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RANK ONE CASE OF DWORK’S CONJECTURE

DAQING WAN

1. INTRODUCTION

In the higher rank paper [I7], we reduced Dwork’s conjecture from the higher
rank case over any smooth affine variety X to the rank one case over the simplest
affine space A™. In the present paper, we finish our proof by proving the rank one
case of Dwork’s conjecture over the affine space A™, which is called the key lemma
in [I7). The key lemma had already been proved in [I6] in the special case when
the Frobenius lifting o is the simplest ¢g-th power map o(x) = 2. Thus, the aim of
the present paper is to treat the general Frobenius lifting case. Our method here
is an improvement of the limiting method in [16]. It allows us to move one step
further and obtain some explicit information about the zeros and poles of the unit
root L-function. As in [16], to handle the rank one case, we are forced to work in
the more difficult infinite rank setting (see section 2 for precise definitions of the
various basic infinite rank notions). Let F,; denote the finite field of characteristic
p > 0. Our main result of this paper is the following theorem.

Theorem 1.1. Let ¢ be a nuclear overconvergent o-module over the affine n-space
A" /F,, ordinary at the slope zero side. Let ¢uniy be the unit root (slope zero) part
of ¢. Assume that ¢uniy has rank one. Let 1 be another nuclear overconvergent
o-module over A™/F,. Then for each integer k, the L-function L(¢ ® (;S?Iﬁt,T)

is p-adic meromorphic. Furthermore, the family L(¢ ® gﬁﬁﬁt,T) of L-functions
parametrized by integers k in each residue class modulo (¢ — 1) is a strong family

of meromorphic functions with respect to the p-adic topology of k.

A finite rank o-module is automatically nuclear. Thus, Theorem 1.1 includes the
key lemma of [17] over A™ as a special case. The basic ideas of the present paper are
the same as the limiting approach in [16]. The details are, however, quite different.
In the simplest ¢g-th power Frobenius lifting case, one has the fundamental Dwork
trace formula available, which is completely explicit for uniform estimates. This
makes it easy to extend the Dwork trace formula to the infinite rank setting. It
also makes it possible to see the various analytic subtleties involved in a concrete
case. As a result, we were able to prove analytically optimal results in [16]. For a
general Frobenius lifting (even over the simplest affine n-space A™ as we shall work
in this paper), one has to use the much more difficult Monsky trace formula which
is a generalization of Dwork’s trace formula. Thus, the first task of this paper is
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to extend the Monsky trace formula to the infinite rank setting and to make it
sufficiently explicit so that our previous explicit limiting approach can be carried
out. As indicated in [16], there are two versions of the limiting approach. The first
version is to stay in the finite rank setting but to take the limit of an essentially
continuous (not continuous) family of functions. This is the version adapted in [16].
The second version, briefly outlined in [16] but without giving a detailed proof there,
is to work directly with the infinite rank setting and continuous family of functions.
Here, we shall follow the second version of the limiting approach and work out all
the details. This version gives more transparent and conceptual results, such as an
explicit formula (see Theorem 1.9 below) for the unit root L-function L(1»® ¢k T)
in terms of nuclear overconvergent o-modules. This explicit formula is important
to gain further information about the distribution of the zeros and poles of the unit
root L-function L(y ® ¢&X,, T). In this direction, we have the following result.

Theorem 1.2. Let ¢ be an overconvergent o-module of some finite rank r over the
affine n-space A™/F,, ordinary at the slope zero side. Let ¢uniy be the unit root
(slope zero) part of ¢. Assume that ¢unit has rank one. Let 1) be another finite rank
overconvergent o-module over A™/F,. Then, for all integers k, we can write
k,T)
L ok py_ Lk T) k,0) = fo(k,0) =1
(¢®¢un1t7 ) f2(k,T)7 fl( ) ) f2( ) ) )

where fi1(k,T) (resp. fa(k,T)) is a family of uniformly continuous and uniformly
entire functions whose Newton polygon lies above the graph of the function

Q(JT) = 61$1+"+1T—1 — C2T
for some positive constants {c1,ca} independent of k.

As an application of Theorem 1.2, we obtain explicit information about the
degree of each pure slope piece of the L-function L(1 ® d)ﬁﬁt, T). Recall that the
degree (resp. the total degree) of a rational function means the degree of the
numerator minus (resp. plus) the degree of the denominator. For a non-negative
rational number s, let ds(k) (resp. Ds(k)) denote the degree (resp. the total degree)
of the slope s part of the meromorphic function L(¢ ® ¢§fit, T). Although D, (k)
is a non-negative integer, the integer ds(k) can be negative. The p-adic Riemann
hypothesis in this situation is then to understand the two degree functions d (k)
and D,(k) for each given integer k. Theorem 1.2 implies the following uniform

upper bound for ds(k) and Dg(k).

Theorem 1.3. In the situation of Theorem 1.2, there is a positive constant ¢ such
that for all rational numbers s > 0 and all integers k, the number of reciprocal zeros
and reciprocal poles of L(¢ ® qbf?fit, T) with slopes at most s is bounded by

> Dy(k) < e(s+1)"T
t€(0,s]
In particular, we have the uniform polynomial bound
|ds(k)| < Ds(k) < c(s+1)"F7 1
As another application of Theorem 1.2, we derive, with the help of a continuity

result and the method of [I5], the following information about the variation of the
degree function ds(k) for fixed slope s when k varies.
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Theorem 1.4. In the situation of Theorem 1.2, there is a positive integer ¢ such
that whenever k1 and ko are two integers satisfying the congruence

k1 = ks (mod(g — 1)pt™),
we have the equality
de(k1) = dy(k2),
forall0 <t <s.

Remark 1.5. It is probably unreasonable to expect a similar result for the total
degree function D, (k) due to possible cancellation of zeros and poles.

Theorem 1.4 generalizes a weak version of the Gouvéa-Mazur conjecture from
the universal family of elliptic curves to an arbitrary family of algebraic varieties
with one unit root fibre by fibre. An interesting higher dimensional geometric ex-
ample is a good family of Calabi-Yau hypersurfaces where it is known that the
middle dimensional relative crystalline cohomology (taken to be our ¢) has exactly
one unit root fibre by fibre. In this case, it seems that the unit root L-function
L(cﬁ?fit, T) can be globally constructed from the mirror map. It would be inter-
esting to understand further connections between the two topics. Here, the crystal
structure (the differential equation) of the relative crystalline cohomology would
play an important role. Another interesting topic is to explore the possibility of
using the special values L( ﬁﬁt, 1) parametrized by integer k to construct the con-
jectural p-adic L-function attached to an algebraic variety defined over a number
field. This relationship is not completely well understood even in the case of an el-
liptic curve, although some positive evidence is available. The bounds in Theorems
1.2-1.4 are probably asymptotically best possible in general. They can, however,
be improved in some special cases (see the end of section 8 for a brief discussion
of such possible improvements). In another direction, Coleman has shown that in
the rank one case, the strong family assertion of L(yp ® ¢% .., T) in Theorem 1.1
can be significantly strengthened by extending the domain of the p-adic parameter
k and by using the theory of rigid analysis. This raises a host of new interesting
questions, greatly generalizing the study of the eigencurve problem as initiated by
Coleman-Mazur in [3] for the elliptic family.

If the unit root part ¢unit is of rank greater than one, our result shows that the
L-function L(¢ ® gﬁﬁﬁt,T) is still meromorphic for each fixed integer k, but the
corresponding statements in Theorems 1.2-1.4 are all false. In fact, in this higher
rank situation, no non-trivial uniform bounds are possible due to the simple reason
that the sequence 2* as k varies is unbounded for any fixed real number z > 1.
The simplest counter-example is to take ¢ = ¢unit to be the direct sum of r (r > 1)
copies of the identity o-module. If one replaces the k-th tensor power qb?iﬁt by the
k-th iterate zj)fjnit, then there are a number of open questions in the higher rank
case (see section 8 in [I7]).

We now give a brief description of the content of the paper and the main steps
in our proof. Section 2 contains a brief discussion of the foundational material
and the infinite rank setup. It extends the easier finite rank setting of [I7] to the
more difficult infinite rank setting, improving the exposition in [I6]. The concepts
introduced are Banach modules over certain rings, topological basis, formal basis,
orthonormal basis, o-modules, nuclear o-modules, overconvergent o-modules, nu-
clear overconvergent o-modules and the various tensor operations. The L-function
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is then defined for a nuclear o-module. Section 3 discusses the uniform family
version of overconvergent o-modules and reviews several notions from [I6] about a
uniform family of entire (resp. meromorphic) functions.

Section 4 is devoted to Dwork operators and related explicit estimates. The
main notion here is that of a contracting overconvergent Dwork operator. The
main result of this section is the following theorem.

Theorem 1.6. Let © be a contracting overconvergent Dwork operator. Then, its
Fredholm determinant det(I —TO) is well defined and entire. More generally, for a
uniform and continuous family ©(k) of contracting overconvergent Dwork operators,
the Fredholm determinant det(I — TO(k)) is a uniform and continuous family of
entire functions.

In section 5, we extend the Monsky trace formula from the finite rank case over
A™ to the infinite rank case over A™. The idea is to use the finite rank version as
shown in [I7] and to take a suitable limit. That is, we prove

Theorem 1.7. Let ¢ be an overconvergent nuclear o-module over A™/F,. Then,
there are n+ 1 contracting overconvergent Dwork operators ©;(¢p) such that

(1.1) L(¢,T) = f[ det(I — TO;(¢)) 1"

i=0
Putting Theorem 1.6 and Theorem 1.7 together, we deduce

Theorem 1.8. Let ¢ be an overconvergent nuclear o-module over A™/F,. Then,
the L-function L(¢,T) is p-adic meromorphic. More generally, for a uniform
and continuous family ¢(k) of nuclear overconvergent o-modules, the family of L-
functions L(¢(k),T) parametrized by integers k is a strong family of meromorphic
functions with respect to the p-adic topology of k.

In section 6, we review the definitions of the Newton polygon, basis polygon, and
ordinariness of nuclear o-modules. In order to prove Theorem 1.1, it is sufficient to
assume that ¢ is normalized in the sense that a suitable overconvergent matrix B

of ¢ is of the block form
B— 14+ wbgy 7Bog1
o 7TBl() 7TBH ’

where 7 is the uniformizer and 1 + wbgyg is an overconvergent 1 x 1 matrix.

In section 7, we begin the proof of Theorem 1.1. Without loss of generality, we
assume that ¢ is normalized. Using the infinite rank version of the decomposition
formula (1.5) in [I7], we derive the following limiting formula:

(12) L@k T) = lim []L@@Sym* " "ponle, 7) 0",

i>1
To prove that the limit exists and is meromorphic, the key is to construct a new
overconvergent nuclear o-module (Moo i, $oo,i) called the limiting o-module of the
sequence Sym**?" ¢ (m=1,2,---) such that

(1.3) lim L(y @ Sym* ™" "l @ N, T) = L(th ® oo ki @ N, T).
The tensor product of two nuclear overconvergent o-modules is still nuclear and

overconvergent. Thus, the right side of (1.3) is the L-function of a nuclear over-
convergent o-module and hence is meromorphic by Theorem 1.8. This implies that
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the unit root L-function L(¢) ® ¢ .., T) is also meromorphic. Furthermore, as a

by-product, our proof gives the following stronger explicit formula.

Theorem 1.9. Assume that we are in the situation of Theorem 1.1. Assume fur-
ther that ¢ is normalized. Then, we have the following formula:

(1.4) Lt ® ¢k, T) = [[ L0 © dooni @ N, T) D,
i>1

Note that the product in (1.4) is essentially finite if we restrict to a finite disk.
This is because ¢ is nuclear and thus A’¢ is divisible by higher and higher powers
of the uniformizer 7 as i grows. Thus, there is a crucial shifting factor of 7 in (1.4).
The product in (1.4) is automatically finite if ¢ has finite rank since Af¢ = 0 for
large 1.

Using the explicit estimates in section 4, we derive in section 8 a uniform lower
bound for the Newton polygon of the various Fredholm determinants arising from
the family of L-functions L(¢ ® ¢F .., T) parametrized by k. This together with
Theorem 1.9 then implies explicit information about the distribution of the zeros
and poles of the L-function L(¢% . ,T) as stated in Theorems 1.2-1.4.

