©°

Remark. Thus, stated in words, the above Lemma asserts that:

When Im(7,,) varies compactly, the ||(C€||prsc are bounded by a fac-
tor of (constant)?, but if one expands (CC in terms of an orthonormal
basis for || ~ ||pr.sc, the resulting coefficients have rather large absolute
values, i.e., of the order deonstant-d,

Put another way, whereas || ~ |[pRr.sc; || ~ |lss; [| ~ [[Ten; || ~ |[w,p, belong to “the same
equivalence class” —i.e., in the sense that when Im(7,,) varies compactly, they differ by at
most a factor of (constant)? — the metric || ~ ||cq lies outside this equivalence class. That
is to say, it is bounded below by metrics in this equivalence class, but not above. Moreover,
this obstruction to bounding it above by metrics in the said equivalence class arises not
from letting the elliptic curve in question degenerate, but from the combinatorial portion
of the coefficients involved.

Finally, we consider the Hermite model. Let us write

||~ [,

for the metric on I'(Eyc, £X ®o,. . FH(R + )) for which
ESC

2 2
1P(6%) - CollAn, d:f/ ‘P(s)‘ Lem 36/ . g
R

where 74 & {d/4m-Im(7,,)}2 (as in Chapter VII, Theorem 6.7). Thus, the ¢;™9, ..., M

(of Chapter VII, Theorem 6.7) are orthogonal for || ~ |[mu,, and ;" - |[¢GFMa |2y, =
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(27)2 - r!. Recall that the ¢#™Md are the canonical zeta functions associated to the (scaled)
Hermate polynomaials

Hr(s/fyd)

where H,(—) is as in Chapter VII, Proposition 2.2. Let us write

[~ (IR se

for the metric on I'( By, £X, @0, F4R ]L)) denoted by || ~ [|r2(k,.) in Chapter VII, §6,
ESC
and by || ~ |[z2 in Chapter VII, §4. Note that

d ))%(27‘_)%

SS SS 25 I (7or)- (ix /)
G851 = G581 e = e ™ (L

27“~Im(7'or)v(ix/n)2

|

:(277) Vg e

(cf. the discussion preceding Lemma 6.1), and

r! 2 1 27 Im(7or)- (iy /1)2
H <(27T>%> CPR HRsc =l |’€(])DR”%,,SC - (27T>2 -l “Yd e T (7or)- (i /n)
(cf. Chapter VII, Theorem 4.5). Now, if we write

[[Cet

(as in Theorem 5.8) for the L?(u,) norm (i.e., the norm for which vl Ul ... udt

are orthonormal) of the function (Usy'™ - () [, C(S1)..» then we obtain from Chapter VII,
Theorem 6.7, that:

Lemma 6.4. If we fix a nonnegative integer r < d and let d — oo, then on
['(Ese, LE, @05, (R T))’ we have:
ESC

_1 ) _1 ] 1
lim ”Vd2'||’\“||et = lim ’de‘HNHHMd = lim ”de'”’\‘HR,sc
d—oo d—o0 d— oo

(where all three sides are finite) and || ~ ||rsc < || ~ |IpRsc <™ || ~ ||R.sc-

327



Proof. Note that the inequalities relating || ~ ||r sc and || ~ ||pr.sc result from Chapter
VII, Corollary 4.6 (for p =1). O

§7. The Comparison Isomorphism at the Infinite Prime

In this §, we complete the proof of a theorem, which is the main theorem of this paper,
concerning the behavior of the comparison isomorphism of Chapter VI, Theorem 3.1, at all
the primes of a number field. The behavior of this comparison isomorphism at finite primes
is discussed in Chapter VI, Theorem 4.1; the behavior of this comparison isomorphism at
archimedean primes is the general topic of Chapter VII and the present Chapter. We
refer to the result which encompasses integrality issues at all primes of a number field
as the Hodge-Arakelov Comparison Isomorphism (cf. the Introduction to this Chapter).
In the present §, we complete the archimedean portion of this result, which consists of
showing that the natural metrics on the function spaces of “de Rham functions” and
“étale functions” are close to one another in three senses. These three senses correspond,
respectively, to the Hermite, Legendre, and Binomial Models treated in Chapter VII and
the present Chapter.

We continue with the notation of §5. Write £X, o LX |g,,. Thus, £X is a line bundle
of degree d on E,,. Let

def

g = Gry,

be the theta group associated to this line bundle (cf. Chapter IV, §1). Let us write

Gs1 C G

for the maximal compact subgroup. Thus, we have an exact sequence

O—>Sl—>gsl —>K£(>)<r —0
Note that the kernel of E,, — Eg., together with the line bundle £X., define a Lagrangian
subgroup (cf. Chapter IV, the Remark following Theorem 1.4) H C G. Suppose that V is
an irreducible C[G]-module (such that Gy, C G acts on V in the usual fashion). Thus, V'
is a d-dimensional complex vector space, and the subspace of H-invariants V# C V is a
1-dimensional complex subspace. Let v C V# be nonzero.

Lemma 7.1.  There exists a unique Gs-invariant Hermitian metric (—, —) on V such
that (v,v) = 1.

328



Proof.  Write Ky C K x for the image of H in K.x. Let H' C G be a finite cyclic
subgroup of order d with the property that the image Ky of H' in K,x is such that
Kpx = Kg x Ky, (It is not difficult to see that such an H' always exists — cf., e.g.,
Chapter IV, Example 1.2). Since V is irreducible, it follows (cf. Chapter IV, Example 1.2)
that

V = @ C - g(v)

geH’

For g,¢' € H' such that g # ¢', define (g(v), g(v)) def 1, (g(v), g’ (v)) 4 (). This gives
us a well-defined metric (—,—) on V. On checks easily that this metric is H'-invariant.
Because of the well-known structure of G, (cf. Chapter IV, §1), it follows that if g € H,
g € H', then g(¢g'(v)) = X ¢'(g(v)) = X+ ¢'(v), where A € S C C*. Thus, it is clear that
H also preserves this metric. Thus, it follows that this metric is Ggi-invariant. Uniqueness
follows from the fact that V is irreducible as an Ggi-module. ()

Lemma 7.2. Let {M;(—,—)m} be a pair consisting of a Ggi1-module M and a Gg1 -
invariant metric (—,—)p on M. Then the correspondence

(M5 (=, =)ar} = {M75 (=, =) agm = (=, =) arlarn }

given by taking H -invariants is an equivalence of categories (cf. Chapter IV, Theorem 1.4)
between the category of finite dimensional (i.e., over C) ClGg1]-modules equipped with Gg -
invariant Hermitian metrics and the category of finite dimensional complex vector spaces
equipped with Hermitian metrics.

Proof. Indeed, the functor “—" is clearly well-defined. If {N;(—,—)n} is a finite di-
mensional complex vector space equipped with a Hermitian metric, and {V;(—,—)v} is
a C[Ggi]-module as in Lemma 7.1 equipped with the metric of Lemma 7.1 (relative to
some v € VH) then N ®c V admits a natural structure of Ggi-module (where g € Gg1
acts by g(a® 8) = a® g(f), for « € N, § € V), as well as a natural metric (obtained
by tensoring (—, —)n with (—, —)v ), which is clearly Ggi-invariant. Moreover, it is clear
that “—” associates {N ® V; (—, —)ngv } to the pair {N;(—, —)xn}. Since maps between
“{N;(—,—)n}'s” clearly induce maps between “{N @ V; (—, —)ngv }’s,” we thus see that
the functor “—” is full and essentially surjective. Faithfulness follows from Chapter 1V,
Theorem 1.4. O

Thus, applying Lemma 7.2 shows that the various metrics:

||N||DR,SC§ ||N||Rysc§ ||N||SS; ||N||TCh
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wps I~ e [~ lleas I~ llaca

on the space I'(Fyc, £LX ®0,_ F4YR + )) that we discussed in §5, 6 naturally define metrics

on the space T'(Eor, LY @0, FYR ]L)) (By abuse of notation) we shall denote the
E

resulting metrics on I'(Eor, £X ®0,  F*4R J[)) by the same names.
Es.

)

Note that the morphism Eir — Fgc considered in §6 defines an isomorphism

Bl a = EL %, o

(where EL’[ g 18 as in Chapter V, §2) which, if we identify wg_ , with wg, via tqig (cf.
the discussion at the beginning of §6), induces an isometry between wg,  C Eir,[ d and
wg, =wg, C ESTC X g.. Eor —1.e., both may be identified naturally with “d times the wg, C
EIr.” Thus, we may naturally identify I'(Eor, £, ®0p,. F'(R 2 )) with I'(Eor, LY @05,
Fr (RET )). Note, moreover, that these spaces I'( Eqy, £, ®o§: F"(R i )) are exactly

or,[d] or,[d

1
the spaces the appear in the domain of the evaluation map of Chapter VI, Theorem 4.1,
(2) (when applied to E;).

Next, let us consider the action of Z on $ % {r € C | Im(7) > 0} defined by letting
1€ Z act as 7+— 7+ 1. Write

T ¥ ¢/z

for the quotient of $ by this action. Thus, the function ¢ def exp(2miT) defines a biholo-
morphic isomorphism of 7., with the punctured unit disk {z € C | 0 < |z| < 1}. In the

present context, we would like to think of 7 as a covering space of the analytic stack
./\/l?flo = 9/SLy(Z) (where the quotient $/SLo(Z) is the quotient of § by the standard
action of SLo(Z) in the sense of analytic stacks).

Then let us observe that as the moduli of Eo, vary (i.e., where take “q” in the preceding
paragraph to be qoy ), the metrics defined above all descend naturally from $) to To. (Indeed,
this follows immediately from the definitions.) Moreover, I claim that:

The metrics || ~ ||pr.scs || ~ [|R.scs || ~ |let descend naturally to ﬂ?flo.

Indeed, || ~ ||r.sc is defined by using the canonical real analytic section (ksc)r : (Fse)r —

(Fdc)r (which defines a real analytic splitting of R T) to restrict sections of L£X over EJC
ESC
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to sections over £X. On the other hand, one checks easily (for instance, by considering
torsion points) that the canonical real analytic splitting (kor)r @ (For)R — (E;fr)R is

compatible with (ks )r with respect to the natural morphism Eg, — FEd.. Moreover, (ko )R
manifestly descends from $ to ﬂino. On the other hand, the metric with translation-
invariant curvature on £X. (that was used in Chapter VII, §4) pulls back to a metric with
translation-invariant curvature on L£X,.. Since metrics with translation-invariant curvature
are unique up to multiplication by a positive real number, we thus see that such a metric
descends from $ to M?’no. Thus, in summary, all the ingredients used to define || ~ ||r sc

descend naturally to m?i}, so we conclude that || ~ ||rsc itself descends naturally to
M.

Similarly, the only additional object used to define || ~ ||pRr,sc is the metric on wg,,
defined in Chapter VII, §4, but this metric is equal to d=2 times the analogously defined
metric on wg, (which manifestly descends to ﬂiﬂo) — cf. the discussion at the beginning
of §6 involving Opgr s = dz - ObR,or- Thus, || ~ ||pr,sc also descends naturally to Hi‘fo.

Finally, the metric on || ~ ||es on I'(Eor, £ ®0y, F" (RET )) is clearly equal to the

or,[d]

metric obtained as follows: Since we have a natural inclusion 4F,, C E;rr (d] of the d-torsion

points ¢Eo, of E,, in Ejr [ We may restrict sections s € I'(Eop, LX. ®o,  F"(R t )) to
; or E
or,[d]
dFor to obtain sections s|, g, € LX |, g, . Then

1
sl =2 2> ls(@P

aedEor

(where | ~ | is the chosen metric on £X with translation-invariant curvature), which
. S gan . .
manifestly descends to M ;. This completes the proof of the claim.