We would like to point out that the results of this paper do not include the
results in [16] as a special case. In terms of the Frobenius lifting o, this paper is
more general and allows us to complete our proof of the rank one case of Dwork’s
conjecture over the affine n-space. However, from the analytic point of view, the
results of the present paper are not optimal and thus somewhat weaker than the
results in [16]. The reason is that the ambient o-module ¢ is only assumed to be
clog-convergent in [I6], which is the weakest possible condition for the study of
L-functions. In contrast, the present paper assumes that the ambient o-module is
overconvergent, which is an analytically stronger condition, although it is enough for
our immediate application to Dwork’s conjecture. The overconvergent condition on
¢ simplifies some of the analytic arguments but our proof here is still quite analytic
due to the nature of the problem.

2. NUCLEAR 0-MODULES AND L-FUNCTIONS

Let F, be the finite field of ¢ elements of characteristic p. Let R be a complete
discrete valuation ring with uniformizer 7 and with residue field F,. Let K be the
quotient field of R. Thus, the ring R consists of those elements a € K such that
ordra > 0. We assume that K has characteristic zero (the characteristic p case is
actually somewhat easier). One can then think of K as a finite extension of the
field Q,, of p-adic rational numbers with residue field F;. We normalize the p-adic
(m-adic) absolute value on K by defining ||, = 1/p. Let n be a fixed positive
integer. We shall consider various nuclear o-modules over the affine n-space A™,
which are certain Banach modules with a nuclear action of a semi-linear operator.
Throughout the paper, our base space will be A".

First, we define various coefficient rings. Let

Ay = { Z auXu|au € R, \u1|1Lnoo |au|7r = 0}

uEZgo

be the ring of convergent power series over R, where for a lattice point u =
(w1, -+ ,up) € Z%,, we define X" = X7 ... X" and |u| = uy + -+ + u,. The
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overconvergent subring A of Ay is defined by

ordra
A= X%a, € R, lim inf ——= > 0}.
(2, X'l € R tim inf =L >0}
>0
Thus, the ring A consists of those power series f(X1, -+, X,,) in Ag which converge

in the polydisk | X;|, < r for some real number r > 1, where r depends on f. Both
Ap and A are Noetherian. Let o be a fixed R-algebra endomorphism of A which
lifts the ¢-th power Frobenius map of the polynomial ring F,[X]. Thus, there are
unique elements f; € A (1 < i < n) such that

(T(Xi) = Xf-l—ﬂ'fl

These relations also define an R-algebra endomorphism of Ag by continuity. Al-
though o acts on the bigger ring Ay, we remind the reader that our o is always
originally defined over A. That is, the elements o(X;) are always overconvergent.

The full ring Ag is complete. This fact makes all algebraic definitions simpler.
But it is too large in the sense that not much can be proved about the L-functions
that we will define. The smaller overconvergent subring A is important for us but it
is not complete. This makes all algebraic definitions more complicated and one has
to use analytic ideas. On the positive side, the ring A is weakly complete in some
sense. In nice situations, we can replace A by a dense R-submodule which is not a
ring any more but is complete. Such a complete R-submodule makes the analysis
simpler. We will get to these submodules in later sections when dealing with finer
properties. For now, we define our basic notions in terms of the big complete ring
Ap. The ring Aj serves as our ground ring or coefficient ring.

The ring Ag is a complete normed R-algebra under the Gauss norm:

I ZauX“H = m3x|au|7r.
u

Thus, the ring Ag becomes a Banach algebra over R and the monomials {X“} form
an orthonormal basis of Ag over R. We need to consider certain Banach modules
over Ag with certain nuclear o-linear endomorphisms. A closely related theory of
Banach modules over a ring (Banach algebra) with completely continuous maps
is given in Coleman [2], generalizing the p-adic spectral theory of Serre [I1] over
the field K and of Monsky [10)] over the complete discrete valuation ring R. These
theories, however, mostly restrict to Banach modules with an orthonormal basis and
with linear maps, although some of the results may hold for more general Banach
modules with certain semi-linear endomorphisms. The treatment below of the
foundational material on Banach modules, influenced by the referee’s comments,
is an improvement of those given in [I6]. Again, we only briefly touch on those
properties which are relevant to our immediate applications. It may be interesting
to give a full systematic development of the following foundational material which
would be useful in some further study of L-functions.

Definition 2.1. An Ap-module M is called a Banach module over Ay if the fol-
lowing three properties are satisfied.

(i) M is a complete topological continuous Ag-module with a basis of open neigh-
borhoods of the origin consisting of Ag-submodules.
(ii) M has a norm ||?|| satisfying the relations

[lm|| = 0 if and only if m =0, m € M,
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lam|l = [lall - [[ml[, for a € Ao, m € M,

[lma1 + me| < max(||m4]|, ||mz]|), for m1,me € M.
(iii) If {m;} is a sequence in M such that

lim [|m; | = 0,
7
then the sequence {m;} converges to zero in M.

Note that in addition to the given topology on M, the norm on M induces
another topology on M, called the norm topology. The norm topology on M may
be different from the original topology on M. Condition (iii) in the above definition
refers to a relationship between the two topologies on M. One can replace the
ground ring Ay by any Banach algebra and hence get a more general notion. Since
the ring Ag is all we use in this paper, we will stick with this ground ring Ay. The
simplest examples of Banach Ag-modules are Aq itself and its quotient by a closed
ideal. In particular, the ring R is also a Banach Ap-module. We now examine two
more examples.

Example 2.2. Let I be a set. Let
b(I) = {{aitierlai € Ao}

be the set of all sequences {a;};cs of elements in Ag indexed by I. If I is the empty
set, then b(I) is defined to be the trivial zero module. Clearly, b(I) is an Ag-module
under componentwise addition and scalar multiplication. Define the norm on b(I)
by

llafl = max|a;].

Define the topology on b(I) by requiring the submodules
Ms = {{a;}ier : |lai]| < € for ¢ € S},

where S is a finite subset of I and € is a positive real number, to be a basis of
open neighborhoods of the origin. One checks that b(I) is a Banach module over
Ap. Furthermore, if T is infinite, the topology on b(I) is different from the norm
topology on b(I).

Example 2.3. Let b(I) be the Banach Ap-module in the previous example. Let
¢(I) be the Ap-submodule

c(I) = {{aitierlai € Ao, lim [|a;| = 0},

which is the set of all convergent sequences of elements in A indexed by I. The
norm ||7|| on ¢(I) is the same as the one on b(I). But we define the topology on
¢(I) by requiring the submodules

M. = {{a;}icr € ¢(I) : ||a;|| < € for i € I},

where € is a positive real number, to be a basis of open neighborhoods of the origin.
In this way, the space ¢(I) becomes a Banach Ap-module. One checks that the
topology on ¢(I) agrees with the norm topology on ¢(I).
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Let M be a Banach module over Ap. A topological basis for M is a subset
€ = {{ei}ticrle; € M} indexed by some set I such that for every element m € M,
there exists a unique collection {a; € Ag}ics such that the net

Z a;€q,

€S
where S ranges over finite subsets of I, converges to m in M (in terms of the
topology of M) and, moreover,

[m] = max [|as|.
i€l

In this case, we call the series

(2.1) m= Z a;e;

il
the expansion of m with respect to €. The cardinality of I is called the rank of M.
The rank is clearly independent of the choice of basis if it is finite. Otherwise, it
is always infinite. In this paper, we always assume that the index set I is at most
countable. Thus, the rank is always independent of the choice of basis.

The basis € is called a formal basis for M if for every collection {a; € Ag}ier,
there exists a unique element m € M with the expansion (2.1). A typical such
example is the module b(I) given in Example 2.2. The basis € is called an or-
thonormal basis for M if for every element m € M, the expansion in (2.1)
satisfies lim; ||a;|] = 0. A typical such example is the module ¢(I) given in Example
2.3.

For a finite rank free Ap-module M, all the above three notions on basis are the
same concept. Any free Ag-module M of finite rank can be viewed as a Banach
module over Ay of finite rank by suitably extending the norm from Ag to M. If the
rank is infinite, then all three notions on basis are different in general. A simple
topological argument shows that the module (1) in Example 2.2 has a formal basis
but does not have an orthonormal basis. Similarly, the module ¢(I) in Example
2.3 has an orthonormal basis but does not have a formal basis. If one takes the
direct sum of the modules b(I) and ¢(I), then one gets a Banach module over Ay
with a topological basis but without formal and orthonormal bases. By completing
a Banach Ag-module in some way, one sees that any Banach Ag-module with a
topological basis can be embedded as a submodule of a Banach Ag-module with
a formal basis. Thus, the module b(]) in Example 2.2 provides the largest type
of Banach Ag-modules with a topological basis. In this paper, unless otherwise
stated, we shall only consider Banach Ag-modules of type b(I). Although ¢(I)
is a submodule of b(I), a continuous endomorphism of ¢(I) cannot in general be
extended to a continuous endomorphism of b(I) because the topologies on ¢(I) and
b(I) are different (they do have the same norm topology).

From now on, we assume that M is a Banach Ap-module with a formal basis € =
{ei]i € I} indexed by some set I of at most countable cardinality. For convenience,
the set I will often be identified with a subset of the positive integers. In particular,
we often identify our index set I with the full set of positive integers whenever M
is of infinite rank over Ag. The following lemma shows which transition matrices
give a new formal basis for M over Ay (see Lemma 2.1 in [I6] for a proof).

—

Lemma 2.4. Let M be a Banach Ag-module with a formal basis € indexed by
some set I of at most countable cardinality. Let f = €U be a set of elements in M
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indexed by I, where U is a matriz with entries in Ag whose rows and columns are
both indexed by I. Then, f is also a formal basis of M over Aq if and only if U is
invertible over Ag and the row vectors of both U and U~ are in c(I).

We can now define the notion of o-modules and nuclear o-modules. Recall that
M has two different topologies in the infinite rank case.

Definition 2.5. (i) A o-module over Ay is a pair (M, ¢), where M is a Banach
Ap-module with a formal basis &€ = {e;};cs indexed by I of at most countable
cardinality such that ¢ is a continuous o-linear endomorphism of M.

(ii) The o-module (M, ¢) is called nuclear if, in addition, ¢ is also continuous
when we put the norm topology on the range (this condition is called the nuclear
condition).

(iii) The norm of ¢ is defined to be ||¢|| = p~°"4=(#) where ord,(¢) is the smallest
non-negative integer k such that

d(M) C 7" M.
Since ¢ is continuous and o-linear, we deduce the infinite o-linearity of ¢:

(2.2) ¢ aier) =Y ola)dles), a; € Ag.

icl icl
By our definition, the nuclear condition of ¢ means that whenever {m;} is a se-
quence tending to zero in the topology of M, then we have

Jim [o(m)| = 0.
From this, it is easy to check that ¢ is nuclear if and only if
(2.3) lim [|p(e;)[| = 0.

1— 00

The condition in (2.3) is easier to check in practice and will also be called the
nuclear condition. Since the nuclear condition is a topological condition, the limit
in (2.3) holds for every formal basis € of M.

We emphasize that our Banach Ag-module M has a formal basis but does not
have an orthonormal basis in the infinite rank case. Thus, specifying the image of ¢
at the basis elements {e;} is not enough to define a continuous o-linear map. This
is because the infinite sum ¢(}  ase;) = >, 0(a;)$(e;) may not be defined when we
write out ¢(e;). In the nuclear case, our condition lim; ||¢(e;)|| = 0 insures that the
infinite sum , o(a;)¢(e;) is always well defined.

Intuitively, one can think of our nuclear map ¢ as a “family” of completely
continuous linear endomorphisms of a fixed Banach space with a formal basis,
parametrized by the value x of X at various closed points of the variety A™ (see
the definition of L-functions later in this section). If one really wants to use the more
familiar notion of a Banach space with an orthonormal basis, then one can think of
our nuclear map ¢ as the continuous dual of a “family” of completely continuous
linear endomorphisms of a fixed Banach space with an orthonormal basis. The word
“family” is not in the usual algebraic sense, because the fibre ¢, of ¢ at a closed
point x is not a linear map but only a o-linear map. However, a suitable power
(iterate) of ¢, is linear (see the definition of L-functions in this section). In the
classical case when the ground ring is R or K, the terminology “nuclear operator”
has been used (by Serre and Monsky) to denote a linear operator with certain good
spectral properties. It is known that a completely continuous linear endomorphism
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is nuclear. Thus, we have borrowed the terminology “nuclear” for our map ¢
because our nuclear condition (2.3) obviously implies that ¢ has some good spectral
properties, although we do not discuss the spectral aspect here since our map is
not linear. Also, the word “nuclear” is shorter than “completely continuous”.

A morphism between two o-modules (M, ¢) and (IV, %) is a continuous Ag-linear
map of Ag-modules

0: M — N

such that 8 o ¢ = v o . In this way, the category of o-modules is defined. In
particular, it makes sense to talk about isomorphic o-modules. It is easy to check
that the usual direct sum of two o-modules

(M,¢) @& (N,¢) = (M &N, ¢S v)

is again a o-module. If both ¢ and 1 are nuclear, so is the direct sum ¢ ® . To
extend the usual tensor operations to nuclear o-modules, we need to introduce the
concepts of formal tensor product, formal symmetric powers and formal exterior
powers.

Definition 2.6. Let M and N be two Banach Ag-modules. Their formal tensor
product, denoted by M®N, is the completion of the usual tensor product with
respect to the topology induced by requiring the usual tensor product P ® ), where
P is an open neighborhood of the origin in M and @ is an open neighborhood of
the origin in IV, to be a basis of open neighborhoods of the origin. The norm on
the formal tensor product M ® N is defined as follows. If ¢ is an element of the
usual algebraic tensor product, then
lell =~ min_ max{{m;| - |[n;]l},
c=)_; m;®n; J

where the sum runs over all ways that ¢ can be written as a finite sum ¢ = 3, m; ®
n;. For a general element c in the formal tensor product M ® IV, we define

ll¢|| = min lim inf ||¢; |,
{ci} 1

where {¢;} runs over all sequences approaching ¢ such that each ¢; is in the usual
algebraic tensor product of M and N.

Note that we are using the same tensor notation to denote the formal tensor
product. This should not cause confusion, since all tensor products in this paper
are formal tensor products. If &€= {e;};er is a formal basis of M and f: {fi}jes
is a formal basis of N, then one checks that €® f = {e;@fj:iel,jeJ}isa
formal basis of M®N. Formal symmetric products and formal exterior products
can be defined and dealt with similarly.

Definition 2.7. Let (M, ¢) be a o-module with a formal basis €. Let (N,v) be a
o-module with a formal basis f. Let

dlei) =Y aries, P(f5) =Y brsfi:
k k

The formal tensor product of (M, ) and (N,) is the o-module (MQN, ¢@1)),
where M ® N is the formal tensor product of the two Banach Ag-modules M and
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N, and the map ¢ ® 1) is determined by the relation

PR Y(ei® f;) = ¢le:) ®Y(f;)
= O akyier) ® O bajifrs)
k1 k2j

= D amibra(er © fr).

k1,k2

If both ¢ and v are nuclear, it is easy to check that
Jim 0@ (e )] = 0.

Thus, the formal tensor product (M ® N, ¢ ® 1) is also a nuclear o-module.

Let (M, ¢) be a o-module with a formal basis €. In a similar way, one can define
formal exterior powers and formal symmetric powers. Let 1 < i < co. The i-th
formal exterior power (A*M, Al¢) is the o-module with the formal basis

Aig:{"'aek1/\"'/\ekm"'}7 k1<k2<"'<ki7
and with the continuous o-linear endomorphism A¢ defined by
N(@)(em -~ Aew,) = Plew )N+ Ap(ex,)-

For i = 0, we define (A°M,A%@) to be the trivial rank one o-module (Ag, ).
Similarly, the i-th formal symmetric power (Sym'M, Sym'¢) is the o-module with
the formal basis

Symigz{...,eklekQ...eki7...}7 lekQS"'Ski7
and with the continuous o-linear endomorphism Sym‘¢ defined by
Symi(¢)(ek’l e 'ek‘i) = (b(ekl) T ¢(ek7)

We shall use the convention that Sym*¢ = 0 for all negative integers k < 0. If ¢
is nuclear, one checks that its formal symmetric powers and formal exterior powers
are also nuclear. We obtain

Lemma 2.8. The category of o-modules over Ay (resp. nuclear o-modules over
Ap) is closed under direct sums, formal tensor product, formal symmetric powers
and formal exterior powers.

Another useful construction is the formal symmetric algebra. Let M be a Ba-
nach Ap-module. We define the formal symmetric algebra of M, denoted by
Ap[[M]], to be the completion of the ring B, Sym'M with respect to the ideal

D~ Sym‘M , where Sym*M is the i-th formal symmetric power of M. An element
m € Ap[[M]] can be written uniquely as a series

m = Zmi, m; € Sym'M.
i>0

The ring Ao[[M]] is also a Banach Ag-module with respect to the norm defined by
[l = max [ |-
If €= {e1, ea, -} is a formal basis of M, then

{651652 T efi,;i > O}
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is a formal basis for Ag[[M]]. If ¢ is a continuous o-linear map on M, then ¢ induces
a continuous o-linear map Sym(¢) on Ag[[M]]. It should be remarked that if ¢ is
nuclear on M, then Sym(¢) is in general not nuclear. The easiest counter-example
is to take the identity o-module (M, ¢) = (Ao, 0).

The continuous o-linear map ¢ in a o-module (M, $) can also be viewed as a
continuous Ag-linear map ¢ : M? — M of Banach Ag-modules, where M? is the
continuous pull back of M by o : Ag — Ap. That is,

M7 ={> bi@e; | b € Ao}

with the formal basis {1 ® e;};cs. For a; € Ag, we have the relation
Z ola;))®e; = Z a;e;.
i

The map ¢ is called the Frobenius map of the o-module M. We shall sometimes
just write M or ¢ for the pair (M, ¢). A o-module ¢ is called a unit root o-module
if the Ap-linear map ¢ : M — M is an isomorphism of Ag-modules. The nuclear
condition (2.3) implies that any unit root nuclear o-module ¢ must be of finite
rank. If M is of finite rank, the two topologies on M agree and hence the nuclear
condition (2.3) is automatically satisfied. Thus, in the finite rank case, we may
drop the word “nuclear” and simply say a o-module.
Given a o-module (M, ¢), we define its dual Ag-module by

MY =Hom$™ (M, Ay).

This is the set of continuous Ag-linear maps f from M to Ay, i.e., Ag-linear maps
satisfying

O aie) =Y aif(e), ai € Ao.
i i
A given Ap-linear map f from M to Ag is continuous if and only if f has the
property
lim f(e;) = 0.
3
The module MV is a Banach Ag-module if we define the norm on it by
111 = mas || £ ()]
Let €Y ={eY,ey, -} be the dual basis
1 i i
efle) =4 "
0, if j#i.
Then, one checks that
MY = {Z a;e}|a; € Ag, lim ||a;]| = 0}
i

is the Banach Ag-module with orthonormal basis €¥. The dual map
¢V:Mv —>Mava ¢V(f):fo¢v fEMV,
is then continuous and Agp-linear, where

MY ={> a;®e]|a; € A, lim |la; | = 0, o(a;) @ el = aze)}.
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If ¢ is nuclear, then as an Ag-linear map between two different spaces, ¢V is com-
pletely continuous as defined in Coleman [2] where the case of completely continuous
linear endomorphisms (between the same space, not two different spaces) was stud-
ied in detail. The above dual (MV,") is not a o-module yet by our definition
since the arrow direction for the map ¢V is not the right one and furthermore MY
does not have a formal basis. In the case that ¢ is invertible, the contragradient
(the inverse of ¢) of ¢ can be used to define a o-module on the completion of M.
We shall not need this construction. All we need in this paper is the completely
continuous property of ¢V.

We now turn to discussing some “convergence” conditions of ¢ as a “power
series” in terms of X, generalizing the convergent and overconvergent conditions
for an element in Ag. A finer explicit description about the nuclear condition of ¢
will be discussed in section 6 in connection with the Hodge-Newton decomposition.
Let B(X) be the matrix of a o-module (M, ¢) under a formal basis & We can
always write

B(X)= Y B.X",

uEZgO
where the coefficients B, are matrices with entries in R.

Definition 2.9. We say that (M, ¢) is convergent if there is a formal basis & such
that the matrix B(X) with respect to € is convergent, that is, B(X) satisfies the
condition

(2.4) lim ord,B, = oo.

|u|— o0

Similarly, we say that (M, ¢) is overconvergent if there is a formal basis & such
that the matrix B(X) with respect to € is overconvergent. Namely, B(X) satisfies
the condition

dxBuy
(2.5) lim inf 272

> 0.

Note that our definition of the above convergence properties depends on the
choice of the formal basis €. It may happen that the matrix B(X) under one
formal basis is overconvergent but the matrix under a new formal basis is NOT
overconvergent. Our definition is that as long as there is one formal basis for which
the matrix is overconvergent, then the o-module (M, ¢) is called overconvergent.
When we say a formal basis & of a convergent (resp. overconvergent) ¢, we always
assume that the matrix of ¢ with respect to €is convergent (resp. overconvergent).
Alternatively, we may say that the basis € is convergent (resp. overconvergent) for
(M, ¢) if the matrix of ¢ with respect to € is convergent (resp. overconvergent). In
the case of finite rank, every o-module is convergent; an overconvergent c-module
is a o-module which can be defined over A and then by base extension A — Aj.
In the case of infinite rank, not every o-module is convergent. It may happen that
the matrix B(X) = (b;,;(X)) has all of its entries b; ;(X) in Ay without satisfying
the uniformity requirement (2.4). Similar remarks apply to the overconvergent
situation. It may happen that the matrix B(X) = (b; ;(X)) has all of its entries
b; ;(X) in A without satisfying the uniformity requirement (2.5).
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The matrix B(X) of a o-module with respect to a formal basis can be further
written in the form

B(X) = Z B, X", B, = (bwhwz(u))a

uEZgo

where w; denotes the row index and wy denotes the column index of the constant
matrix B,. Conversely, such a matrix power series B(X) is the matrix of some
overconvergent nuclear o-module under some formal basis if and only if B(X) sat-
isfies the following two conditions. First, we have the overconvergent condition for
B(X) as a power series in X:
lim inf ordx By > 0.
|u|— o0 |’U,|

Second, we have the nuclear condition for B(X) to be the matrix of ¢ under a formal
basis. This nuclear condition can be rephrased as follows: For any positive number
C > 0, there is an integer N > 0 such that for all column indices we > N¢g, we
have

ordbuy, w, (u) > C,

uniformly for all v and all w;.

As stated in Lemma 2.8, the category of o-modules (resp. nuclear o-modules)
is closed under direct sum, formal tensor product, formal symmetric product and
formal exterior product. The same statement holds for the subcategory of con-
vergent (resp. overconvergent) nuclear o-modules. The category of convergent
nuclear o-modules includes all o-modules of finite rank. In the case that the finite
rank map ¢ : M? — M is an isogeny, namely when ¢ : M @ Q — M ® Q is
an isomorphism of finite rank Ay ® Q-modules, the o-module (M, ¢) more or less
corresponds to an F-crystal on the affine n-space A". If, in addition, the finite
rank map ¢ : M? — M is an isomorphism of Ag-modules, the o-module (M, ¢)
corresponds exactly to a unit root F-crystal on A™. However, the category of finite
rank overconvergent unit root o-modules is much larger than the category of finite
rank overconvergent unit root F-crystals. The notion of overconvergent nuclear o-
modules of finite rank arises naturally from various relative p-adic (but not p-adic
étale) cohomology groups of a family of varieties over finite fields. The notion of
overconvergent nuclear o-modules of infinite rank already arises if one works on the
chain level of p-adic cohomology groups of a family of varieties over a finite field.