Next, we pause to take a closer look at the metric || ~ [|r,sc on ['(Eor, £X @0y,
F"(R : )). Note that we have a natural surjection:
E

or,[d]

F(Eoraﬁé(r ®OE0r FT_H(R T )) - F(Eor7£§r ®OEor (FT—H/FT)(,R ']' ))
E E

or,[d] or,[d]

= (d ’ TEor)T ® F(E0r7 ‘C())(I‘)

Moreover, since all the metrics dealt with here are Gg1 -invariant, it follows that, if we equip

d - T, with its natural metric (i.e., the metric for which ©pg o, has norm d~!), then the

metric induced by || ~ ||r.sc on (d-7g,,)" @' (Eor, L£X,) is equal to some constant times the

metric induced by || ~ ||r.sc on I'(Eor, £X,). By Chapter VII, Theorem 4.5, it follows that
1

this constant is (4" @b, or/Opre)” 11 (EF°) . Since (47 Opror/Oprse) = d ¥,

r!
we thus obtain:
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Lemma 7.3. We have:

Metric induced by || ~ [|r.sc on (d-7g,,)" @ T'(Eor, LX)
(2m)" - r!

%
)1~ Dl on D(Eor, £3,)

= Metric induced by (

Remark. The meaning of Lemma 7.3 is the following: We saw in Chapter VI, Theorem
4.1, that at finite primes, the necessary modification to the integral structure of the space
“(d-71p, )" @ T'(Ex, LX)” that allows one to obtain an exact comparison isomorphism is
a factor of (r!)™! (cf. Chapter V, Theorem 3.1). Thus, by the product formula, assuming
that the modifications to the integral structure are distributed evenly with respect to r,
one expects that the modification to the integral structure to “(d - 1g,, )" @ I'(Eor, L£X.)”
at the infinite primes should be of the order of (r!)™' ~ (d)™! (as r — d) (cf. the
discussion of the “Fundamental Combinatorial Model” in Chapter VII, §3, especially the
proof of Proposition 3.4). On the other hand, Lemma 7.3 states that in fact, for the metric
|| ~ ||r,sc (hence also for || ~ ||[pr,sc — by Lemma 6.4), the corresponding modification to
the integral structure is roughly

(4(2”;; “)é ~ (A7) E ()

(where we ignore factors of the order (constant)?) as r — d. Moreover, let us recall that
these “modifications to the integral structure” are also known as analytic torsion. Thus,
in summary:

Lemma 7.3 asserts that for the metrics || ~ ||prscs || ~ ||Rsc, the
resulting analytic torsion at the infinite prime is roughly the same as
the analytic torsion that one would expect from applying the product
formula (of elementary number theory) to the analytic torsion at the
finite primes.

Put another way, Lemma 7.3 is the analogue for general smooth elliptic curves of Chapter
VII, Proposition 3.4 (which, in effect, concerns “degenerate elliptic curves”). In particular,
Lemma 7.3 leads one to suspect that:

The metrics || ~ ||pRsc, || ~ ||R,sc are natural (rough) candidates for (at
least the “combinatorial” or “arithmetic” portion —i.e., the portion that
does not arise from allowing the elliptic curve in question to degenerate
— of) the integral structure on

F<Eor7[’§r ®OEOr Fd(R T ))

Eor,[d]
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arising from the “étale side” of the comparison isomorphism, i.e., the
metric || ~ [|et-

The extensive calculations of Chapter VII and the present Chapter imply that this intuitive
argument based on the product formula does, in fact, give the right answer:

Theorem 7.4. (The Comparison Isomorphism at the Infinite Prime) Let
ol G./q? (where q = exp(2mit) € Ty ) be an elliptic curve over C. Let d,m > 1 be

integers such that m does not divide d; write n ©f om. Let

£ 0gd- )

where n € E is a point of order equal to m. Write E[J[i] for the result of pushing forward
the universal extension E1 — E of E by the map wg — wg given by multiplication by d.
Write 4E C E for the subscheme of d-torsion points; thus, we have a natural inclusion

i C E[J[ﬂ. Consider the Comparison Isomorphism

= (B L B0, FUR 1)) Ll

(d]

of Chapter VI, Theorem 4.1 (given by restriction sections of L over E[Td] to 4F C E[d]).

Choose a metric | ~ |z on L whose curvature is translation-invariant. Let us regard L|, g
as equipped with the L*-metric defined by | ~ |, i.e.:

def 1
Isl? 2 S s

acq kB

for s € L|,g. Write || ~ ||et for the “étale metric,” i.e., the metric on I'(E, L ®o,
FYR t )) induced by this L*-metric. On the other hand, the canonical real analytic
E
t
splitting xgr : Er — (E[Td])R (i.e., the unique continuous section which is a group homo-
morphism) defines a metric || ~ ||r on T'(E, L ®0, FR : )) by restricting sections of
E
)

holomorphic sections of L over E[J[ﬂ to real analytic sections of L over E, where one has
the L2-metric:

def *
sl < [E i ()[2 - dy

(where s € T(E, L ®p, FY(R + )), and du is the unique translation-invariant (1,1)-form
E

[d]

whose integral is 1). Finally, the section kr : EFr — (E[Td])R determines a real analytic
direct sum decomposition

(R + )R =D 75" © Opg
Era >0
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(where the subscript “R’s” denote that the decomposition is in the real analytic category).
If we use this decomposition to write s € I'(E, L ®p, FY(R .l. )) as s = s[0] +s[1] + ...+
E
[d)

slr] + ..., and, moreover, equip wg with the metric given by:
ol - [ ana
E
then we obtain another metric, the “de Rham metric” || ~ ||pr, on I'(E, L ®p,
FYR t )):
e

def
lsllor, % 3 [E {12 - dy

(cf. Chapter VII, §4, for more details).

These metrics satisfy:

T+r

|~ IR <[ ~[lpr <™ ][~ [r

Moreover,

(1) (Hermite Model) If we fix a nonnegative integer r < d and let d — oo, then on
I'E,L®o, F'(R : )), we have:
E
[

d]

1 . 1 _ _1
dim oy 2l fleg = imoyy [~ v, = imoy 7 [~ IR
1
Here vy def {W‘fn(ﬂ}z, and || ~ ||um, s the metric on the space I'(E, L @0, F"(R i )
E

[d]
defined by considering Hermite polynomials scaled by v, in the derivatives of the theta

functions € I'(E, L) (cf. §6 for more details on || ~ ||mm, )-

(2) (Legendre Model) There is a natural metric || ~ ||ren on I'(E, L @0, Fd(RET )

[d]
which admits a natural orthonormal basis obtained by considering discrete Tchebycheff

polynomials (c¢f. Chapter VII, Proposition 3.1) scaled by d in the derivatives of the
theta functions € T'(E, L) (cf. §2 for more details on || ~ ||1en). In the limit, as d — oo,
with this scaling, these polynomials converge to the Legendre polynomials. Moreover, if
d > 25, then for r < d, the metrics || ~ [|ren; || ~ [Ipr on T'(E, L ®o, FT(RET )) satisfy:

[d]

|g| =22 (ix/m)”
d3.-C1/2 . e5d . (C’—f—C"l)’" ’ || ~ ||Tch < || ~ ||DR

10

ed - db eV\d 1 2
< =) lgl72@ /T |~ e
_( ol ) (C) lq| | ~ [|Tcn
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where C' % {872 . Im(T)}%. Moreover, if a is a natural number, then there is a natural
metric || ~ ||wp, onT(E,LRo, FYR t )) obtained by averaging || ~ ||et with respect to
¢ E
(4]
translates by the a - d-torsion points of E = Gy, /q% arising from the torsion points of G,
(cf. §1,2, for more details). The metrics || ~ ||w,p ;|| ~ |lpr on I'(E, L ®o, F"(R : )
“ E
(4]

satisfy:
|g|~ 2 (ix/n)? _
d8-C1/2.¢% {g2. (C+C-N}r A~ e, <1~ llor
10

< (S5) () lard oo

w, L,

whenever a > 8+ (F - Im(7)) L.

(3) (Binomial Model) There is a natural metric || ~ ||cq on I'(E, L ®0, FY(R : )
t)
which admits a natural orthonormal basis obtained by considering certain binomial coef-

ficient polynomials (cf. Chapter V, Theorem 4.8) (scaled by 1 = d°) in the derivatives
of the theta functions € I'(E, L) (cf. §2 for more details on || ~ ||ren). If d > 25, for
r < d, then the metrics || ~ ||ca, || ~ |[pr on T'(E, L ®0, F4R 1 )) satisfy:

E

[d]
’q‘iﬁ'(ix/nf
e3d . p2r (5. C/2 . {4x(C + C—1)}r .

| ~llce < ||~ llpr

9

<(E)(5) e~ e

Moreover, there is a natural metric || ~ ||qcc on T'(E, L ®0, F4R + )) which admits a
E
[d)
natural orthonormal basis obtained by dividing the binomial coefficient polynomials

in the derivatives of the theta functions considered above by certain powers of ¢. If
d > 12, and Tm(7) > 200{log*(d) + n - log(d) 4+ n - log(n)}, then this metric satisfies:

n~l.e 324, || ~ HqCG <~ et < el || ~ HqCG

In particular, for each of these models, the combinatorial /arithmetic portion of the

analytic torsion (i.e., the portion not arising from letting the elliptic curve E degenerate)

induced on T'(E, L @0, (F"™Y/F")(R + )) by the metrics || ~ ||r; || ~ |lpr; || ~ [|aMm,;
B,

|~ lren; [| ~ lwp,; || ~ llqca (in their respective domains of applicability) as r — d,

goes (modulo factors of the order (constant)?) as

~ (d)~!
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which is precisely what you would expect by applying the product formula to the compu-
tation of the “analytic torsion” in the finite prime case (c¢f. Chapter V, Theorem 3.1;
Chapter VI, Theorem 4.1; Chapter VII, Proposition 3.4). Finally, all of the metrics ap-

pearing above on the space I'(E, L&o, F" (R t )) are invariant with respect to the mazimal
(4]

compact subgroup Gs1 C G, of the theta group G associated to L.