From now on, in order to define an L-function, we shall only work with a nu-
clear o-module (M, ¢) and sometimes identify it with its matrix B(X) under a
formal basis. One can attach an L-function to any nuclear o-module ¢. For this
purpose, we need to recall the notion of the Techmiiller lifting of a geometric point
xr € A"(F,) defined with respect to 0. Let Z € A™ be a geometric point of de-
gree d over F,. That is, the point Z is a surjective F,-algebra homomorphism in
Hompg, (Fy[X],F,a). By a theorem of Monsky-Tate, there is a unique surjective R-
algebra homomorphism = € Hompg (A4, R4) whose reduction mod 7 is Z such that
xoo? =z, where Rq denotes the unramified extension of R with residue field Fa.
The element x is called the Teichmiiller lifting of Z defined with respect to o. The
map o on Ay specializes to an action on R, via the element @ € Hompg(Ag, Rq).
This action on Ry coincides with the standard Frobenius action on Ry.

The fibre M, of M at x is a Banach module with a formal basis over R|[x], where
R[z] (= Rq) is the ring obtained from R by adjoining the coordinates (z1,--- ,2p)
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of the point z defined by z; = x(X;). That is, via the map z, R[z] becomes a
Banach Ag-algebra and

M, = M ® R[z]

is the formal tensor product of M and Rx] via x. It has a formal basis as a Banach
R[z]-module but has no topological basis as a Banach Ap-module. The fibre map

¢xMz_)Mz

is o-linear (not linear in general). But its d-th iterate ¢¢ is R[x]-linear (since
o%(z) = z) and can be defined over R. Furthermore, ¢¢ is the dual of a completely
continuous operator in the sense of Serre [11]. This implies that the characteristic
series det(I — ¢9T') (or the Fredholm determinant) of ¢¢ acting on M, (which can
be descended from R[z] to R) is well defined with coefficients in R. It is a p-adic
entire function and is independent of the choice of the geometric point Z associated
to the closed point over F, containing . Thus, it makes sense to talk about the
characteristic power series of ¢ at a closed point.

Definition 2.10. Let (M, $) be a nuclear o-module over Ayg. The L-function of
(M, ¢) is defined by the Euler product

1
L(¢,T) = - 7
fequ det(l — ‘Zﬁeg(x)Tdeg(E))

where Z runs over the closed points of A"™/F, and «x is the Teichmiiller lifting of z
defined with respect to o.

Note that each of our Euler factors is the reciprocal of an entire power series,
not necessarily a polynomial. If B(X) is the matrix of ¢ with respect to a formal
basis, then one checks that

L(¢,T) = L(B(X),T)

1
R Ty P R e )

where the notation x°  denotes ¢?(z). This shows that the L-function is a power
series with coefficients in R. Thus, it is trivially meromorphic in the open unit disk
|T|r < 1. If ¢ is convergent (which is always the case if M is of finite rank), it
can be shown that the L-function is meromorphic on the closed unit disk |T'|, < 1.
The generalized Monsky trace formula shows that the L-function L(¢,T) is p-adic
meromorphic if ¢ is overconvergent and of finite rank. Our first task in this paper
is then to further extend the Monsky trace formula from the finite rank case to the
infinite rank case. This will be done in section 5. In particular, it implies

Theorem 2.11. Let (M, ¢) be an overconvergent nuclear o-module. Then, the
L-function L(¢,T) is p-adic meromorphic.

Actually, what we will need in this paper is a stronger family version of Theorem
2.11 as given later in section 5. In fact, we will go further and work out the effective
estimates involved.

In order to fully describe Dwork’s conjecture in our language, we need to define
a slightly more general L-function, which could be called a higher power L-function.
If ¢ is a nuclear o-module and k is a positive integer, we define the k-th power ¢F
to be ¢ iterated k-times. The pair (M, ¢*) can be viewed as a o*-module but it is
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not a o-module as ¢* is o*-linear, not o-linear in general. The L-function of the
k-th power ¢* is defined to be

Lty = I .

sennyp, det(I — ¢t rdea(®))

If B(X) is the matrix of ¢ with respect to a formal basis, then one checks that

1

Lt 1) = ] det(I — B(x)B(x) - - B(a™ @~ )T des(2))

TEAT/F,

1
= M =G By

In other words, L(¢*,T) is obtained from L(¢,T) by raising each reciprocal root «
of the Euler factors to its k-th power .

Let (My,¢1) and (Ma, ¢2) be two nuclear o-modules. Let k; and k2 be two
positive integers. Although their powers ¢’f1 and qbgz do not have a o-module
structure in general, we can define the L-function of the “tensor product” of these

powers as follows:

1
L( §1®¢§2’T): H k1 deg(@ ko dog(T e
sean/r, det(l — 91 @ gy toE®) Tes(@))

Namely, the Euler factor at  of L(¢% ® ¢5?,T) is the “tensor product” of the
corresponding Euler factors at a of L( ]fl ,T) and L(d)gQ,T). The above definition
works for a negative integer k as well provided that ¢ is injective fibre by fibre and of
finite rank. If (M, ¢) is of rank one, then L(¢*, T) is just the L-function L(¢®*, T
of the k-th tensor (or symmetric) power of (M, ¢). If (M,¢) is of rank greater
than one, then the k-th power ¢* (k > 1) does not have a o-module interpretation
as matrix multiplication is non-commutative in general. Nevertheless, ¢* can be
viewed as a virtual o-module, namely, an integral combination of o-modules with
both positive and negative coefficients. In fact, we have the following simple but
basic decomposition formula for L-functions (see equality (4.4) in [16]).

Lemma 2.12. Let ¢ be a nuclear o-module. Let k be a positive integer. Then,

L(¢",T) = [] L(sym* o @ n'p, 7).

i>1

Since Sym*~'¢ = 0 for i > k, Lemma 2.12 implies that L(¢*,T) can be written
as a finite alternating product of L-functions of various o-modules. It is known
that the L-function L(¢*,T) is not meromorphic in general if ¢ is not overcon-
vergent. Dwork’s conjecture concerns the meromorphic continuation of L(d)ﬁnit, T)
for certain unit root o-modules ¢,n;x which are not overconvergent but arise in a
natural way from the Hodge-Newton decomposition of an overconvergent o-module
¢. Since ¢yt is not overconvergent, meromorphic continuation in this case is much
deeper than Theorem 2.11. To describe and prove the full strength of our results,
we need more preparations.
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3. UNIFORM AND STRONG FAMILIES

Since it is also our objective to understand how the arithmetic family of L-
functions L(¢*, T') varies when the integer parameter k varies, we first review some
notions from [16] about the variation of meromorphic functions.

Let S be a subset of a complete topological space. Let S denote the closure
of S. Namely, S is the union of S and its limit points. In our applications, the
space S will be an infinite subset of the integers Z, sometimes with the induced
p-adic topology, and sometimes with the sequence topology with co as its unique
limit point not in it. Recall that the sequence topology of an infinite subset S C Z
means that the open sets of S are the finite subsets of S as well as complements of
finite subsets of S. One checks that for the sequence topology, a Cauchy sequence
of S is the same as a continuous sequence of S. The set S will be our parameter
space for which our parameter k varies. We shall consider a family of power series
in R[[T]] of the following form:

f,T) =" fm(R)T™,  folk) =1, fm(k) € R,

m>0

where each coefficient f,, (k) is a function from S to R. Note that the constant term
is always 1. Furthermore, the ring R is always complete and compact with respect
to the p-adic topology of R. The power series ring R[[T]] is a Banach R-algebra
under the Gauss norm

1> amT™| = max||an||.

It has the formal basis {T% : i > 0}. The family f(k,T) is called uniformly
continuous in k if the norm || f(k1,T) — f(k2,T)|| is uniformly small whenever k;
is close to k2. The family of functions f(k,T) is called uniformly entire if
infy ordy fm (k

(3.1) lim inf kOMnSmk)

m— o0 m
The family f(k,T) is called uniformly meromorphic if f(k,T) can be written
as a quotient

flk. 1) = D)

f2 (kv T)

of two families, where both f1(k,T) and fo(k,T) are uniformly entire. It is clear
that the product and quotient (if the denominator is not the zero family) of two
uniformly meromorphic families (parametrized by the same parameter k) are still
uniformly meromorphic.

If the set S consists of a sequence of elements {k;}, we shall call the family
f(k;, T) a sequence of functions. The following result is an immediate consequence
of the above defining inequality in (3.1).

Lemma 3.1. Let f(k;, T) be a uniformly continuous sequence of power series. As-
sume that the sequence f(k;,T) is uniformly entire. If k = lim,; k; exists in S, then
the limit function

f(k,T) = lim f(ki, T)

exists and it is also entire.



870 DAQING WAN

Corollary 3.2. If f(k,T) is a uniformly continuous family of uniformly entire
functions for k € S, then f(k,T) extends uniquely to a uniformly continuous family
of uniformly entire functions for k € S (the closure of S).

To obtain similar results for meromorphic families, we need to introduce another
notion about families of functions.

Definition 3.3. A family f(k,T) is called a strong family if f(k,T) is the quo-
tient of two uniformly continuous families of uniformly entire functions.

There is probably a better choice of terminology for the notion of a strong fam-
ily.  We have tried to avoid the weaker notion of a uniformly continuous family
of uniformly meromorphic functions, which simply means a uniformly continuous
family which is also uniformly meromorphic. In such a family, it is not immediately
obvious (although probably true) that the limit function is still a meromorphic
function. In our stronger definition, this property is built in because of Corollary
3.2. Thus, we have

Corollary 3.4. If f(k,T) is a strong family for k € S, then f(k,T) extends
uniquely to a strong family for k € S (the closure of S).

It is clear that the product and quotient (if the denominator is not the zero
family) of two strong families for k € S are again a strong family.

Our main concern will be the family of L-functions arising from a family of
nuclear o-modules. We want to know when such a family of L-functions is uniformly
meromorphic and when it is a strong family. Before doing so, we need to define the
notion of a uniform family of o-modules. Let B(k,X) be the matrix of a family
of nuclear o-modules (M}, ¢i) parametrized by a parameter k. There may be no
relations among the ¢y, for different k. In particular, the rank of (Mg, ¢x) could be
totally different (some finite and other infinite, for instance) as k varies. Write

B(k,X)= Y Bu(k)X",
uez,
where each coefficient matrix B, (k) has entries in R:
Bu(k) = (bwy,ws (4, ) buyws (u, k) € R,
where w; is the row index of B, (k) and ws is the column index of B, (k).

Definition 3.5. A family (M}, ¢x) is called a family of uniformly overconvergent
nuclear o-modules if it has a family of matrices B(k, X) satisfying the following
two conditions. First, we have the uniform overconvergent condition:

lim inf infy, ord, B, (k)

> 0.

Second, we have the uniform nuclear condition. That is, for any positive number
C > 0, there is an integer No > 0 such that for all column numbers wy > N¢, we
have

ord by, w, (4, k) > C,

uniformly for all u, k, w;.
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Note that the uniform nuclear condition is automatically satisfied if the rank of
(M, ¢r) is uniformly bounded. This is the case if each o-module M) has the same
finite rank for every k. On the other hand, the uniform overconvergent condition
is not automatic even if M}, has the same finite rank for every k.

Definition 3.6. A family (M, ¢x) of nuclear o-modules with the same underlying
module M, = M for k € S is called uniformly continuous in k if ||¢r, — ¢, || is
uniformly small whenever k; is uniformly close to ks.

In applications, the underlying module M) for each k may be different. In
this case, it is often useful to extend each nuclear o-module (M, ¢y) to a single
underlying module M independent of k£ so that we have

My, ® N, = M.

The map ¢, extends to M by requiring ¢ (a) = 0 for « € Nj. This will not change
the L-function. That is, L(¢k,T) is the same whether we view ¢y as acting on the
bigger module M or on the smaller submodule Mj. In this way, we can talk about
the uniform continuity as defined in Definition 3.6. The following uniform result is
of basic importance to our investigation.

Theorem 3.7. Let ¢ be a family of nuclear o-modules parametrized by k. Assume
that the family ¢ is uniformly overconvergent. Then, the family of L-functions
L(¢x,T) is uniformly meromorphic. If, in addition, the family ¢i is uniformly
continuous, then the family L(¢y,T) of L-functions parametrized by k is a strong
family.

This result is an extension of Theorem 2.11 from a single nuclear overconvergent
o-module to a uniform family of nuclear overconvergent o-modules. In the special
case when o(z) = 2%, Theorem 3.7 was already proved using the extended Dwork
trace formula (see Theorem 5.7 in [16]). We shall prove Theorem 3.7 in the general
case in next two sections, after we establish the extended Monsky trace formula.