Proof. Note that relative to the discussion preceding Theorem 7.4, we replace E,, (re-
spectively, gor; DR, sc; R,sc) by the simpler notation E (respectively, ¢; DR; R) in the
statement of Theorem 7.4. The inequality relating || ~ ||r; || ~ ||pr follows from Lemma
6.4. The estimates of (1) (respectively, (2); (3)) follow by weakening/simplifying the es-
timates of Lemma 6.4 (respectively, Lemma 6.2; Lemma 6.3, Theorem 5.8). For stronger
estimates, we refer to the various estimates of §5, 6. (Note that to simplify these estimates,
we make use of Chapter VII, Lemmas 3.5, 3.6.) The statement concerning the relationship
between the analytic torsion and the comparison theorem at finite primes follows from
Lemma 7.3 and the Remark following Lemma 7.3. The statement concerning invariance
with respect to Gg: follows from the definitions of the metrics using Lemma 7.2. O

Remark. Note that the three models correspond roughly to three “domains of valid-
ity /applicability”:

Hermite Model (scaling factor = d%) : nondegenerating F, fixed r < d

Legendre Model (scaling factor = d) : nondegenerating E, varying r < d

Binomial Model (scaling factor = 1) : degenerating F

Relative to Im(7) (where E = G,,/q%, ¢ = exp(2miT)), the Hermite Model (respectively,
Legendre Model, Binomial Model) corresponds to the case where/is most useful when
Im(7) is fixed (respectively, — 0; — oo). Finally, as remarked at the end of §5, the factor
of n=1 appearing at the beginning of the last line of inequalities of Theorem 7.4, (3),
is the archimedean analogue of the description of the scheme-theoretic zero locus of the
determinant given in Chapter VI, Theorem 4.1, (2).
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Chapter IX:
The Arithmetic Kodaira-Spencer Morphism

§0. Introduction

In this Chapter, we apply the Hodge-Arakelov Comparison Theorem (Chapter VIII,
Theorem A) to construct an arithmetic version of the well-known Kodaira-Spencer mor-
phism of a family of elliptic curves £ — S (satisfying a mild technical assumption con-
cerning its 2-torsion):

/{%ith . Hs — Sl[t(HDR)(S)

Roughly speaking, this arithmetic Kodaira-Spencer morphism is a canonical map from the

algebraic fundamental group of Sq ef g ®z Q (ie., if S = Spec(Ok), where O is the

ring of integers of a number field K, then one may think of IIg as the absolute Galois
group of K) to a flag variety of filtrations of a module which is a certain analogue of the de
Rham cohomology of the elliptic curve. Moreover, this morphism has certain remarkable
integrality properties (in the Arakelov sense) at all the primes (both finite and infinite) of
a number field. This arithmetic Kodaira-Spencer morphism is constructed in §3 of this
Chapter. In §1,2, we first give a construction of the Kodaira-Spencer morphism in the
complex and p-adic cases which is entirely analogous to the construction to be given in the
arithmetic case in §3, but which shows quite explicitly how this construction is related (in
the complex and p-adic cases) to the “classical Kodaira-Spencer morphism” that appears
in the theory of moduli of algebraic varieties. Conceptually speaking, the main point in
all of these constructions consists, as depicted in the following diagram:

Kodaira-Spencer morphism:

motion in base-space — induced deformation of Hodge filtration

of the idea that the Kodaira-Spencer morphism is the map which associates to a “motion”
in the base-space of a family of elliptic curves, the deformation in the Hodge filtration of
the de Rham cohomology of the elliptic curve induced by the motion. More concretely, the
main idea consists of a certain “recipe” for constructing “Kodaira-Spencer-type morphisms”
out of “comparison isomorphisms between de Rham and étale/singular cohomology.” In
§3, we carry out this recipe in the case when the comparison isomorphism is the the
Hodge-Arakelov Comparison Isomorphism (Chapter VIII, Theorem A); in §1,2, we discuss
certain novel approaches to the well-known comparison isomorphisms for elliptic curves
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in the complex and p-adic cases, which, on the one hand, make the connection with the
classical Kodaira-Spencer morphism explicit, and, on the other hand, show how the Hodge-
Arakelov Comparison Isomorphism is entirely analogous to the well-known complex and
p-adic comparison isomorphisms.

§1. The Complex Case:
The Classical “Modular Theory” of the Upper Half-Plane

In this §, we review the de Rham isomorphism of a complex elliptic curve, showing
how this isomorphism may be regarded as being analogous in a fairly precise sense to the
Comparison Isomorphism of Chapter VIII, Theorem A. We then discuss the theory of the
Kodaira-Spencer morphism of a family of complex elliptic curves in the universal case, but
we formulate this theory in a somewhat novel fashion, showing how the Kodaira-Spencer
morphism may be derived directly from the de Rham isomorphism in a rather geometric
way. This formulation will allow us to make the connection with the global arithmetic
theory of §3.

We begin our discussion by considering a single elliptic curve E over C. Frequently in
the following discussion, we shall also write “E” for the complex manifold defined by the
original algebraic curve. Recall (cf. Chapter III, §3) that we have a commutative diagram

Hb(BE,0p)=ET = HL (E,2mi - Z)

lexp J{exp J{exp J{exp

Hi (B, 0% =El =~ Hl (B,C*) D H. (E,S')=FEr D identity elt.

sing sing

(E,C) 2 H]

sing

(E,2mi-R) D H}

sing

Here, the horizontal isomorphisms are the de Rham isomorphisms relating de Rham coho-
mology to singular cohomology. Note that in characteristic zero, line bundles with connec-

tion are necessarily of degree zero, so foul may be naturally identified with H)g(E, O}),
the group of line bundles equipped with a connection on E. (Similarly, the (topological)

universal cover ET of ET may be identified with Hj (E,Og).) The vertical maps are the
morphisms induced on cohomology by the exponential map; St C C* is the unit circle

(equipped with its usual group structure). Finally, Fr C ET is the real analytic submani-
fold (discussed in Chapter III, §3) which is equal to the closure of the torsion points of Ef
and maps bijectively onto E via the natural projection Ef - E.

Here, we would like to consider the issue of precisely how the de Rham isomorphisms
of the above diagram are defined. Of course, there are many possible definitions for these
isomorphisms, but the point that we would like to make here is the following:

def

If one thinks ostling(E, S1) = ERr (respectively, T,(E) = Hsling(E, 271

R)) as the “v-divisible group of torsion points of E” (respectively, the
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“v-adic Tate module”) — where v = oo is the archimedean prime of Q
— then, roughly speaking, one may think of the de Rham isomorphisms
as being given by the diagram

Hol. fns. on H)(E,OR) = BT “=~”  Real an. fns. on Hsling(E, 271 - R)
U U
Hol. fns. on Hig(E,OF) = ET “~” Real an. fns. on H},,(E,S') = Er

(7R

where the horizontal isomorphisms are given by restricting holo-

morphic functions on ET, ET to real analytic functions on the “co-adic

torsion points/Tate module” Er, To, (E) def Hsling(E, 2mi - R).

Here, we say “roughly speaking” (and write “2”) for the following reason: Although this
restriction morphism is injective, the correspondence between holomorphic functions on the
de Rham objects ET, ET and real analytic functions on the v-adic torsion point objects
ER, Too(FE) is, strictly speaking, only true on an “infinitesimal neighborhood” of Eg C ET,
T(E) C Bt (That is to say, although a real analytic function on Er always corresponds
to a holomorphic function on some open neighborhood of Egr in ET, whether or not this

holomorphic function extends to a holomorphic function defined over all of ET involves
subtle convergence issues and, in fact, is not always the case.) Thus, here, in order to get

a precise statement, we shall work with polynomzial functions on ET and Too (E). Then one
sees immediately that the de Rham isomorphism of the first commutative diagram of this
§ may be formulated as the isomorphism

HolomPOly(ET) >~ Real An"Y (T, (E))

given by restricting holomorphic polynomials on ET to the co-adic torsion points so as to
obtain real analytic polynomials on T (E). When formulated from this point of view, one
sees that the Comparison Isomorphism of Chapter VIII, Theorem A, is analogous in a
very direct sense to the classical de Rham isomorphism in the complex case, i.e.:

Both may be thought of as being bijections between algebraic/ holomor-
phic functions on de Rham-type objects and arbitrary/ real analytic func-
tions on torsion points — bijections given by restricting algebraic/ holo-
morphic functions on de Rham-type objects to the torsion points lying
inside those de Rham-type objects.

This observation may be thought of as the philosophical starting point of the theory of
this paper.
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Remark. Note that the collection of “holomorphic functions on Hpg (E,Op)” includes, in
particular, the theta functions (cf., e.g., [Mumf], Chapter I, §3) associated to the elliptic
curve E. Moreover, these functions are “fairly representative of” (roughly speaking, “gen-
erate”) the set of all holomorphic functions on H (E, O) that arise by pull-back via the
projection Hi (E,Og) — H'(E,Of) (defined by the Hodge filtration) from holomorphic
functions on H(E,Og). This observation played a fundamental motivating role in the
development of the theory of the present paper.

Next, we shift gears and discuss various versions of the Kodaira-Spencer morphism for

the universal family of complex elliptic curves. First, let us write § o {z € C|Im(z) > 0}
for the upper half-plane, and

for the universal family of complex elliptic curves over §. That is to say, over a point
z € §, the fiber E, of this family is given by E, = C/ < 1,z > (where < 1,z > denotes
the Z-submodule generated by 1, z).

Let us fix a “base-point” zy € $. Write

def
HllDR(Ezo) = HlljR(Ezm OEZO)

Thus, HBR(EZO) is a two-dimensional complex vector space. Recall that, in fact, the
correspondence z +— Hpp(E.) defines a rank two vector bundle £ on $) equipped with
a natural (integrable) connection (the “Gauss-Manin connection”). Since the underlying
topological space of §) is contractible, parallel transport via this connection thus gives rise
to a natural trivialization of this rank two vector bundle &£, i.e., a natural isomorphism

&= f) X H]%R(EZO)

Recall that the Hodge filtration of de Rham cohomology defines a subbundle F'(£) C &£
of rank one. This subbundle induces a natural holomorphic morphism

def

kg 9 — P'= PYHpr(Es,))

that maps a point z € § to the subspace of Hpg(E,,) = Hbg(E,) defined by F1(£) C &
at z.

Now let us recall that we have a natural action of SLy(R) on $ given by linear
fractional transformations. This action allows us to define a morphism

RSLsy -+ SLQ(R) — P
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by letting ks, (y) et kg (7 - 20) (for vy € SLy(R)). If we then differentiate kgr, at zg, we
obtain a morphism on tangent spaces that fits into a commutative diagram:

812 (R) ﬂ TP,pQ

[+

Slz (R)/SO2 = 7'5;) 20

Here, the vertical morphism on top is the derivative of ksr, at the origin of SLa(R);
e

Tpp, (respectively, T .20 ) is the tangent space to P (respectively, §)) at pg = /@55(20)
(respectively, zg). This Vertlcal morphism clearly factors through the quotient sly(R) —
sla(R)/so0q, where sla(R) (respectively, sos) is the Lie algebra associated to SLao(R) (re-
spectively, the subgroup of SLy(R) that fixes zp). Moreover, all tangent vectors to zg € $
are obtained by acting by various elements of slo(R) on §) at zp; thus, one may identify
sla(R)/soz with 7g -~ (the vertical isomorphism on the bottom).

Definition 1.1. We shall refer to xgr, (respectively, kq,; k-) as the group-theoretic
(respectively, Lie-theoretic; classical) Kodaira-Spencer morphism (of the family Eﬁ — 9
at 2o ).

Thus, the “classical Kodaira-Spencer morphism” ., is obtained (cf. the above commu-
tative diagram) simply by using the fact that kg, factors through the quotient sly(R) —
sla(R)/soa. One checks easily that this morphism is indeed the usual Kodaira-Spencer
morphism associated to the family Ef) — 9. In particular, k, is an isomorphism.

The reason that we feel that it is natural also to regard ks, and kg, as “Kodaira-
Spencer morphisms” is the following: The essence of the notion of a “Kodaira-Spencer
morphism” is that of a correspondence that associates to a motion in the base-space the
induced deformation of the Hodge filtration of the de Rham cohomology, i.e., symbolically,

Kodaira-Spencer morphism:

motion in base-space — induced deformation of Hodge filtration

In the case of the “group-theoretic Kodaira-Spencer morphism” (respectively, “Lie-theoretic
Kodaira-Spencer morphism”; “classical Kodaira-Spencer morphism” ), this motion is a mo-
tion given by the “Lie group SLy(R) of motions of " (respectively, the Lie algebra asso-
ciated to this Lie group of motions; a tangent vector in §). That is to say, all three types
of Kodaira-Spencer morphism discussed here fit into the general pattern just described.

It turns out that the group-theoretic Kodaira-Spencer morphism is the version which
is most suited to generalization to the arithmetic case (cf. the discussions of §2,3 below).

Finally, we make the connection between the theory of the Kodaira-Spencer morphism
Just discussed and the function-theoretic approach to the de Rham isomorphism discussed
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at the beginning of this §. First of all, let us observe that the action of SLy(R) on $) lifts
naturally to an action on £. Moreover, if one thinks of SLs(R) as the group of unimodular
(i.e., with determinant = 1) R-linear automorphisms of the two-dimensional R-vector
space Too(E,, ), that is, if one makes the identification

SLy(R) = SL(Tw(E.,))

then the action of SLy(R) on & = § x H)r(E,,) corresponds to the natural action of
SL(Tsx(E,,)) on Hpg(E.)) = Te(E.,) ®r C (where the isomorphism here is the de
Rham isomorphism). It thus follows that the group-theoretic Kodaira-Spencer morphism
Ksr, may also be defined as the morphism

SLy(R) = SL(Tso(E=,)) — P = P(Hpg(E.,))

)

given by v +— 7 - pg, where the expression “vy - py” is relative to the natural action of
SL(Ts(E,)) on P = P(HLR(E,)) = P(Tw(E.,) ®r C) (where the isomorphism here
is that derived from the de Rham isomorphism). This approach to defining kg, shows
that:

The group-theoretic Kodaira-Spencer morphism ks, may essentially be
defined directly from the de Rham isomorphism.

This observation brings us one step closer to the discussion of the arithmetic case in
§3. In particular, in light of the above “function-theoretic approach to the de Rham
isomorphism,” it motivates the following point of view:

Note that (in the notation of the discussion at the beginning of this §) the space
HolomPC’ly(ET) of holomorphic polynomials on ET hasa H odge filtration

. Fd(HolomPOIy(ET)) C...C HolomPOly(ET)

given by letting F d(HolomPOIY(E]L)) - HolomPOly(ET) denote the subspace of polynomi-
als whose “torsorial degree” (cf. Chapter III, Definition 2.2), i.e., degree as a polyno-

mial in the relative variable of the torsor Ef — E (where E is the universal covering
space of F), is < d. Note that relative to the “function-theoretic de Rham isomorphism”

Holom"™Y (E T) =~ Real An oY (T, (E)), F4(Holom™" (E ]L)) corresponds to the subspace

of Real An""Y (T, (E)) annihilated by a, (Here, O is the usual “del-bar” operator of
complex analysis on T, (E) = ER, relative to the complex structure on Er defined by E.)
Let us write

Silt(Holom™ (ET))
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for the (infinite-dimensional) flag-manifold of C-linear filtrations { F*}4ez_,, of Holom"°% ( E‘T)
such that F'¥ = 0. Then the “Hodge filtration” just defined determines a point

piune e Filt(Holom ™ (ET))

Similarly, any one-dimensional complex quotient E (. Q defines a filtration of HolomPOly(ET)
(given by looking at the degree with respect to the variable corresponding to the kernel of

BT & Q). In particular, we get an immersion

P(ET) < Fitt(Holom™ (ET))

Thus, returning to the discussion of the group-theoretic Kodaira-Spencer morphism,
we see that we may think of the composite

KIS SLy(R) = SL(Too(Esy)) — Silt(Holom™ (ET))
of kgr, with the inclusion P(ET) — Si[t(HolomPC’ly(ET)) as being defined as follows:

The natural action of SL(Ts(E.,)) on Real An"Y (T (E.,)) induces,
via the “function-theoretic de Rham isomorphism”

Real An" Y (T (E,,)) = HolomPOIy(E]L )

zo

an action of SL(Tw (E.,)) on HolomPOIy(E’jo); then the “function-theoretic
version of the group-theoretic Kodaira-Spencer morphism”

KB SL(Too(Es,y)) — ilt(Holom™ (E1 ))

20

is defined by v +— v - p%‘joc, where p%‘i}c € Si[t(HolomPOly(E;fo)) is the
natural point defined by the Hodge filtration on HolomPOIY(EIO).

It is this point of view that forms the basis of our approach to the arithmetic case in §3.

Remark. The theory discussed in §1,2, of this Chapter generalizes immediately to the case
of higher-dimensional abelian varieties. Since, however, the Hodge-Arakelov Comparison
Theorem (Chapter VIII, Theorem A) is only available (at the time of writing) for elliptic
curves, we restrict ourselves both in the present and the following §’s to the case of elliptic
curves.
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§2. The p-adic Case:
The Hodge-Tate Decomposition as an Evaluation Map

The purpose of this § is to exhibit the morphism which defines the Hodge-Tate de-
composition of the p-adic Tate module of an elliptic curve as an evaluation map, given by
restricting certain functions on the universal extension of the elliptic curve to the p-power
torsion points of the elliptic curve. This renders explicit the analogy between the Hodge-
Arakelov Comparison Isomorphism of Chapter VIII, Theorem A, and the p-adic Hodge
theory of an elliptic curve. We then explain how, if one applies the general recipe — which
is the theme of the present Chapter — for obtaining Kodaira-Spencer-type morphisms from
evaluation map-based comparison isomorphisms (cf. §1 in the complex case and in §3 in
the global Arakelov case) to the present p-adic situation, one obtains a sort of “p-adic
arithmetic Kodaira-Spencer morphism,” which, by Faltings’ computation of certain Galois
cohomology groups, may be identified with the classical Kodaira-Spencer morphism of a
family of elliptic curves.

Remark. The material of the present § is in principle “well-known,” and, in fact, inspired
by the techniques and points of view of [Falt1,2], [Font], but I do not know of an adequate
explicit reference for this material. Roughly speaking, the idea here is what is usually
referred to as the p-adic period map for abelian varieties — cf. [Coln], [Colz], [Wint].
Indeed, our point of view here essentially coincides with what is done in [Coln], [Colz],
[Wint], and [Font], when restricted to the subspace of the de Rham cohomology of an elliptic
curve arising from differentials of the first kind (i.e., globally holomorphic differentials).
Our treatment of the “other half” of the de Rham cohomology, however, appears to differ
from these other sources. Indeed, Coleman ([Coln]) and Fontaine ([Font]) do not construct
a morphism on the entire de Rham cohomology module. On the other hand, Colmez
([Colz], Théoreme 5.2) constructs such a morphism by thinking of the remainder of the de
Rham cohomology as being defined by differentials of the second kind (i.e., meromorphic
differentials which are “locally integrable”), which he integrates to construct his period
map; in particular, Colmez does not use the universal extension as we do here. Finally,
Wintenberger ([Wint], §4) uses the universal extension, but in a somewhat different fashion
from what is done here.

Let k be a perfect field of characteristic p > 2. (In fact, the case p = 2 may be

handled without much more difficulty, but for simplicity, we assume here that p > 2.)
Write A %' Wi(k); K def 4 ®z, Qp. Let S be a formal p-adic A-scheme, which is formally
smooth and formally of finite type over A. Suppose that S is equipped with an A-flat
divisor with normal crossings D C S. Write S8 for the resulting log scheme. Suppose

that

Clog N Slog
is a log elliptic curve over S8 (cf. Chapter III, Definition 1.1).
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Next, let us suppose that S is affine, i.e., of the form

Spf(R)
where R is a p-adic ring, and small (cf. [Falt2], II., (a.)), i.e., R is étale over the p-adic
completion Altq,...,t.]" of Alty,...,t.], where ty,...,t. are indeterminates such that the
schematic zero locus of ¢ def t1-...-t.in S is equal to D. Write
R

for the p-adic completion of the normalization R of R in the maximal étale extension of

Rq,[t™'] (where Rq, “Rre Q). (Here, “maximal” means “among those extensions

whose Spf is connected.”) Also, let us write

I'r < Gal(Rq,/Rq,)

Then as in [Falt2], II., (b.), we may form the ring of p-adic periods

BT(R)

This ring admits a natural I'g-action, together with a I'g-equivariant projection BT (R) —

R whose kernel I is a “principal divided power ideal.” In the discussion of the present §,
we will work with the following truncated version of B*(R):

B déf BJr(R)/][Q]

(where I2) is the second divided power of I). Write J % I/ C B for the image of I in
B. Thus, we have an exact sequence of I' z-modules:

0%J—>B—>ﬁ—>0

Moreover, J is a free R-module of rank 1. If one further takes the I'g-action on J into
account, then one has a natural identification (cf. [Falt2], II., (b.))

1

Z,(1)-R=p&D . J

(where the “(1)” is a Tate twist). Put another way, there is a I'z-equivariant homomor-
phism

fq, : Qp(1) — B*
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=X X

whose projection to R is the natural inclusion Q,(1)/Z,(1) — R and whose restriction
to Z,(1) is equal to 1 plus the homomorphism 3 : Z,(1) — J.

Note that since R contains all roots of the g-parameter at infinity, we may form

~ ~

E+ — Spf(R); Co — Spf(R)

as in Chapter IV, §4. Note that we have a projection C,, — C, and an open immer-
sion Fo, — (. Thus, in particular, by pulling back via this projection and this open
immersion the extension to C' (cf. Chapter III, Corollary 4.3)

Eg;—>C’

of the universal extension ET — E of E , we obtain
EL — Spf(R); EJ,_ — Spf(R)

Next, let us recall that the universal extension EIO defines a crystal Eiojcrys (cf., e.g.,

o~

[Mess], for the non-logarithmic case) over Spf(R)°® (where “log” refers to the natural log
structure defined by roots of the g-parameter at infinity). Since we may regard Spf(B) as

a PD-thickening of Spf(R)°2, we thus see that it makes sense to speak of ELmys(B), or
even

EIo,crys (BQp )

where Bq, g ® Qp. In particular, we see that, for n > 0,

p" Eio,crys(BQp) C E;[o,crys(BQp)

forms a group (noncanonically isomorphic to) (Z/p™ - Z)?. In fact, the sections of the
crystal Eiqcrys defined by aniqcrys(BQp) are all horizontal, hence preserved by base-
changes of E;roycrys among various thickenings of Bq,. Observe also that as n — oo,

the pn ELnyS(BQP) form a natural inverse system (all of whose transition morphisms are
surjective); the inverse limit of this inverse system is the Tate module

Tr

of E/. Note that as a topological group, Ty = Zp2. Moreover, Tp has a natural structure of

continuous I'g-module, and T ®Z /p™ - Z may be naturally identified with ,n ELycrys(BQp).
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Next, we would like to consider functions. Let us write

R
Bl

for the push-forward to FE,, of the structure sheaf O J[ on EJ[ Recall that this structure
sheaf has a filtration F7(R ]L ) C R J[ (for j € Z), “Where we take F (R J[ ) to be the

subsheaf of sections of torsorlal degree (cf Chapter III, Definition 2.2) < —j. Note that

the filtration index that we use here differs from the ﬁltratlon index of Chapters ITI-VIII in

that “the index used here = 1— the index used there.” In particular, F7(R t ) as defined
E

here is a vector bundle on E, of rank 1—j, when j < 0. Thus, we have an exact sequence:

0 — Op, — F_l(RJ[ ) — TE®OSOJ[ — 0
FE! ~

oo oo

2|

In particular, if we apply this filtration to the crystal E;[ovcrys evaluated on the thickening
B, where we regard B itself as equipped with the filtration given by:

F22(B)=0; FY(B)=J; F=°B)=2B

then we see that the sheaf R of functions on EIchrys(B) (pushed forward topo-
Eoo,crys(B)
logically to E.,) gets a filtration whose F°(—) we denote by

RO

~

If one restricts functions on Eiqcrys(B) to Eiqcrys(ﬁ) = EIO(E), then one obtains a
surjection R® — Op__ which fits into an exact sequence

0 — J®:F‘1(RT) — R — Op., — 0
R El

Let us write

R RO T OF

oo

Thus, we have an exact sequence

oo

0 — (J®RTE)®%OEOO — R — Og — 0
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The evaluation map that we will consider in this § (which gives rise to the comparison
isomorphism of Hodge-Tate theory) will be defined by restricting functions in RY to the

p-power torsion points pn EIO,CryS(BQp) (and then noting that this restriction map factors
through R7).