4. EXPLICIT ESTIMATES ON DWORK OPERATORS

Recall that A is the overconvergent subring of Ay and o is a fixed R-algebra
endomorphism of A lifting the g-th power Frobenius map, where R is a complete
discrete valuation ring of characteristic zero with uniformizer = and residue field
F,. As we assumed throughout, the map o is defined over A. That is, o(X;)
is overconvergent. It is clear that o(Ap) is a subring of Ay and o is an injective
map. For a lattice point v € ZZ, we use u; to denote its i-th coordinate. That is,
u=(u1, - ,up). In this section, we make explicit the various estimates involving
a Dwork operator.

Definition 4.1. A Dwork operator © on Ag is an R-linear endomorphism of the
ring Ap which is o~ '-linear in the sense that

O(o(a1)az) = a10(az), ai1,as € Ap.

The operator © is called overconvergent if O is stable on the overconvergent subring
A, that is, if

©(A) C A.
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Our main concern will be the class of overconvergent Dwork operators. To
construct some examples of Dwork operators, we need the following result whose
proof is straightforward.

Lemma 4.2. The ring Ay is a free o(Ag)-module of rank ¢ with a set of generators
{X"}, where 0 < u; < q.

For any given f € Ay, Lemma 4.2 shows that there are well-defined elements
O,(f) in Ay for 0 < u; < ¢ such that

f= Z Ou(f)7X™.
0<u;<q
For each u with 0 < u; < ¢, the map ©,(f) then defines a Dwork operator on Ag.
These O, are called the basic Dwork operators of Ag. We will show that they are in
fact overconvergent. That is, ©, takes A to A. One can get more Dwork operators
by composing 0O, with an Ap-linear endomorphism of Aj.

Definition 4.3. For rational numbers b > 0 and ¢, we define a subspace of Ag by

L(b,c)={ Y_ a,X’|ay € R, ordy(ay) > blv| + c}.

vEZgO

The space L(b, ¢) is simply the R-submodule of Ay consisting of those power series
f(X) which converge on the polydisk ord,(X;) > —b and satisfy ord.(f(X)) > ¢
there. Since b > 0, the space L(b,c) is an R-submodule of the overconvergent
subring A. Although A itself is not complete, each L(b,c) is easily seen to be
complete with respect to the m-adic topology. The space L(b,c) is closed in Ay.
Furthermore, we have the following simple properties:

A= ] Lo,

b>0,c

L(b,c1) - L(b,c2) € L(b, c1 + c2).
In particular, L(b,0) is a ring and each L(b, ¢) is an L(b,0)-module. The space
L(b,0)® K = L(b,c) ® K

is a p-adic Banach space over the field K with the formal basis {z[!“l X*}. The
above definition works for real numbers b > 0 and ¢ as well, not just for rational
numbers. We choose rational numbers because by going to a totally ramified finite
extension of R if necessary, we may assume that b is a positive integer. This will
allow us to replace the integer part [b|u|] by blu| and to use the simpler looking
orthonormal basis {7%1*/ X"},

We shall show that any overconvergent Dwork operator © acting on Ag induces a
completely continuous operator on L(b,c) ® K for sufficiently small b. This implies
that the Fredholm determinant

det(I — TO|Ag) = det(I — TO|L(b,c) ® K)

is well defined and is p-adically entire. It is independent of the choice of b and c.
Since o(X;) € A, we can write

o(X;)=X+nfi, fi€A
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Choose and fix a positive rational number b, > 0 depending on o such that
7w fi € L(bs,0)
for all 1 <4 <mn. If b is a rational number with 0 < b < b,,, then
mfi € L(bs,0) C L(b,0) C L(b, —gb)
and trivially
X e L(b,—qb).
This proves the following
Lemma 4.4. For all rational numbers 0 < b < b, and all 1 < i < n, we have
o(X;) € L(b,—qgb).

Theorem 4.5. Let b and ¢ be rational numbers with 0 < b < b,. For each u with
0 <wu; < q, we have

©.(L(b,c)) C L(gb,c).
In particular, each ©, is overconvergent.

Proof. First, we assume that f is the monomial XV. We can write v = ¢s + u with
0 < u; < q. Then

X' =0(X?) X"+ X“X¥ —a(X?)).
Since
o(X;) C L(b, —qb),
we deduce
o(X?®) C L(b, —gb|s]).
On the other hand,
o(X?%) = X% (mod 7)), X% € L(b,—qbls|).
It follows that
X¥® —0(X®°) € wANL(b,—gb|s|)
C 7wL(b,—q¢bls| —1).
This shows that
X" € o(X%)X"+7X"“L(b,—qbls| — 1)
C o(X*)X“+7nL(b,—blv| —1),
where we used the relation |v| = g|s| + |u|. Thus, we can write
X" =0(X*) X"+ 7mgy, g» € L(b,—blv| —1).
Now, we consider a general element

f= Z a, X’ € L(b,c), orda, > blv|+c.

vEZ’ZLO
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By the above, we can write

f = Z U(Z avX[v/(I])Xu +7rzavgv

0<u;<q

Z U(Z a, XX 4 g,

0<u;<q v

where [v/q] = ([v1/q]," -, [vn/q]) denotes the integer part of the vector v/q and
aygy € L(b,—blv| — 1+ blv| 4+ ¢) = L(b,c — 1).
Thus, the limit

|v1\iinoo aygy =0

holds in Ay and the sum

TG = Zﬂavgv € L(b,c)

converges in L(b, ¢) because this subspace of Ay is closed. Since
blv[ + ¢ = gbl[v/q]| + ¢,
we deduce

Z a, X9 € Lgb, c).
v

Thus, we can write

f=Y oh)X"+myg,
0<u;<q
where

wg € L(b,c), hy € L(gb,c).

Iterating the above construction, we can then write

= Z ol thuj)X“,
0

0<u;<q  j=
where
7 huj € L(gb,¢), Y 7l hy; € L(gb, c).
j=0

This proves that

o .

Ou(f) =Y _ 7 hu; € L(gb,c).
j=0

The proof is complete.
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For an arbitrary overconvergent Dwork operator on A, the situation can be
reduced to the case of basic Dwork operators. We have

Theorem 4.6. Let © be any fized overconvergent Dwork operator on Ag. Choose
rational numbers b and ¢; with 0 < b < b, such that for all 0 < u; < g,
O(X"™) € L(gb, c1).
Then, for all real numbers ¢, we have
O(L(b,c)) C L(gb,c+ c1).
Proof. For f € L(b,c), write
F=> 0uf)x
0<u;<q
By the o~ !-linearity of a Dwork operator, we deduce
Of) = Y. Oulf)-0(x).
0<u;<q
Since
@u(f) € L(qb,C), G(Xu) GL(qbacl)a
we conclude that
O(f) € L(gb,c + c1).
The proof is complete. O
Thus, an overconvergent Dwork operator © on A, improves the rate of overcon-

vergence. It takes an overconvergent element f € L(b,c) to a more overconvergent
element O(f) € L(gb,c+ ¢1). Theorem 4.6 shows that

O(L(b,0) ® K) C L(gh,0) ® K — L(b,0) ® K.

The last inclusion implies that © induces a completely continuous operator on the
Banach space L(b,0) ® K, that is, the matrix of © is completely continuous in the
sense of Serre [II]. Thus, the Fredholm determinant det(I — T'©) is well defined
and p-adic entire. It is independent of the choice of b satisfying 0 < b < b,. On the
other hand, the Frobenius map o on Ag is far from being completely continuous.
It decreases the rate of overconvergence. One has
o: L(b,c) — L(b/q, c).

For our applications, we need to generalize the above construction from the trivial
rank one overconvergent o-module (Ag, o) to an infinite rank nuclear overconvergent
o-module (M, ¢).

Let M be the Banach Ag-module with the formal basis € = {e1, ez, - }. That
is, we have

M = {Z ajej|aj S AO}
J

Let
M* = Hom$"™ (M, Q" Ag)

be the set of continuous Ap-linear homomorphisms from M to Q™ Ag, where Q™ Aq
is the module of differential n-forms on Ag. As an abstract Ap-module, Q™A is
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isomorphic to Ag. Thus, M* is isomorphic to the continuous dual MV defined in
section 2. However, we shall us M* later in the Monsky trace formula. The module
M* is the Banach Ap-module with the orthonormal dual basis €* = {e7,e5, -},
where

. Xm/\-“/\eru ifj1:j27
€ (ejz):

8 0, if j1 # jo.

That is, we have

M* ={) aje;la; € Ao, li;n llaj| = 0}.
J

The spaces M and M* are too big for us. We often need to work with certain
smaller subspaces when handling overconvergent o-modules. For this purpose, we
define the overconvergent subspaces of M and M* by

Mt = {Z ajejla; € A},
J

M = {zj: aje;|aj €A, li;nHajH = 0}.

These overconvergent spaces are, however, not complete. They are still a little
big. What we also need to work on are some even smaller but complete subspaces
of MT and M*T, with explicit growth conditions. These spaces are defined by

M(b,c) ={>_aje; € MTla; € L(b, )},

M*(b,c) =1 g aje; € M*T|aj € L(b,¢), lim|a;| = 0},
, J
j

where b > 0 and ¢ are rational numbers. Like L(b,c), the spaces M (b,c) and
M*(b,c) are also complete with respect to the m-adic topology. One checks that
M(b,c) and M*(b,c) are L(b,0)-modules. More generally, we have the relations

L(bacl)M(bv C) - M(bv €1+ C)a

L(b,c1)M*(b,c) C M*(b,c1 + ¢).
It is easy to check that M™*(b,0) is isomorphic to the continuous L(b, 0)-linear dual
of M(b,0):
M*(b,0) = Hom{3') (M (b, 0), L(b, 0)).
Conversely, M (b, 0) is isomorphic to the continuous L(b,0)-linear dual of M*(b,0):
M (b,0) = Hom{ oy (M*(b,0), L(b,0)).

The subspace M (b,0) can be used to give an equivalent reformulation of the
overconvergence of ¢ for a nuclear o-module (M, ¢). In fact, the following result is
immediate from our definitions.

Proposition 4.7. Let (M, $) be a nuclear o-module. Then, ¢ is overconvergent
with respect to the formal basis € if and only if there are rational numbers b > 0
and ¢ such that all the entries of the matriz B(X) of ¢ are in the space L(b,c).
Equivalently, we have ¢(e;) € M(b,c) for all j.
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Note that the map ¢ itself is still not stable on M (b,¢c) or M(b,c) ® K. The
problem is caused by the o-linearity acting on the coefficients. We have only the
weaker inclusion

d(M(b,c) @ K) C M(b/q,c) ® K.
This is because
o(L(b,c)® K) C L(b/q,c) ® K.
A similar result holds for a family.
Proposition 4.8. Let (M, ¢y) be a family of nuclear o-modules parametrized by
k with the same underlying module M. Then, the family ¢y is uniformly overcon-

vergent with respect to the formal basis € if and only if there are rational numbers
b > 0 and c¢ independent of k such that ¢r(e;) C M(b,c) for all j and all k.

We now return to the definition of Dwork operators in the infinite rank setting.
The extended Monsky trace formula expresses the L-function L(¢$,T') of a nuclear
overconvergent o-module ¢ in terms of certain infinite rank Dwork operators acting
on M*. These Dwork operators are thus important in our investigation.

Definition 4.9. A Dwork operator © on M* is a continuous R-linear endomor-
phism of M* which is o~ !-linear in the sense that

O(o(a)f) =aO(f), ac Ay, fEM".

The Dwork operator © is called overconvergent if © is stable on the overconvergent
subspace M*T, that is,

oMty c M,

The Dwork operator O is called nuclear if it satisfies the following nuclear condition:
If we write

@(XUG;Z) = Z G?u:jl}:{vv]é}X“e‘%’ G?urjl}r{vm]é} € R’
u,J1
then for each fixed u and each fixed v, we have

lim inford,G%, . = 00.
j1—00 jo T {u,g1}{v.52}

If M* is of finite rank, then there are only finitely many j; and thus the nuclear
condition in Definition 4.9 is automatically satisfied. In general, the nuclear condi-
tion can be viewed as a uniform condition. The o~ !-linearity and the continuity of
© imply the infinite o~ !-linearity of ©, namely,

00> alaj)aje;) = a;0(aj¢;)
J J

for all elements a; € Ay with lim; ||a;|| = 0 and all elements a; € Ag. The norm of
O is defined to be

H@” _ p—ord,,@7
where ord;© is the smallest non-negative integer 7 such that
O(M*) c m'M*.

Since O is integral, we have ||O] < 1.
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Definition 4.10. A Dwork operator © on M* is called contracting if there are
rational numbers b > 0, ¢ and ¢; such that

O(M*(b,c)) C M*(gb,c+ c1).
Equivalently, for all j, we have
O(L(b,c)e}) C M*(gb,c+ c1).

It is easy to check that a contracting Dwork operator is automatically overconver-
gent. Conversely, if M* is of finite rank, then any overconvergent Dwork operator
on M* is automatically contracting by a simple application of Theorem 4.6. In
the infinite rank case, the contracting condition in Definition 4.10 can be viewed
as another uniform condition. It is stronger than the overconvergent condition in
Definition 4.9. We now show that the Fredholm determinant det(I — 7©) is well
defined and p-adic entire for a nuclear contracting Dwork operator © on M*.

Let © be a nuclear contracting Dwork operator on M* with 0 < b < b,, ¢ and ¢;
satisfying the requirements of Definition 4.10. For simplicity of notation, we shall
now assume that b is a positive integer. As indicated before, this can always be
achieved by going to a totally ramified finite extension of R if necessary. The space
M*(b,c) ® K is a K-Banach space with the topological basis {7Tb|“‘X“e;f}. The
contracting condition

O(M*(b,c)) C M*(gb,c+ 1)

shows that the map © induces a continuous K-linear endomorphism of the Banach
space M*(b,¢) ® K. We now show that the matrix of © is completely continuous
in the sense of Serre.

Let G = (G{u,j,}.{v.j»}) Pe the infinite matrix of the K-linear map © acting
on M*(b,c) ® K defined with respect to the topological basis {ﬂb‘“|X“e;f}. The
subscripts {u,j1} denote the row index of G. The subscripts {v,j2} denote the
column index of G. By our definition of the matrix G, we have

b * b *
O""1X"e},) = D Gruiy oy 1 X 6],
u,J1
In terms of the notation in Definition 4.9, we have

G{urjl}r{vvj2} = Trblv‘_blu‘ G?uajl }7{U7j2} :

We want to show that the matrix G is completely continuous. Namely,

Lemma 4.11. Let © be a nuclear contracting Dwork operator on M*. For any
constant C' > 0, except for finitely many row indices {u,j1}, we always have the
bound

ord- Gy 1} {v,j.} = C-
Proof. From the contracting condition (one can take ¢ = 0)
O(M*(b,0)) € M*(gb, c1),
we deduce that
qbluf + 1 — blu]

OrdﬂG{u7j1}7{U7j2} >
> (¢—1)blu| + 1.
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The right side is uniformly large as long as |u| is large. Thus, we may restrict our
attention to the finitely many v with small |u|. Since © is integral (mapping M*
to M*), we deduce that

ordrGlu i} oy = 0ol = |ul) +ord=Gl, 1y q0.s0)
b(lv| — ul).

v

The right side is again uniformly large for fixed |u| as long as |v] is large. Thus, we
may assume that both |u| and |v| are small or fixed. Now, the nuclear condition of

O is

lim infor T | = 0o0.
j1—00 ja 0 dTrG{uyjl}:{'Uv]2} o0

It implies that

lim infordﬂG{u,leU’h} = 00.
ji—00 j2

Thus,
Orde{u,j1 Y {v,j2} >C

uniformly for fixed |ul, fixed |v|, all jo and all large j;. There are thus only finitely
many row indices {u, j1} which may fail to satisfy the above inequality. The proof
is complete. [l

Lemma 4.11 shows that the Fredholm determinant
det(I —TO|M*(b,0)® K) = det(I — TG)

is a p-adic entire function. This determinant is independent of our choice of suffi-
ciently small positive number b as the matrices G for different b are conjugate.

Definition 4.12. Let © be a nuclear contracting Dwork operator on M*. Define
the Fredholm determinant det(I — TO|M™*) of © on M* to be the following entire
function:

det(I — TO|M*) = det(I — TO|M*(b,0) ® K) = det(I — TG),

where b is any positive number satisfying 0 < b < b, and the requirements of
Definition 4.10.

Instead of using the matrix G = (Gy,j,1,{v,j,}) in the definition of the Fredholm
determinant, we could also use the matrix G* = (G, ., 1, ;,}) from Definition 4.9.
The result is the same. That is,

det(I — TG*) = det(I — TQG).

The advantage for using G is to be able to see the completely continuous shape of
the matrix G right away. It makes later explicit estimates of the Newton polygon
more transparent. It has, however, one drawback. Namely, the entries in G are not
integral although they are indeed bounded. On the other hand, the entries in G*
are always integral. This is useful to prove the explicit continuity result. We state
a simple result here, whose proof follows immediately from the use of the integral
matrix G* in the Fredholm determinant.
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Lemma 4.13. Let ©1 and Os be two nuclear contracting Dwork operators on M*.
Assume that

O, =0, (modﬂi)
for some non-negative integer i. Then, we have the congruence
det(I — TO,|M*) = det(I — TOo|M*) (modn?).
We now turn to the family version of the above results.

Definition 4.14. Let O be a family of nuclear contracting Dwork operators on
the same underlying space M*, parametrized by k. We say that the family ©y is
uniform if the following two conditions hold. First, the O satisfy the uniform
nuclear condition: if we write

Ok(X7€,) =Y Gluiy (o) ()X €S,
u7j1
then for fixed v and fixed v, we have

lim inf ordﬂG?u7j1}7{v,j2}(l€) = 0.

J1—00 j2,k
Second, the Oy satisfy the uniform contracting condition
Or(M*(b,c)) C M*(gb,c+ 1),
where the constants b > 0, ¢ and ¢; are independent of the parameter k.

Definition 4.15. We say that the family O is uniformly continuous in k if
IOk, — O, || is uniformly small whenever k; is close to k.

Let
G(k) = (Glujiy {v.j21 (k)

be the matrix of ©f with respect to the topological basis {7Tb|”‘X"e§} of the Banach
space M*(b,c) ® K. Then, we have

Lemma 4.16. Let Oy be a uniform family of nuclear contracting Dwork operators
on M*. For any constant C > 0, except for finitely many fixed row indices {u, j1}
depending on C, we have the bound

01drG (i}, {032} (k) 2 €
uniformly for all k.

The proof is the same as the proof of Lemma 4.11. Our uniform condition on
Oy, guarantees that the proof goes through in a uniform way.

Corollary 4.17. Let Oy be a uniform family of nuclear contracting Dwork opera-
tors on M*. Then the family of Fredholm determinants

det(I — TOK|M*) =det(I — TG(k))
is a family of uniformly entire functions. If, in addition, the family O is uni-

formly continuous in k, then det(I — TOk|M™*) is a uniformly continuous family of
uniformly entire functions and we have

|| det(I — TO, [M™) — det(I — TO, |M")[| < [[Ok, — O,||.
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5. THE EXTENDED MONSKY TRACE FORMULA

In this section, we extend the Monsky trace formula from the finite rank case to
the infinite rank case. One way to achieve this would be to extend the whole proof
and setup of the original Monsky trace formula to the infinite rank setting. This
should be possible in principle but would be very long. Instead of reproving it in a
more complicated situation, we shall take a much shorter limiting approach which
simply uses the finite rank version of the Monsky trace formula. The reader is
referred to [17] for an explicit description and a proof of the Monsky trace formula
in the finite rank case. Here we give a summary of the description in the affine
n-space case A".

For each integer 0 < i < n, let Q'A be the finite free A-module of differential
i-forms on A over R. In particular, Q™A is the free rank one A-module with the
generator dX; A --- A dX,. The Frobenius map o extends to an injective R-linear
endomorphism o; of Q?A. It satisfies

oi(af) = o(a)oi(f), ac€ A, fecQA.
Thus, the pair (Q2¢A, ;) becomes a finite rank overconvergent o-module. There is
a trace map
Tr; : QA — 0;(Q°A)
such that for a € A, f € Q' A, we have
Tri(o(a)f) = o(a)Tri(f).
Furthermore, as endomorphisms of Q*A, we have
(5.1) o7t oTrioo; =[A:0(A)] =q",

3

where A means the reduction modulo 7 of A. Thus, the map o; acting on Q2°A has
a one-sided left inverse when tensored with Q. The map o; Lo Tr; acting on Q¢A
is o~ !-linear in the sense that

(o7  oTr;)(o(a)f) = a(o; o Try)(f), ac A, feQA

(2

Both ¢; and the trace map Tr; extend to 24y = QA ® Ay by continuity. In
particular, the map o, Lo Tr; acting on QA is an overconvergent Dwork operator.
This construction corresponds to the trivial rank one overconvergent o-module
(Ao, o). We need to extend it to an infinite rank overconvergent nuclear o-module.

Let (M, ¢) be an overconvergent nuclear o-module with the formal basis €. Recall
that in section 4, we defined a new dual M* by

M* = Homffont(M, Q" Ap) = {Z ajejla; € Ao, lijm la;|| = 0},
J

where e* = {e7,e3,- -} denotes the dual basis of € defined by:

. dXy N+ NdXy,, if j1 = o,
e; (ej,) = e .
0, if j1 # ja.
The Ap-linear map
¢o:M° — M
induces an Ag-linear map on their duals:
¢*:M*—>M*G:MU*7 ¢*(f)=f0¢, fEM*
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where
M = {Z a; @ e;f|aj € Ay, lim||a;]| =0, o(a;) ® e;f = aje;‘}.
J
The matrix of ¢* is just the transpose of the matrix of ¢.

Definition 5.1. Let (M, ) be an overconvergent nuclear o-module. The associ-
ated Dwork operator ©® on M* is the R-linear endomorphism defined by

O(f)(m) = (o, o Tra)(f(¢(m))), fe€M*, me M,
where ¢ is viewed as a o-linear map from M to itself.

One checks that ©(f) is in M*. Furthermore, the map © is o~ !-linear. That is,
for a € Ag and f € M*, we have

O(co(a)f) = a®(f).
This map © is nuclear and contracting as we shall show now.

Lemma 5.2. Let (M,¢) be an overconvergent nuclear o-module. Then, the as-
sociated Dwork operator © on M* is a nuclear contracting Dwork operator. In
particular, the Fredholm determinant det(I —TO|M™) is well defined and p-adically
entire.

Proof. Let B = (Bj, j,) be the matrix of ¢ with respect to the formal basis €, where
the entries Bj, j, are in A. That is,

$(es,) = > Bjy jnCjy-
J1

1,72

Let
m = Zajej, a; € Ao,
J
be a typical element of M. For a € Ag, one checks that
O(acj)(m) = (0, o Try)(aej(d(m)))
= (0, o Trn)(aej (Y alaz,)é(e;)))
J2
= (0," o Trn)(ae} (Y 0(az) By jue5))
J2,J1

= Y aj,(0," 0 Try)(aB; j,dX1 A+ A dXy)
J2

> Djj(a)aj,dXy A AdX,
J2

= Y Dinl@)e,(m),

where the elements D; ;,(a) € Ag are defined by

(0’,;1 [¢) Trn)(aBjJQXm VACIERIVAN an)
dX1 N---NdX, '

Dj j, (a) =
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Changing the notation, we obtain the relation in M*:
O(ae},) = > _ Dj, j(a)es,.
J2

To prove that © is indeed a nuclear Dwork operator on M™*, it suffices to check

lim inf ord,Dj, ;,(X") = oo.

J2—00 J1

But this holds since

lim inford,(X"Bj, j,) = lim inford.(Bj, j,) = 0.
J2—00 J1 J2—00 J1

This last limit follows from the condition that ¢ is a nuclear o-module. Thus, the
nuclear condition of © is satisfied.

We now prove that © is contracting. For this purpose, we choose rational num-
bers b > 0 and ¢ such that

le,jz S L(b, C)

uniformly for all j; and jo. This is possible since ¢ is overconvergent. Choosing
smaller b and larger c¢ if necessary, we may assume that

(o, r 0 Try ) (L(b,2¢)dX 1 A --- AdX,,) C Lgb, ¢+ c1)dXy A--- AdX,.