More precisely, since sections of RY are functions on EIovcrys(B), hence define func-

tions on Eio,crys(BQp), we may restrict them to the points of ,» EIchrys(BQp) to obtain a
morphism

_ n def
=Q, [p ] : RO - Elnc(p”EIo,crys(BQp)7BQp) = @ BQP

’Yep” Eio,crys(BQp)

Now we have the following:

Lemma 2.1.  The morphism Eq,[p"] reduced modulo Jq, C Bq, maps into RC EQP.

Proof. Indeed, this follows from the definition of R?, together with the fact that the image
of n E;romys (Rq,) in Ex(Rq,) maps into Ex (R) C Ex(Rq,) (i-e., all the p-torsion points
of E over Rq, are already defined over R). O

Thus, it follows that Zq, [p"] maps J-Og__)~ € R° into Func(,» Eiqcrys(BQp), J) C
R

Func(,» E;[o,crys(BQp), Bq,). In particular, if we compose Eq, [p"]| with the projection

Elnc(p" EIO,CI‘yS(BQp)7 BQp) - F\unc(P"Eio,crys<BQp)a BQp/Zp)

(where Bq, /z, “B® Q,/Z,) we get a morphism R® — Func(anIO,crys(BQP), Bq,/z,)
which vanishes on the kernel of RY — R7 and maps into Func(,» E;[o,CTyS(BQP), Jq,/z,);
i.e., a morphism

ERJ [pn] : RJ — Func(TE & Z/pn . Z, JQp/Zp)

(since Tg @ Z/p" - Z = p"EIo,crys(BQp))-

Let us analyze this morphism Zxs[p"] in more detail. First, let us observe from
the definitions that R" has a natural ring structure (inherited from the ring structure

of O ). Moreover, it follows immediately from the definitions that the evaluation
Eoo,crys

map Zq, [p"] is a ring homomorphism. Note also that Func(Tg ® Z/p" - Z, Jq, /z,) has a
natural R°-module structure defined by Eq_ [p"].
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Lemma 2.2.  The restriction R® — Func(Tg @ Z/p" - Z,Jq,/z,) of Ers[p"] to R® is
a derivation.

Proof. Suppose that f, g are local sections of RY. Write:

Eq,[P"D(f) = a0+ as; (Eq,lP"])(9) = Bo+ B

where ag, By € B, and a;,3; € Jq,. (Note that the fact that such ag, 8y, s, 3; exist
follows from Lemma 2.1.) Then since Zq,[p"] is a ring homomorphism, we obtain that:

(Eq,[P"))(f9) = (Eq,lP"D(f) - (Eq,p"])(9)
= (ag +ay) - (Bo + B1)
=ag B+ Po- s+ Bo

But ag - By € B, so modulo B, we obtain:

(Eq,P")(f9) =ao-Bs+ B0y
=f(Eq, ") +9-(Eq,p"(f)

This completes the proof. ()

Next, let us observe that the crystal EIO,CryS gives rise to a crystal 2 t (the sheaf
E

oo, Ccrys

of differentials of E;nys over the base, i.e., thickening of R, in question) of modules over
R t (where R t is the topological push-forward to E, of the structure sheaf of

Eoc,crys Eoo,crys

EIO,CryS). Let us denote by

inv C
Q i Q

E T E

00,Crys o0, Crys

the subsheaf of invariant differentials (cf. the discussion at the beginning of the Appendix).

Thus, QY forms a crystal in (rank two) vector bundles over Spf(R), and we have an
Eoo,cr s
isomorphism of crystals:

Eoo,crys Eoo,crys Eoo,crys

(where the tensor product is over the base, i.e., thickening of R, in question). Note that

Qin); (i.e., Qin}’ evaluated on Spf(R)) admits a natural two-step Hodge filtration, whose
E

oo Eoo,crys
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FO = Qin}’ ; F? = 0; and F! consists of the invariant differentials wg on E.. (Thus, FO/F!
E

may be identified with 7g.) Tensoring this filtration with the filtration discussed above on

R t gives rise to a filtration on {2 + Moreover, these filtrations define filtrations on the
E Es

evaluations (on various thickenings of Spf(R)) of the corresponding crystals. Thus, if we

evaluate these crystals on Spf(B), we obtain:

FUOME lsorm ST 4 lsorn) €D g spin)

co,crys 00,Crys oco,Ccrys

Note that we have a natural inclusion

Fl(Qin][’ ) ®= Ker(R? — Op_)) — F'(Q T |spf(B))

Eoo o0, Crys

Let us write

o inv
Q;;Io = FHQ t lsorm)/ (FHQTY) @ Ker(R® — Op..)

oo

nv def inv

QT = (R FY)(Q )|spt(B)
T T

B B

o0 o0

Thus, we have a commutative diagram of R-modules:

QIHV,J

0 — J Qr TE — ; — wg ®r R — 0
E

o0

l l l

0 — (J®RTE)®%OEOO — Q7

; — Q /:R:wE@)ROEOO — 0
Ex

oo

In particular, we see that we obtain a natural isomorphism

QInv,J R~ OE ~ QJ
Ejo R E‘Io

On the other hand, it follows immediately from the definitions of the various filtrations
that the exterior derivative d (over B) on R : |spf(p) induces a morphism R —

co,Ccrys

F1(Q i spf(B)), hence (by projecting) a morphism
B

RO N QJ
£l
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which is easily seen to vanish on J - O(g_ .. Thus, we obtain that the exterior derivative
R

induces a derivation

RJ N QJT
Eo
from the ring R’ to the module 9 £ hence a natural morphism
Es
~ =0
RI/R el

But one computes easily (using the exact sequence considered above in which R appears
as the term in the middle) that this morphism is an isomorphism (where we use that
p # 2!), i.e., we have proven the following

112

QJ

Lemma 2.3. We have: Q@  ~ .
RIR gl

Thus, the well-known relation between derivations and differentials implies (by Lem-
mas 2.2, 2.3) that Zrs[p"] factors as the composite of the tautological derivation

drs - RT — Q EQJT

R7/R B

and a morphism

QJT — Func(Te @ Z/p" - Z,Jq,/z,)
Es

If we then restrict to the invariant differentials an}”‘] c 0’ . we get a morphism
Esx Ex

Up"| : an}["‘] — Func(Tg ® Z/p" - Z,Jq, z,)
E

oo

Lemma 2.4.  The image of V[p"| lies in the subset
HOII](TE & Z/pn : Z, JQp/Zp) - FllIlC(TE ® Z/p" . Z, JQp/Zp)

of “functions that are compatible with the additive group operations on Tgp @ Z/p™ - Z and
JQp/Zp 7

Proof. Indeed, this follows by observing that since the definition of ¥[p"] is “natural,”
it is functorial with respect to the homomorphism pu : Fy xX= Es — E (defined by the
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group law on the group scheme F,). On the other hand, (by the functoriality of invariant
differentials with respect to homomorphisms) the pull-back to E., x = FE . of any section «

of an]f"] is simply (o, ). Put another way, this implies that to evaluate (¥U[p"])(a) on the
E

sum of two elements of Tr ® Z /p"™ - Z is the same as the sum of the values of (¥[p"])(«a)
at each of these two elements, i.e., the function (¥[p"])(a) € Func(Tg ® Z/p" - Z, Jq, /z,)
is additive, as desired. ()

Note that the additivity property of Lemma 2.4 implies that: (i) the image of W[p"] is

annihilated by p™; (ii) for a € QIH;L”J, the function (¥[p"~1])(a) is the function induced by
E

(p- ¥[p"])(«) on the quotient TE% Z/p" -7 — Tg ®Z/p™ ! Z. In particular, by taking
the inverse limit, we obtain a morphism:
Uy Q"7 — Hom(Tg, J)

sl

This morphism is the morphism that defines the Hodge-Tate decomposition (cf., e.g., the
final Theorem — i.e., the “relative version” — in [Hyodo], §0.3). The following result may
be regarded as the main theorem of the Hodge-Tate theory of an elliptic curve:

Theorem 2.5. The morphism

Wy Q"7 — Hom(Tw, J)
ol

oo

is 1nvertible over Q,, and its inverse has poles annihilated by p<Pi1> .

Proof. Note that ¥z is an R-linear morphism between free R-modules of rank 2. More-
over, its determinant may be regarded as a morphism

det(Vz,):J — det(Tg)" ®z, JE = J#2(-1)

i.e., this determinant may be thought of as an element
D € Hom=(/, J®?(-1)) = J(—1) = Homg, (Z,(1), J)

I claim that (up to a sign) this element is the morphism 3 : Z,(1) — J discussed at the
beginning of this §. (Note that this is sufficient to complete the proof of Theorem 2.5.)

In order to prove this claim, let us first observe that it suffices to prove it when the
present S is replaced by the (formal scheme given by the) completion of S along D. Indeed,
this is clear when this completion along the divisor at infinity D is “schematically dense”
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in S (i.e., the map from functions on S to functions on this completion is injective).
But this holds in the “universal case,” i.e., when the original S is étale over (the p-
adic completion of) the moduli stack (My,0)z,. Thus, it suffices to work in a formal
neighborhood of infinity. In particular, for the rest of the proof, we assume that S is such
a formal neighborhood.

Then, by Chapter III, Theorem 2.1, we have an exact sequence of group objects

0— (Gm)s — EL = Wg —0

over S. (Here, Wg is the affine group object associated to wg.) Let us observe that,

relative to the structure of EIO as a crystal over Spf(R), this exact sequence is horizontal.
Indeed, the subobject (Gy,)s C EIO may be recovered as the (formal) schematic closure

of the prime-to-p torsion points of EIO that lie inside (Gy,)s. But it is clear that the
subschemes defined by these torsion points are horizontal. Thus, we see that this exact
sequence is horizontal, as desired.

Next, observe that, since we are working in a formal neighborhood of infinity, the
I'r-module fits into a natural exact sequence of I' g-modules:

0—-2Z/p" - Z(1) - Tg®Z/p" - Z —Z/p" -Z — 0

Moreover, if we consider the affine coordinate “I” on W corresponding to the trivializa-
tion of wg given by “d log(U)” (notation of Chapter III, §5), then it follows from Chapter
I11, Corollary 5.9, that the image under Zx.[p"] of the section of R’ defined by “T - j”
(where j € J) is the function on T ®Z/p™ - Z that arises by pulling back (to Tp®Z/p™ - Z)
the J-valued function on Z/p™ - Z that maps b € Z/p™ -Z to b-j. Thus, in particular,
applying Hom(—, J) to the inverse limit as n — oo of the above exact sequence — which
yields an exact sequence

0—J— Hom(Tg,J) — J(—1) — 0

— we see that Uz maps T-J C an}f”‘] to J C Hom(Tg, J) isomorphically via the morphism
Ex
given by T+ 1.