This is again possible since 0,1 o Tr,, is an overconvergent Dwork operator on the
rank one Ag-module Q" Ay and we can use Theorem 4.6. With such a choice of
b > 0, c and ¢;, we deduce that

D, i, (L(b,c)) C L(gb,c+c1)

uniformly for all j; and jo. This gives the desired contracting property
O(M*(b,c)) C M*(gb,c+ c1).

The proof of Lemma 5.2 is complete. O

For later applications, we derive an explicit estimate for the entries of the matrix
of the Dwork operator © in a special case.

Lemma 5.3. Assume that there is a sequence of non-negative integers o(j) such
that

dlej) € 9D M (b, 1)
for all j. Then, there is a constant ¢ independent of j1 and jo such that
Dj, jo(L(b,0)) € 7°U2) L(gb, c).
Proof. By our assumption, we can write
Bj, j, = ©°UC;, 4y, Cj g, € L(b,c1).
Then, for a € L(b,0), we deduce from Theorem 4.6 the following estimate:

(0’7:1 o Trn)(athjdel A A an)
dX1 N---NdX,

The lemma is proved. O

Dj, j,(a) = wol2) € Wo(jz)L(qb, c).
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Lemma 5.4. Assume that there is a sequence of non-negative integers o(j) such
that
d(ej) € 70 M (b, c1)
for all j. Write
blv v % blu u %
01X e},) = D Grugiy oy 1 X e],
u,J1

Then, there is a constant ¢ such that

ordn G u,ji}y fv.gay = (4 — Dblul + 0(j1) + ¢
Proof. Taking a = 71" XV € L(b,0), we obtain from Lemma 5.3 that

Dj, jy (n1°1X7) € m?ID L(gb, ).
But we also have the relation
o(xI"Xver) => " Dj, j, (7" X")es, .
J1
Thus,
Y Clugip oy ™ MX " = Dy, jy (711X7) € 70UV L(gb, ).

It follows that
ord; G jiy {vjer = 0(j1) + qblu| 4 c — blu|
> (¢—1)blu|+o0(j1) +c.

The lemma is proved. O

In our later applications, the sequence o(j) will go to infinity when j goes to
infinity.

To get the extended Monsky trace formula, we have to generalize the above
results to differential i-forms. For each non-negative integer 0 < i < n, let

QOM=M XA, QzAO = {Z ajej|aj S QiAO},
J

where the tensor product denotes the formal tensor product. This is again a Banach
Ap-module with the formal basis

EON ={e; @ (dXp, A+ NdXy)|j > 1,1 <l <ly<---<l; <n}.
That is,

OM={> > a;(br, - 0)es(r, -+ 0s) | aj(le,--- ,4;) € Ao},

J 1<l << <l <n
where
ej(lr,-++ b)) =e; @ (dXe, N+ ANdXy,).
Let
¢i = ¢ ® o0y,
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where (2°Ag, 0;) is the previously mentioned finite rank overconvergent o-module
given by the action of o; on Q*Ag. Then, the pair (M, ¢;) becomes an overcon-
vergent nuclear o-module. As above, we define a new dual Ag-module by

M; = Hom$™(Q'M,Q"Ay)

= {D_aj¢jla; € Homy, (A, Q" A), lim [ja; | = 0}.
i

This is the set of continuous Ag-linear maps from Q'M to Q" A4y. It is a Banach
Ag-module with the orthonormal basis

RN ={e; @ (dXy, Ao NdXp)|j > 1,1 <l < by <--- < L; <n}.
That is,
M ={>_ > aj(ly, -, G)ej (b, 4i)]a; € Ag, lim [las]| = 0},
J 1<l <lo<-<li<n ’
where
e;(lr, o ) = e @ (dXe, N NdXy,).
The overconvergent subspace of M is defined to be
M ={> " ajejla; € Homa(Q'A,Q"A), lim [|a;]| = 0}.
, J
J
In terms of the basis €*A?, we have the description
MT=(3" > (i ety blag € A, lim ag]| = 0}
J 1<<lo<<li<n ’
For rational numbers b > 0 and ¢, we similarly define
Mi*(bac) = {Z Z aj(ela T 7&)6;(81; T 7£i)|a‘j € L(bv C)a hm ”a‘j” = O}a
J oyt /
where the ¢; satisfy
1< <€2<---<€i§n.
The module M; (resp. M;(b,c)) is just (7}) copies of M* (resp. M*(b,c)).

Definition 5.5. For each integer 0 < ¢ < n, the i-th Dwork operator ©; on M}
associated to ¢ is defined by

0i(f)(m) = (0, o Tuy)(f(¢i(m))), m € XM, fe M.
This is again a o~ !-linear operator.
Similarly to Lemma 5.2, we have

Lemma 5.6. Let (M, ¢) be an overconvergent nuclear o-module. Then for each
integer 0 < 7 < n, the i-th associated Dwork operator ©; on M is nuclear and con-
tracting. In particular, the Fredholm determinant det(I — TO;| M) is well defined
and p-adically entire.
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Similar results hold for a family.

Lemma 5.7. Let (M, ¢(k)) be a family of uniformly overconvergent nuclear o-
modules. Then for each 0 < i < m, the i-th associated Dwork operator ©;(k) is
a uniform family of nuclear contracting Dwork operators on M} parametrized by
k. In particular, the Fredholm determinant det(I — T©;(k)|M}) is a family of
uniformly entire functions. If, in addition, the family ¢(k) is uniformly continuous
in k, then for each 0 < i < n, the corresponding family of Dwork operators ©;(k)
s also uniformly continuous in k:

10i(k1) = Oi(ka) || < [[¢(k1) — p(k2)]-
In this case, the Fredholm determinant det(I —TO;(k)| M) forms a family of uni-
formly continuous and uniformly entire functions. Furthermore,

| det(I — T©;(k1)| M) — det(I — TO;(k2)|M;)|| < [[p(k1) — d(k2)]|-

The only thing that needs to be checked is the explicit continuity result. By
Corollary 4.17, we only need to check that

10i(k1) = ©i(ka)[| < l|@(k1) — d(k2)]|-

But this follows from our definition of the Dwork operator which is integral.
We can now state and prove the infinite rank version of the Monsky trace formula.

Theorem 5.8. Let (M, ¢) be a nuclear overconvergent o-module. Then, we have
the formula for the L-function:

L(¢,T) = [ det(I — T0;|M;) D"
i=0
In particular, the L-function L(¢,T) is a p-adic meromorphic function.
Proof. If ¢ is of finite rank, this is proved in the appendix of [T7]. We now show

that it holds in the infinite rank case as well, using a limiting argument.
For each positive integer k including oo, we define a new nuclear overconvergent

o-module ¢, on M by

ole;), if j <k,

ouley) = A 1

0, if j > k.
Thus, ¢ = ¢o. Let the parameter k vary in the set of positive integers including
oo with the sequence topology. It is clear that the family (M, ¢y) is uniformly
overconvergent and uniformly continuous. For 0 < i < n, let ©,;(k) be the i-
th Dwork operator associated to (M, ¢r). Thus, Lemma 5.7 shows that for each
0 <4 < n, the Fredholm determinant det(I —T'©,(k)|M;) is a uniformly continuous
family of uniformly entire functions. In particular,

lim det(I = TO(k)[M;) = det(l —T6;(c0)|M;)
det(I — T@AM:)

Now let k be a finite positive integer. Let M} be the Banach Ag-submodule of
M defined by

Mk = {Z Aoej}.

i>k
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It has the formal basis {ex11, €x+2, - }. The map ¢ becomes the zero map on the
submodule M} and hence stable on Mj. The quotient (M /My, ¢r) is a finite rank
overconvergent o-module, where

k
M/Mk = {Z Aoej}.

j=1
Denote the finite rank overconvergent o-module (M /My, ¢r) by (Nk,vr). Thus,

we have an exact sequence of nuclear overconvergent o-modules:

0 — (Mg, ér) — (M, ¢1) — (Ng,r) — 0.

The family (Ng, 1) is uniformly overconvergent but not necessarily continuous in
k since the underlying module Ny varies with k. The dual Ap-module of the finite
rank Ag-module Q' Ny is given by

k
(Nw); = Homa, (' Ny, Q" Ag) = {>_ Homa, (2 Ag, 2" Ag)e }.

j=1

Let A;(k) be the i-th Dwork operator associated to the finite rank overconvergent
o-module (N, ¥y). Since ¢y, is the zero map on the submodule My, of M, we deduce
that ©;(k) is the zero map on the submodule M} of M}, where

7 =1{D_ Homa, (Q'Ag, Q" Ap)e] }.
>k
The restriction of ©;(k) to the quotient M; /M, = (Ng); becomes the operator
A; (k) on (Ng)r. Namely, we have the exact sequence of Dwork operators:

0 — ((Nk)i, Ai(k)) — (M, (k) — (M7}, 0) — 0.

7

Thus implies that
det(I — TO;(k)|M}) = det(I — TA;(k)|(Ng);).

Now, since 9, is of finite rank, we can apply the finite rank Monsky trace formula
and deduce that for each finite k,

L(. T) = [ det(I = TA (R ()}
i=0

On the other hand, one checks directly from the Euler product definition of L-
functions that we have

L(¢ka T) = L(wva)

Since ¢y, is uniformly continuous in k, the Euler product definition shows that
lim (¢, T) = L(6, T).
k—oo

Combining with the previous equation, we deduce
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Putting these together, we obtain
L(6,T) = lim L(¥.T)

n

Jim T det(z - TA;(k)|(Np)) D
*i=o

= lim [[det(s — 70;(k)[M;) D"

k—o0 -
=0

= I Jlim det(z - TO; (k)| M)V

i—1

n
= []det( — TO;p;)Y
i=0
The proof is complete. O

As an application, we obtain the following result for a family.

Corollary 5.9. Let ¢ be a family of uniformly overconvergent nuclear o-modules.
Then the L-functions L(¢y,T) form a family of uniformly meromorphic functions.
If, in addition, the family ¢x is uniformly continuous in k, then the family of L-
functions L(¢k,T) parametrized by k is a strong family of meromorphic functions.

For later applications, we need to generalize the above result to the product of
suitable infinite families of L-functions. The precise result is as follows.

Lemma 5.10. Assume that for each non-negative integer i > 0, we are given a
family of uniformly continuous and uniformly overconvergent nuclear o-modules
¢k, parametrized by k. Let

o0

L(k, T) = [[ L(éni, 7' T).

i=0
Then, the family of functions L(k,T) parametrized by k is a strong family of mero-
morphic functions.

Proof. By Lemma 5.7 and Corollary 5.9, we can write

L(¢k,ia T) = 5:55;:;7

where for each fixed integer ¢ > 0, both fj ;(T) and g ;(T") form a family of uni-
formly continuous and uniformly entire functions parametrized by k. Furthermore,
both fi:(T) and g (1) are power series with coefficients in R and with constant
term 1. They are a finite product of the Fredholm determinants as given in Lemma
5.7. Thus, by our definition of L(k,T'), we can write

f(k,T)

Lk, T)= m,

where

F,T) =] fra(='T)
=0
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and
gk, T) = [ gr.i(='T).
i=0

It suffices to prove that the family f(k,T) (resp. the family g(k, 7)) is a family of
uniformly continuous and uniformly entire functions. We shall work with f(k,T)
as the proof for g(k,T) is completely similar.

For a positive integer 7, let

-1
fi(k, 1) = ] fra(='T).
=0

Since this is a finite product, we deduce that for each j, the family f;(k,T)
parametrized by k is a uniformly continuous family of uniformly entire functions.
We first prove the uniform continuous part of f(k,T). Since

ka,i(wiT) =1 (mod 7rj)7
i>j
we deduce that
f(k,T) = fi(k,T) (mod 7).
This implies that
(5.2) 1f k1, T) = f ko, )| < max([| f;(k1, T) = f;(k2, T)|l,p~7).

Since the family f;(k,T) parametrized by k is uniformly continuous, there is a
positive number 4(j) such that whenever

(5-3) I[k1 = kall < 6(5),

we have the inequality
1£5(ka, T) = £ ko, T < P77

By (5.2), we conclude that whenever k1 and ks satisfy (5.3), we have the bound
I1f (K1, T) = f(ka, T)|| < p~7.