Thus, it remains to consider what happens when functions on (Gy,)gs are restricted to
Z/p"-Z(1) C Ty ® Z/p™ - Z. In particular, we would like to investigate the image of the
invariant differential d log(U) under W[p"™]. But since W[p"]| was defined by factoring the
derivation Zx.[p"] (cf. Lemma 2.2) through the tautological derivation, it follows that this
amounts to investigating the behavior of the function “log(U)” on Z/p™ - Z(1) C (Gu)s-
But then it follows from the definition of the morphism [ : Z,(1) — J (which is essentially
given by taking the logarithm of p-power roots of unity! — cf. [Falt2], II., (b.)) that (up to
a sign), if we take the inverse limit as n — oo, the image of d log(U) € wg C Qin‘]( /(JORTE)

oo
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under the composite of ¥z with the quotient Hom(71g,.JJ) — J(—1) is precisely § €

~

Hom(Z,(1),J) = J(—1). More explicitly, let ( € R be a p"-th root of unity. Write

Cepm- Z,(1) € Qp(1) for an element such that z def Baq, (¢) = ¢ modulo J. Note that

z € B itself is not necessarily a p™-th root of unity. If § def —p*”(-ﬁ(pnf) ep "JClJq,,

then

(20" =2 4 pn P L= 14 B )+ (T =1

i.e., 2+ 8 € p,n(B). Thus, the evaluation map “modulo B” (cf. the definition of Z,[p"]
above) maps the function U on (Gy)s to the image of 2 + ¢ in Bq,,z, . In fact, this

image is equal to the image 6 € Jq, z, of 6. Put another way, we obtain that dU d, S0

dlogU)=U""-dU — ¢t 6=—p - B(p"- () (mod J) € Jq,z, Taking the inverse
limit as n — oo, we thus obtain that, in this inverse limit, d log(U) — —f, as desired.
Thus, combining this with what was done in the preceding paragraph, we see that the
determinant D in question is equal to £+, as claimed. ()

Remark. The isomorphism of Theorem 2.5 is the Hodge-Tate Comparison Isomorphism of
an elliptic curve. If one restricts it to a point o of S ValuedA in some finite extension L of K,
then it follows from the facts HYT7,L(1)) =0, H'(T'y,L) = L (where I'y, Lef Gal(L/L))
that Qm}’ |o admits a unique I'z-invariant splitting

Ex

inv

-l- |a = wE'a ¥ TE(l)’a
E

(where we use that Jq, = Rq, (1)), hence that Theorem 2.5 gives us an isomorphism

~

wE|oz ©® TE(1)|04 = TE ®Zp L

This is the usual form in which the Hodge-Tate “comparison isomorphism” /decomposition
is stated.

The important point here is that this well-known isomorphism is essentially defined
by restricting functions on the universal extension of E to p-power torsion points (cf. the
definition of Zq,[p"]), i.e.,

The Hodge-Tate Comparison Isomorphism is defined in a fashion which
is entirely analogous to the definition of the Hodge-Arakelov Comparison
Isomorphism (Chapter VIII, Theorem A).

Note, moreover, that after reducing Zq, [p"] “modulo Z,,” and factoring through the
tautological derivation dr., we restricted to the invariant differentials on the universal
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extension. Thus, put another way, the comparison isomorphism of Theorem 2.5 was defined
essentially by integrating invariant differentials, and then restricting the resulting functions
to p-power torsion points. (Thus, these “resulting functions” are essentially “logarithm”
type functions, of the sort reviewed in the Appendix.) Regarded from this point of view,
we thus also see the explicit analogy between this p-adic comparison isomorphism and its
complex counterpart in §1.

Finally, we make the connection between the above discussion of the Hodge-Tate Com-
parison Isomorphism and the arithmetic Kodaira-Spencer morphism. In keeping with the
analogy to the theory of §1,3, we start off with the comparison isomorphism (Theorem
2.5):

Vg &Y (QI;JF’J)QP = Hom(Tg, Jq,) = Vg (1) ®q, Rq, = Vk ©q, Rq,

oo

(where Wq, def Uz, ®Qp, Vg def Tr ® Qp). Since Vg ®q, }_%Qp has a natural I'z-action,

we thus obtain a natural I'g-action on £. This technique of obtaining a Galois action
on the de Rham side of the comparison isomorphism by pulling back (via the comparison
isomorphism) the natural Galois action on the étale side is entirely analogous to what is
done in §1,3.

Thus, we have a natural I'g-action on £. Note, moreover, that we have an exact

sequence of EQP—modules:

0—>TE(1)®RRQP — & - wg ®RRQP — 0

(where we identify Jq, with Rq, (1) via ). Moreover, it is easy to see from the definition
of Zrs[p"] that the natural Galois action on 75(1) @z Rq, C & is compatible with the

Galois action on Vg ®q, EQp' Thus, this submodule is stabilized by I'g, and the above
exact sequence is an exact sequence of I'gr-modules. (Note that the fact that the Galois

action on wp ®pr R arising from the Galois action on £ is the expected action may be
derived using determinants, as in the proof of Theorem 2.5.) We observe that this exact
sequence is essentially the same as that of [Mzk3], Proposition 2.4.

This exact sequence thus defines a cohomology class

nKs € Hl(FR, Homﬁ (wp ®r EQP, T5(1) ®r EQP)) = Hl(FR,TEZ(l) XRr J_%Qp)
Qp
Such a cohomology class may be thought of as an equivalence class of twisted homomor-

phisms T'p — T%Q(l)ﬁ def 72%(1) ®r Rq,, where we consider twisted homomorphisms
Qp
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that differ by (the twisted homomorphism defined by) a coboundary to be equivalent. We
would like to regard this equivalence class of twisted homomorphisms which, by abuse of
notation, we write

arith,p | ®2
Rp : FR — Tg (1)%
Qp

as a sort of p-adic (Galois) group-theoretic/arithmetic Kodaira-Spencer morphism, anal-

ogous to the morphisms “/ﬁfélfg” of §1, and “~%*™™” in §3. Note that the construction of

arith,p
KR

§1,5.

starting from the comparison isomorphism is entirely analogous to what is done in

To explain why it is natural to regard n%ﬁth’p as a sort of Kodaira-Spencer morphism,

we must recall the theory of [Faltl]. In [Faltl], 1., §4, (b), (f), a certain natural extension
of I'g-modules

~

0—p @0 -R— B, — Q%-1)@r R — 0

(where Q.98 L Qgron /4) is constructed. If we write s Lt (Q5#8)Y for the logarithmic

tangent bundle of S'°% over A, then we get an element

Nrate € H (TR, ©5%(1) @ Rq,)

This element may be thought of as a twisted homomorphism

R TR = 055 (1)
p

On the other hand, we have the classical Kodaira-Spencer morphism

1
fi%ass :03% — 7‘]?2

given by observing the extent to which the Hodge filtration of the crystal Q2 t varies as
Ex
one moves in various tangent directions € @?g. Then the relationship between the p-adic

arithmetic Kodaira-Spencer morphism KTP and the classical K. odaira-Spencer morphism
R

HCR}aSS is given by Faltings” morphism 523“, as described in Theorem 2.6 below.

Remark. If we write

Ap ¥ Ker(Tp — ' & Gal(K/K))
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for the geometric portion of the Galois group I'r, then according to the theory of “almost

étale extensions” discussed in [Faltl], “Ar ®z, EQP” (notation, which, of course, is not
defined rigorously, but is meant to be suggestive of what is going on) may roughly be

identified with @g’g (1) ®r FQP, that is to say, over EQP, the geometric Galois group Agr
of S'°8 is “almost equivalent” to the tangent bundle of S'°8, hence may be thought of as
a group of “motions in S'°2.” From this “almost” point of view, it is thus natural that

the domain of our p-adic arithmetic Kodaira-Spencer morphism m%ith’p 1s the Galois group

I'r.

Theorem 2.6. We have a commutative diagram:

—511?“ log
(0]

Ir =5 09%(1)=
Raq,
class

; k7™ (1)

lld l fiQp

arith,p 9
R ®

rn M 78

Qp

i.e., in terms of cohomology classes, the change of coefficients morphism
H' (T, ©5%(1) ®r Rq,) — H' (T, 75°(1) @& Rq,)

defined by K35 maps —npare — NKS -

Proof. First of all, since both ng.;; and nkg are clearly functorial in R, it suffices to prove
the result in the universal case, i.e., the case where S is (formally) étale over the p-adic
completion of the moduli stack (mm)zp- Thus, for the rest of the proof, we assume that
we are dealing with such an S.

Let us write

Ap ¥ Ker(Tp — ' & Gal(K/K))

Then observe that by the theory of [Faltl] (cf. especially [Faltl], p. 270, Theorem 4.4,
(1)), it follows that H(I'x, HY(Ap, 757 (1)®r Rq,)) is a free Rq,-module of rank 1, while

H T g, H(AR,72%(1) ®r Rq,)) = 0 (cf. the well-known fact that H(I'x, K (1)) = 0;
[Mzk3], Lemma 2.2). Thus, by the Leray-Serre spectral sequence, we obtain that

H'(Tp,75%(1) ®r Rq,) — H (T, H' (AR, 75%(1) @R Rq,)) (= Rq,)

i.e., that two classes in H'(I'g, 75°(1) ®g Rq,) coincide if and only if they coincide after
restriction to a formal neighborhood of the divisor at infinity D (cf. the proof of The-
orem 2.5). Thus, it suffices to prove the result in the case where S is a such a formal
neighborhood.
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In this case, however, it follows from the construction of the extension “E,” in [Falt1],
L., §4, that np.y is essentially given by the image of the class € H'(T'g, Z,(1)) obtained by
extracting p-power roots of the g-parameter under the change of coefficients morphism

HYTg,Z,(1)) — H' (T, ©'$8(1) ® Rq,)

defined by the “tangent vector” 9/0log(q). On the other hand, it follows from the discus-
sion in the proof of Theorem 2.5 that the extension nkg is simply the extension class of
the exact sequence

0—-2,1)—=Tg—2Z,—0

pushed forward by the change of coefficients morphism

H'(Tr,Z,(1)) —» H'(Tg,75%(1) ®r Rq,)

defined by (9/0U)®? (notation of the proof of Theorem 2.5). On the other hand, since it
is well-known that the classical Kodaira-Spencer morphism maps 8/0log(q) — —(8/0U)®?
(cf., e.g., [FC|, p. 84, the second paragraph preceding Lemma 9.3, beginning “As an
example...”), it thus follows that —npa — nks, as desired. O

Remark. Put another way, the message of the proof of Theorem 2.6, and indeed of this
entire §, is that:

The relationship between the p-adic Galois-theoretic/arithmetic Kodaira-
Spencer morphism and the classical Kodaira-Spencer morphism is the
essential content of Serre-Tate theory.

For more on this point of view in the case of abelian varieties, we refer to [Katz]. For
more on this point of view in a more general context (in particular, the case of hyperbolic
curves), we refer to [Mzk1], Introduction; Chapter V, §1; as well as to [Mzk2], Introduction,
especially §2.3.
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§3. The Global Arithmetic Case:
Application of the Hodge-Arakelov Comparison Isomorphism

In this §, we apply the Hodge-Arakelov Comparison Isomorphism (cf. Chapter VIII,
Theorem A) to construct a global arithmetic analogue of the Kodaira-Spencer morphism
of a family of elliptic curves. The technique of construction is motivated by the point of
view discussed in §1,2, in the complex and p-adic cases.

We begin by discussing the behavior of the trivializations arising from theta groups at
archimedean primes. Thus, let E be an elliptic curve over C. Fix a positive integer d, and
write

LY 0g(d- o)

Let | ~ |z be a metric on £ whose curvature is translation-invariant. Recall from Chapter
IV, §1, the subscheme of symmetric elements

Sc CGr

of the theta group G, of L.
Lemma 3.1.  The automorphisms of (E, L) defined by points of Sy preserve | ~ |.

Proof. Indeed, clearly any translation of a translation-invariant (1,1)-form is again
translation-invariant. Thus, it follows that for v = (a,t) € Sg, the metric v(] ~ |z)
that one obtains on £ by first pulling back | ~ | via ¢ : 7L = L, and then applying
(T.71)* to produce (by transport of structure) a metric on £ has translation-invariant cur-
vature. Thus, the metrics (| ~ |2) and | ~ |z both have translation-invariant curvature,
hence differ by a positive constant A,. Moreover, since v € Sz implies YW eS:, (VN eZ),
it follows that the correspondence v — A, defines a homomorphism from < ~ > (the sub-
group of G, generated by v, which lies inside Sz) to R~ (equipped with its multiplicative
group structure). Since < 7 > is a finite group, it thus follows that this homomorphism is

trivial, so Ay = 1, as desired. O
Now recall the “theta trivialization”

Ou i L7k = (Llao) @0, 0 Ok,

(where av € K) of the discussion following Chapter IV, Theorem 1.6. Note that both
sides of this isomorphism may be regarded as finite-dimensional complex vector spaces.
Moreover, both of these vector spaces have natural metrics, arising from | ~ |2, and the
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fact that since we are working over C, the ring Ok, may be regarded as the ring of
C-valued functions on the d-torsion points 4F of E, hence admits a natural L?-metric

P - 3 1

TGdE
(for f € Ok,). Since this trivialization is defined by the splitting o : 2- K, — G of

G, — K discussed in Chapter IV, Theorem 1.6, which factors through S, it follows from
Lemma 3.1 that:

Lemma 3.2.  If one equips both sides of the theta trivialization

O, : L

TrKy — (Elao) ®OK 0 OKL

determined by the splitting o of Chapter IV, Theorem 1.6, with their natural metrics (aris-
ing from | ~ |z, and the L?-metric on Ok, ), then this trivialization © is an isometry.

Remark. In particular, we may conclude the following: Recall the Comparison Isomor-
phism (cf. Chapter V, Theorem 3.1, (2); or, alternatively, Chapter VIII, Theorem A,

(2))
DBy, L) =2 Ly

[d]”

where L, def 7L, and n € E is a torsion point of order m not dividing d. Thus, if we
compose this isomorphism with the trivialization

©,:L

T Ke — £77|dE = (‘C|?70) ®(9K£0 OKL

we get an isomorphism

Ok,

* d ~
W T(E] T 0% (L]0) o,
of d-dimensional vector spaces over C. Next, suppose that we are given an automorphism
® of the C-algebra Ok, which preserves and induces the identity on the C-subalgebra
Ok 0 C Ok, arising from the quotient K, — K 2. Observe (by thinking about the fact
that ® necessarily arises as the morphism induced on functions by some automorphism of
the set of d-torsion points of F) that such an automorphism & is an isometry of O, onto
itself (where we equip O, with the natural L?-metric of the discussion above). Note,
moreover, that ® induces an (isometric) automorphism of (£|,0) R0 ,0 Ok, hence (by
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conjugating by V) an automorphism of I‘(E[t”,

of the “étale metric” || ~ ||et on I‘(E[];],’Z;]*Efd), we thus obtain that:

7,;£)<?. By Lemma 3.2 (and the definition

® induces an automorphism ofF(E[Td], ’Tn*£)<d which is an isometry with

respect to the || ~ ||et-metric (cf. Chapter VIII, Theorem A, (4)).

This observation will be of central importance in the following discussion.

Now let S'°2 be any log scheme whose underlying scheme is connected, flat and of finite
type over Z, and whose log structure is defined by a divisor with normal crossings. Write
Int(S'°8) C S for the interior of S8, i.e., the open subscheme where the log structure is
trivial. Let

Clog N Slog
be a log elliptic curve over S'°¢ as in Chapter VIII, Theorem A, i.e.:

(1) the divisor at infinity D C S (i.e., the pull-back of the divisor at infinity
of (Mi,0)z via the classifying morphism S — (M )z) is a Cartier
divisor on S|

(2) étale locally on the completion of S along D, the pull-back of the Tate
parameter ¢ to this completion admits a d-th root.

Here, we also make the technical assumption that if d is even, then the 2-torsion points of
E — S over the interior of Sq are all rational (i.e., defined over the interior of Sq). Let
us write (as usual)

dE—>S

for the finite, flat group scheme of d-torsion points of EF, g. Note that if we tensor with
Q. the resulting morphism (4E)q — Sq is finite étale. Let us fix a geometric point s of

nt valued 1n an algebraically closed field of characteristic 0, and write
IS}Sgld' lgebraically closed field of ch istic 0, and wri

s < 71 ((5°%)q, 5)

for the algebraic fundamental group of Int(Sgg). Also, let us fix a geometric point 54 of
aF lying over 5. Thus, it is clear that Ilg acts naturally on (4F)q — Sq.

Now I claim that:
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The natural action of IIg on (4E)q — Sq extends (uniquely) to an
action on 4F — S, except for possible poles annihilated by 4.

The uniqueness of the action follows immediately from the flatness of the morphisms
aFE — S and S — Spec(Z). To prove ezistence, let us first observe that it suffices to
verify this claim for the “universal cases” S = (Mj,)z (with the trivial log structure) and

g« Spec(Z[[q7]]), endowed with the log structure defined by the divisor V (g#). In these
cases, it follows from the theory of [KM] (cf., [KM], Chapter 5, especially Theorem 5.1.1)
that the closed subscheme Fy of 4F corresponding to points of a given order d’ is regular,
hence normal. Thus, it follows immediately that the action of Ilg extends to the Fy.
Next, one checks that, for instance, at the prime 2, regular functions on the disjoint union
of the Fy regarded as rational functions on the original 4F have poles annihilated by 4.
Indeed, in our situation, since the base S is regular of dimension 2, it suffices to verify this
assertion on the ordinary locus, where it essentially amounts to the corresponding assertion
for pon (as opposed to ¢F), where we write 2V for the maximal power of 2 dividing d.
But then (’)F2i Ny (where i < j < N) is annihilated by (o: — (95 (where (77 is a primitive

?7-th root of unity), which has the same 2-adic valuation as 227" Thus, we see that the
structure sheaf of the intersection of Fh: with the union of the other Fj’s is annihilated
by 2 to the power

i - 2—i+1 + 2—(1—|—1)—|—1 + 2—(i+2)+1 4+ L+ 2—N—|—1 S i- 2—’i+1 + 2—’i—|-1 — (Z + 1) X 2—’i—|—1 S 2

i.e., annihilated by 4 (which implies that the “rational function on p,~” which is 1 on

Fyi and 0 on the other Fy’s has poles annihilated by 4, as desired). This completes the
proof of the claim at the prime 2. At odd primes, the extendability of the action of Ilg
follows from the fact that since the universal bases in question (i.e., S = (M1 )z and

g & Spec(Z[[q7]])) are “absolutely unramified,” the fact that 4E° (where o € Ig) and
4F are “equal” over Q implies that their integral structures at the prime p are equal, as
well (cf. [Falt2], Theorems 2.6, 7.1).

Now let us assume that we are also given a torsion point

n e Eoo,S(Soo)

of order precisely m € Z>; (where m does not divide d) which allows us to define a (Zhang-
theoretically metrized) line bundle £ as in Chapter VIII, Theorem A. Note that K;z— S
may be identified with 4E — S. On the other hand, by the isomorphism in the discussion
at the end of Chapter V, §1 (where we take “a” to be €), we have a natural isomorphism:

L|,p = Llr. = (Llew) ®0, o Oz
L
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Indeed, this follows immediately from the discussion at the end of Chapter V, §1, in the case
when m = 2d (which ensures that £ is symmetric). But this case differs (cf. the definiton
of £ in Chapter V, §1) from the case of an arbitrary m by a translation, plus a modification
of the integral structure at infinity by a d-invariant distribution. Translations are not a
problem (by “transport of structure”), while modifications of the integral structure at
infinity by a d-invariant distribution are not a problem since they are preserved by the
action of theta groups (cf. Chapter IV, Proposition 5.1). Thus, in particular, we see (by
the assumption concerning the rationality of the 2-torsion points!) that we get a natural
action (up to poles annihilated by 4) of Ilg on

(Lleo) ®0,0 Oxz
L

(where e is the identity section of C' — S).

Thus, we obtain a natural action (up to poles annihilated by 4) of llg on

Ll g=L
‘dE ‘dE:L

i.e., on the range of the evaluation map of Chapter VIII, Theorem A:

={00, et} : (f5)+ (L] )<Hoo,et} — (fs)«(L] 1)
(aES)

El,[d]
By Chapter VIII, Theorem A, (2), it follows that the poles of the inverse morphism to
this evaluation map are contained in the divisor [n () (¢4F)]. Thus, we see that we get a

natural action of Ilg up to poles in the divisor [n () («E)] + V(4) on

def

Hpr = (fS)*(Z| )<d{oo,et}

T
Bt
(where V' (4) is the zero locus of 4). Here by the expression “with poles in (a divisor),”
we mean that the action of any element of IIg induces an endomorphism of Hpr ® Q,
which takes Hpgr into the subsheaf of Hpr ® Q given by meromorphic sections of Hpr
which are integral everywhere, except for possible poles contained in the divisor stated.

Moreover, the Remark following Lemma 3.2 implies that if we put a metric on L& (where

Lc def L ®z C) whose curvature on the fibers of Ec — Sc¢ is translation-invariant, then

the resulting “étale metric” || ~ ||et (cf. Chapter VIII, Theorem A, (4)) is preserved by
the action of Illg on Hpr. We summarize this discussion as follows:
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Theorem 3.3. Let S'°% be any connected log scheme, whose underlying scheme is flat
and of finite type over Z, and such that the log structure is defined by a divisor with normal
crossings. Fix positive integers m, d, where m does not divide d. Let

Clog N Slog

be a log elliptic curve over S'°%, and n € Ew s(Sx) be a torsion point of order precisely
m satisfying the hypotheses of Chapter VIII, Theorem A. Fix geometric points Sq, S of ¢F
(the scheme of d-torsion points of Es s ), Int(S°8)q such that 34 maps to 5. Write

s ' 1 ((5°%)q, 5)

for the algebraic fundamental group of Int(Sgg). Let us assume that if d is even, then

IIg acts trivially on the 2-torsion points of the given log elliptic curve. Fix a metric on
Lc e ®z C whose curvature on the fibers of Ec — Sc is translation-invariant. Then

there is a natural action of IIs on the metrized vector bundle

)={o0, et}

on S which is integral (over S) except for possible poles contained in the divisor

1 () @B)] +V(4)

and preserves the “étale metric” || ~ ||t (c¢f- Chapter VIII, Theorem A) determined by
the chosen metric on L.

Next, recall that the metrized vector bundle Hpg is equipped with a natural filtration,
which we refer to as the Hodge filtration. The subquotients of this filtration admit natural
isomorphisms (cf. Chapter VIII, Theorem A, (3)):

(PP F9) (o) = = -exp(~(a.);) - (/3)- (El5...o) S0, 757

for j =0,...,d—1. Here, the “exp(—(a,);)” are powers of the g-parameter, as in Chapter
VIII, Theorem A, (3), i.e.,

Let us write
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Silt(Hpr)

for the flag variety over S of filtrations of Hpgr which are of the same “type” (i.e., each “FJ”
has the same rank as F7 (Hpg)) as the Hodge filtration. (Thus, each fiber of Filt(Hpr) — S
is noncanonically isomorphic to the flag variety of flags F1(V) C F2(V) C ... F¢=1(V) C
F4(V) =V in a d?-dimensional vector space V for which dim(F7(V)) = j -d.) Note that
if we apply the action of Ilg on Hpr to the Hodge filtration, we thus obtain a morphism

lﬁ%ith . HS — SI[t(HDRMS’)
(where the “(5)” denotes the “S-valued points”). Note that

The integrality statements of Theorem 3.3 (at both the finite and infinite

primes) imply that the image of each element vy € g under k%1 is a

filtration {y(F’7(Hpr)} such that (up to denominators contained in the
divisor [n () (aE)]+V (4)) each v(FI(Hpr)} is globally isomorphic (i.e.,
isomorphic as a vector bundle on S, equipped with a metric over Sc) to

FI(HpRr).-

Note, further that the construction of k3" is entirely analogous to the construction of the

“group-theoretic Kodaira-Spencer morphism”
func ., SL-(R : Poly N"‘
kgLy + SLa(R) — Filt(Holom™ *Y(E"))
of §1, as well as to the morphism

arith,p | ®2
Kp :Ip — 75 (1)%
Qp

of §2.

Definition 3.4. We shall refer to
ﬁ%ith : g — Filt(Hpr)(S)

as the arithmetic Kodaira-Spencer morphism associated to E — S.
Example 3.5. Suppose, for instance, that

S = Spec(Ok)
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where O is the ring of integers of a number field K (i.e., [K : Q] < o0). Suppose,
moreover, that the log structure of S'°2 is defined by the divisor D,eq C S (where D is the
“divisor at infinity” associated to C'°& — S'°8). In this example, let us assume that

d>12

and write do def gorda (d) (i.e., dy divides d and d/ds is odd). Here, let us take m def 2do,
n = 4ds. Suppose that the elliptic curve Ex over K is sufficiently close to infinity at all
the archimedean primes, in the following sense:

For each embedding o of K into C, the resulting elliptic curve E, (over
C) can be written as G, /q%, where ¢ = exp(2miT) satisfies:

Im(7) > 200{log?(d) + 4ds - log(d) + 4d; - log(4ds)}

(Thus, if d >> dy (for instance, if d is odd, in which case dy = 1), then the lower bound
on Im(7) goes roughly as log?(d).) Note that it is not difficult, for a fixed d, to construct
lots of examples of Ex satisfying this condition at the archimedean primes.

Now it follows from Chapter VIII, Theorem A, (4), (C), that:

1 _
| ~ lqca < 14, 24~ lgca S~ et < €] ~ |lqca

6733d . |
Thus, in particular, it follows that if we include both the poles at the finite primes (cf.
Theorem 3.3; the first Remark following Chapter VI, Theorem 4.1) as well as the poles at
the archimedean primes, then:

The global divisor of poles of the action on Hpr of an element of 1lg
has Arakelov-theoretic degree (cf. Chapter I, §1) < 38d - [K : Q], and
1s concentrated at the archimedean primes, and the primes that divide
m = 2d2

(where the “38” is the sum of the “4” and the “33” appearing in the inequalities above,
plus “1” more, to take care of the contribution from the finite primes). Put another way,
the action of each element of IIg maps Hpgr, whose subquotients are given by

1 ,
a7 ep(=(@);) T3

(tensored with a “common factor” of (fs).(L|k.. 5)) to a module whose subquotients are
given by
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1 .
ﬁ ~exp(—(a,);) -Tg’] - (poles)

(tensored with a “common factor” of (fs)«(L|g.. +)) — where the “(poles)” admit bounds

as described in the italicized caption above — in a fashion which is integral at all the
primes (both archimedean and non-archimedean) of the number field K.

Remark. 1t is thus tempting, relative to the analogue with the Kodaira-Spencer morphism
in the geometric case, to try to apply this theory to obtain bounds on the height of an
elliptic curve over a number field, as conjectured by Szpiro and Vojta (cf., e.g., [Lang],
[Vojta]). There are, unfortunately, a number of technical difficulties here. Perhaps the
most obvious is the factors of “exp(—(a,);)” that appear in the subquotients — we refer to
these factors as Gaussian poles (since they grow like a Gaussian distribution) — since these
factors distort one’s ability to compute degrees as one would like. That is to say, by analogy
to the geometric case, ideally one wishes for only the factor “ng - (poles)” to appear in
these subquotients. Relative to this point of view, poles of the order “C7 ~ C" (as j — d)
are not a substantial problem (at least if one concentrates on the subquotients where j is
close to d), since this just adds an extra constant term to the Arakelov-theoretic degree of

Tr. From this point of view, one might a priori think that the factors of % are also a cause

for concern (since they are not of the order C%). Note that this is why, in the theory of
Chapter VIII — cf. especially the statement concerning analytic torsion and the product
formula at the end of Chapter VIII, Theorem A — we were so concerned with making sure
that the “denominators” that occurred in the theory at the archimedean primes were of
the order “C?” (i.e., even when one takes the factors of % mentioned above into account).

Another technical difficulty (by comparison to the geometric case) is the general non-
linearity that appears — e.g., of Ilg, by comparison to the tangent bundle in the geometric
case; of the action of Ilg on Hpgr, which does not appear to arise from, say, taking sym-
metric powers of the some action on F?(Hpgr), as in the geometric case. Perhaps this
nonlinearity is not surprising in view of the general phenomenon that Arakelov theory
tends to give rise to nonlinear objects which are analogous to linear objects in the classical
geometric theory (for instance, the global integral sections of a line bundle in Arakelov
theory are not, in general, closed under addition).

Yet another technical difficulty is the fact that in Example 3.5 above, we needed to
assume that Fx is rather close to infinity at the archimedean primes.

It is the hope of the author that these technical difficulties can be overcome in a future
paper.
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Appendix:

Formal Uniformization of Smooth Abelian Group Schemes

In this Appendix, we review various well-known facts concerning the “exponential
map” of an abelian group scheme.

Let S be a noetherian scheme. Let

f:G—= S

be a smooth, abelian group scheme with identity section e : S — G. Observe that the
morphism

GXSGHGXSG

defined on T-valued points (where T' is an S-scheme) g,h € G(T) by (g,h) — (gh,g)
induces an isomorphism of the diagonal embedding G — G xg G with the embedding
G — G xg G given by g — (g,e) (where e is the identity element). Since the sheaf of
differentials 2,5 on G is the conormal bundle of the former embedding, we thus obtain
a natural isomorphism

fe" Qa5 = Qqs
Write

Q d:ef €*Qg/s

Thus, 2 is a locally free sheaf on S, and the above isomorphism induces a natural mor-
phism ) — f.f)g,s. The differentials in the image of this morphism are called invariant
differentials on G.

Now let

A

be the “pro-algebra” (i.e., inverse limit of finite locally free Og-algebras) on S given by
taking the completed PD-envelope in G of e (cf., e.g., [BO] for more details). Thus, A is
equipped with a natural augmentation A — Og (“evaluation at €”) whose kernel 7 is a
PD-ideal of A. If n is a positive integer, let us write ZI") for the n'" divided power of Z.
Thus,

def

A, = A/T
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is a finite locally free Og-algebra, and Z!") /71" 1] is a finite locally free @g-module. More-
over, A is complete with respect to the filtration

crMc. . ctPlcr

Intuitively speaking, if x1,...,x, are a complete set of local parameters on G (over S) at
e, then A may be described as the ring of formal power series in divided powers of the x;
with coefficients in Og. Moreover, note that A may be regarded as also being equipped
with an Og-algebra structure in the sense that one has a coherent system of natural
morphisms Spec(A,,) — G (“Taylor expansion at e to order n of functions on G”). Thus,
if, for instance, F is a locally free coherent sheaf on G, it makes sense to write A ®p,, F.
Moreover, A ®p, F will be a locally free A-module of finite rank. In the following, we
shall denote A ®p, A’ Qg/s by Qf4.

Sometimes, we shall want to consider the completed PD-envelope of G at an S-valued
point z € G(S) of G which is not equal to e. Note, however, that translation by x induces
an automorphism

T, :G— G

which maps the completed PD-envelope of G at e (i.e., A) isomorphically onto the com-
pleted PD-envelope of G at . Thus, in the following, we shall identify these two PD-
envelopes by means of this isomorphism.

Now observe that by formally differentiating power series, we obtain a de Rham com-
plex of “PD-functions”

d

A—>Q}4d

0 -4

Composing the morphism ©Q — f,Qq/s constructed above with restriction to Qh then
gives us a morphism

LZQ—>Q}4

Now we have the following well-known result:

Lemma A.1. Suppose that the map Ogs — Og given by multplication by 2 is injective.
Then the composite of v with the exterior derivative d is zero.

Proof. Since G is abelian, it follows that the automorphism v : G — G given by inversion
is a group homomorphism. Note that v induces natural actions v* on €2 and on the Q’;‘.
Indeed, v* acts as —1 on Q and as (—1)" on QY. Since d and ¢ are natural, v* acts on
elements in the image of d o ¢ by multiplication by —1. On the other hand, since these
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elements are sections of %, v* must act on these elements as the identity. Thus, it follows
that Im(d o ¢) is annihilated by multiplication by 2. On the other hand, since Q% is an
inverse limit of locally free coherent Og-modules, it follows from the assumption of the
Lemma that Im(d o) = 0, as desired. ()

Let us assume for the rest of this Appendix that the assumption of Lemma A.1 is
i force. Thus, the differentials in the image of + are closed, and hence, by formal in-
tegration, ezact (see, e.g., [BO] for a discussion of the Poincaré Lemma in the context
of PD-functions). Moreover, it is clear (from the Poincaré Lemma) that d induces an
isomorphism:

d:T (C A) = {exact differentials of QY}

Thus, we see that ¢ lifts to a natural morphism

AN:Q—T

whose composite with the projection to Z/Z 2l = Q is the identity.

Definition A.2. Suppose that S is a noetherian scheme such that multiplication by 2
on Qg is injective. Let G — S be a smooth, abelian group scheme over S. Then we shall
refer to the natural morphism

A Q=T
just constructed as the logarithmic uniformization (morphism) of G.

Proposition A.3. The morphism X : Q — T is functorial (in the obvious sense) with
respect to homomorphisms G — H of smooth, abelian group schemes over S.

Proof. Indeed, X is determined by its composite with the exterior differential operator d.
Thus, it suffices to observe that the morphism 2 — f.Q¢/s constructed above is functorial
in GG, but this is clear from its construction. ()

Example A.4. Suppose that

G =(Gn)s

i.e., the multiplicative group scheme over S. One may think of G as the spectrum of
Os[U, U], where U is an indeterminate. Then the image of the natural morphism
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Q — f.Qg s constructed above is generated by dU/U. Moreover, A(dU/U) is the nat-
ural logarithm

def = (1 =U)?
log(U) = — —_—
og(U) ;:1 :
Example A.5. Suppose that
G=(Gy)s

i.e., the additive group scheme over S. One may think of G as the spectrum of Og[T],
where T' is an indeterminate, and T" = 0 is the section “e.” Then the image of the natural
morphism 2 — f.Qq/ g constructed above is generated by dT'. Moreover, A(dT') is just
the function T

Finally, before proceeding, we recall the analogue of the construction above at the
infinite prime. Thus, let C denote the field of complex numbers. Let G be an abelian
complex Lie group. Thus, G is “an abelian group object” in the category of complex
(i.e., holomorphic) manifolds. Let O (respectively, §2) denote the tangent (respectively,
cotangent) space to G at the origin. Thus, © and {2 are finite-dimensional complex vector
spaces which are dual to one another.

Now one knows from the elementary theory of complex Lie groups (see, e.g., [Vara|)
that there exists a unique holomorphic morphism, called the exponential map

expg : © — ¢
compatible with the additive structures of ® and ¢ and whose derivative at the origin is

the identity map © — O. Let us denote by AM! the local ring of holomorphic functions
in a neighborhood of the origin of G. Thus, A" is equipped with an ideal

Ihol C Ahol

of functions vanishing at the origin of G. Since expg induces an isomorphism between the
local rings of holomorphic functions in a neighbhorhood of the origin of © and G, we thus
see that the local coordinate functions (i.e., elements of £2) on © define elements of 71!,
i.e., we have a natural morphism

)\hol S () s Ihol

which is the holomorphic analogue of the algebraic A constructed above in the following
sense: Suppose G is the complex Lie group defined by some abelian group scheme G over
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C. Then both AM! and A embed naturally in the ring A" of formal functions at the
origin of G (i.e., the ring obtained by completing G at €). Write Z%* C A" for the ideal of
functions vanishing at the origin. Thus, since both Z"! and Z may be regarded as subsets
of 7T it follows that both AP°! and )\ define natural morphisms Q — Z.

Proposition A.6. These two morphisms Q — I coincide.

Proof. Indeed, it is clear (from the theory of the exponential map) that the exterior
derivative d of the image of A'°! gives rise to (the power series expansions at the origin of)
invariant differentials on G. Since d is injective on Z™", this completes the proof. O
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