As the number p~7 can be arbitrarily small, this proves that the family f(k,T) is
uniformly continuous.
Next, we prove the uniform entire part of f(k,T). Write

FET) =" fnlk)T™,

m>0

Fi(k,T) =" fn i (R)T™,

m>0
ka,i(WiT) = Z A, (K)T™T™,
i>j m>0

where a,, ;(k) € R. From the product formula

Fe,T) = £k, T) [ fri(=*T),

i2]
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we deduce the relations

(5.4) Frn (k) = frj(k)am—p ()" M =0,1,2,-- .
r=0

For any given positive constant C, we claim that

lim inf infy ord, frn (k)

m— o0 m

> C.

In fact, take and fix a positive integer j such that j > 2C'. Since the family f;(k,T)
parametrized by k is uniformly entire, there is a positive integer m; such that for
all m > my, we have the inequality

(5.5) ordy fm, (k) > 2Cm,

uniformly for all k. By (5.4), we deduce that for all m > 2m;,

(5.6) ordy fm(k) > min (ordsfr;(k) + j(m —r)).
0<r<m

Assume now that m > 2m4. If r < m/2, then

(5.7) j(m—r) > j% > Om.

If r > m/2 > myq, then, by (5.5), we have

(5.8) ord, fr (k) > 2Cr > Cm.

The inequalities in (5.6)-(5.8) show that the claim is true. Since C' can be taken to

be arbitrarily large, we deduce that
i _
lim juf 2eOrdr fm(k) _
m— o0 m

This means that the family f(k,T) parametrized by k is uniformly entire. The
proof is complete. O

6. HODGE-NEWTON DECOMPOSITION

We now turn to describing Dwork’s conjecture in the ordinary case. First, we
discuss in more explicit detail the nuclear condition of the nuclear map ¢ with
respect to a formal basis € of M. We shall introduce several notions attached to a
given formal basis.

Definition 6.1. Let (M, ¢) be a nuclear o-module with a formal basis €. For each
integer 1 < i < 00, let d; be the smallest positive integer d such that for all j > d,
we have

#(e;) =0 (mod 7).
This is a finite integer for each i since
i [(e;) | = 0.
For 0 < i < oo, define
hi =diy1 —d;i, do=0.

The sequence h = h(€) = {ho,h1,---} is called the basis sequence of ¢ with
respect to the formal basis €. Let M(;) be the Banach Ap-module with the formal
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basis {€4;+1,€d;,+2, -+ }. Then we have a decreasing basis filtration of Banach
Ag-submodules:

MZM(O)DM(l)D"'DM(j)D"'DO, ﬂM(j)ZO,
J

where each M(;) has a formal basis, each quotient M;)/M1) is a finite free Ao-
module and

¢(M(z)) - 7'('”\47 rank(M(i)/M(i+1)) = ]’Lz

Equivalently, the matrix B of ¢ with respect to the formal basis € (defined by
¢(€) = €B) is of the form

B = (B077TBlv7T2B27"' 77TiBia' ")a

where each block matrix B; is a matrix over Ay with h; (finitely many) columns
and the last column of the B; is not divisible by .

Next, we introduce the basis polygon and Newton polygon of a nuclear o-module
(M, ¢) with a formal basis €. Denote by ord(¢) the greatest integer ¢ such that

¢ =0 (modr?).

We say that (M, ¢) is divisible by = if ¢ is divisible by 7. If ¢ is divisible by ,
then we can write ¢ = w¢1. In this case, one checks that

L(¢,T) = L(¢r, 7 T).

Thus, for our purpose of studying L-functions, we may assume that (M, ¢) is not
divisible by 7.

Definition 6.2. Let (M, ¢) be a nuclear o-module with a formal basis €. Let
h = h(€) = (ho, h1,---) be the basis sequence of ¢ with respect to the formal basis
€. We define the basis polygon P(&) of (M, ¢) with respect to € to be the convex
closure in the plane of the following lattice points:

(0,0), (do, 0), (d, h), (da, by + 2ha), -+, (diy ha + 2hg + - - +ihi), - - .

Namely, the basis polygon P(€) is the polygon with a side of slope ¢ and horizontal
length h; for every integer 0 < i < co.

Note that our definition of the basis polygon P(€") and the basis sequence h(€)
depends on the given formal basis €. The basis polygon and the basis sequence
are somewhat similar to the Hodge polygon and the Hodge numbers. But they are
different in general, even in the finite rank case. The same o-module with different
formal bases will give rise to different basis polygons and different basis sequences.

Definition 6.3. For each closed point z € A™ over F,, the Newton polygon of the
nuclear o-module (M, ) at T is the Newton polygon of the entire characteristic
series det(] — qbgeg(x)T) defined with respect to the valuation ord aes().

A standard argument shows that the Newton polygon at each Z lies on or above
any basis polygon P(€). This is known to be true in the finite rank case. In the
infinite rank case, the proof is similar.
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Definition 6.4. Let € be a formal basis of a nuclear o-module (M, ¢). The basis €
is called ordinary if the basis polygon P(€) of (M, ¢) coincides with the Newton
polygon of each fibre (M, ¢),., where x is the Teichmiiller lifting of the closed point
z € A"/F,. The basis filtration attached to € is called ordinary if & is ordinary.
Similarly, the basis € is called ordinary up to the slope j side if the basis polygon
P(&) coincides with the Newton polygon of each fibre for all sides up to slope j. In
particular, € is said to be ordinary at the slope zero side if the horizontal side of the
Newton polygon at each fibre is of length ho(€). We say that (M, ¢) is ordinary
(resp. ordinary up to the slope j side, resp. ordinary at the slope zero side) if it
has a formal basis which is ordinary (resp. ordinary up to the slope j side, resp.
ordinary at the slope zero side).

An important property is that the category of ordinary nuclear o-modules is
closed under direct sum, formal tensor product, formal symmetric power and formal
exterior power. This property is not hard to prove. It follows from the proof of
the Hodge-Newton decomposition. Alternatively, one could check directly. For
example, let (M1, ¢1) be a nuclear o-module with a formal basis € and with its
associated basis sequence h = (hg,h1,---). Let (Ma, $2) be a nuclear o-module
with a formal basis f and with its associated basis sequence g = (go, g1, -+ ). Then
the direct sum (M7 @ Ma, 1 ® ¢2) is a nuclear o-module with the formal basis é’@f.
Its associated basis sequence is given by

h®g=(ho+go,h1+g1, ).

The formal tensor product (M;® Ma, p1 @¢s) is a nuclear o-module with the formal
basis €® f. Its associated basis sequence is given by

h ® g = (hogo, hog1 + h1go, hog2 + hig1 + hago,- -+ ).

The formal symmetric square (Sym?M;, Sym?¢;) is a nuclear o-module with the
formal basis Sym?€. Its associated basis sequence is given by

h%—l—ho h%—l—hl h%—l—hg
2

: ).

Smeh:( ,hohy, hoha+ ,hohs + hiho, hohy + h1hs+

The formal exterior square (A2Mp, A%¢;) is a nuclear o-module with the formal

basis A2€. Its associated basis sequence is given by

h3 — ho h? — hy
2

h2 — ho
yhohs + hiha, hohy + hihs + 5 g )

A= ( hoh, hohs +
If & is an ordinary basis of (Mi,¢;) and if f is an ordinary basis of (Ms, ¢s),
one checks that €@ f, €® f, Sym?¢€ and A2€ are, respectively, an ordinary basis of
(Ml @Mg, (bl @¢2), (Ml (8]\427 (bl ®¢2), (SyI?(12]\417 Sme(bl) and (/\2]\417 /\Q(bl). The
associated basis sequence is respectively h@® g, h® g, Sym?h and A2h. A systematic
study of the Newton polygons and the Hodge polygons in the finite rank case is
given in [9].

Since Ag is complete, any contraction mapping from Ag into itself has a fixed
point. This fact is all one needs to prove the following extension of the Hodge-
Newton decomposition, first proved by Dwork [B] in the finite rank case. The infinite
rank case was already considered and used in Theorem 2.4 of [I2] to study the
Newton polygon of Fredholm determinants arising from L-functions of exponential
sums.
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Lemma 6.5. Let (M, ¢) be a nuclear o-module ordinary at the slope zero side.
Then there is a finite free Ag-submodule My of rank hg transversal to the ordinary
basis filtration:

M = My ® M(l)a
such that ¢ is stable on My and (My, @) is a unit root o-module of rank hg.

In the situation of Lemma 6.5, we shall denote the sub-o-module (Mjy, ¢) by
(U, dunit). We say that the unit root o-module (U, ¢punit) is embedded in the ambient
ordinary o-module (M, ¢). Alternatively, we shall say that (U, ¢unit) is the unit root
part (or the slope zero part) of (M, ¢). The generalized form of Dwork’s unit root
conjecture in our current setting is then the following

Conjecture 6.6. Let (M, ¢) be an overconvergent nuclear o-module ordinary at
the slope zero side. Let (U, punit) be the unit root part of (M, ). Then for every

integer k, the unit root zeta function L(¢¥ .., T) is p-adic meromorphic.

Even though the ambient o-module (M, ¢) is assumed to be overconvergent, its
unit root part ¢unit (obtained by solving the fixed point of a contraction map) will
no longer be overconvergent in general. Our main result of this paper says that
Conjecture 6.6 is true if ¢ypnit has rank one. More precisely, we have

Theorem 6.7. Let (M,$) be an overconvergent nuclear o-module ordinary at
the slope zero side. Let (U, dunit) be the unit root part of (M, p). Assume that Gunit
has rank one. Let @ be another overconvergent nuclear o-module. Then the family
of L-functions L(¢* . @ ¢, T) parametrized by integers k in any given residue class
modulo (¢ — 1) is a strong family of p-adic meromorphic functions.

This result together with the result in [17] shows that Conjecture 6.6 is also
true in the higher rank case if ¢ is either of finite rank, or ordinary at every slope.
However, the general form of Conjecture 6.6 for non-ordinary infinite rank ¢ is not
proved yet. One needs to extend the method of [17] to the infinite rank setup and
handle some additional difficulties in the non-ordinary case for which we hope to
overcome in a later paper.

Returning to Theorem 6.7. Now let (M,$) be an overconvergent nuclear o-
module ordinary at the slope zero side. Assume that the unit root part ¢unis of ¢
has rank one. Let € be a formal overconvergent row basis of M over Ay which is
ordinary at the slope zero side. This means that the matrix B of ¢ with respect to
€ is overconvergent and the matrix B has the shape

Boo  mBoi
6.1 B= :
(6.1) (BIO 7T311>

where By is an invertible element of A, and the other B;; are matrices over A.
Note that by our convention, the whole matrix B (not just each of its entries) is
also overconvergent.

Definition 6.8. We shall say that ¢ is in normalized form with respect to the
formal overconvergent basis €, if for all ¢ > 1, we have

¢(e;) = 0 (mod ),
and for i = 1 we have

¢(e1) = e1 (mod 7).
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In terms of the overconvergent matrix B in (6.1), this means that By is a 1-unit
in A and B is divisible by .

Since our base space is A™, under the assumption of Theorem 6.7, we can easily
write

»=(C®mn,

where (¢ is a constant (can be taken to be a root of unity) rank one o-module
and 7 is a normalized overconvergent nuclear o-module. This decomposition shows
that in proving Theorem 6.7, we can assume that ¢ is already in normalized form.
Theorem 6.7 will be proved in the next section.

7. LIMITING 0-MODULES

We now turn to constructing the limiting o-module which will give us an explicit
formula for the unit root L-function L(¢unit, T') in terms of overconvergent nuclear
o-modules. Theorem 6.7 then follows immediately.

Let ¢unit be the slope zero part of ¢. A simple limiting argument applying to
each Euler factor shows that

L(¢k ., T) = lim L(gF+@™ =Dr" 1),

unit»

Combining with the decomposition formula in Lemma 2.12, we obtain a limiting
formula for the unit root L-function

L(@k, T) = lim ] L(Sym*+@™ 09" ~ig g aig, 7) (-0,
m—0o0
i>1
At this point, of course, we do not know if each L-factor of the right side has a
limit when m — oo. Even if it has a limit, we do not know if the limit would be a
meromorphic function. The purpose of this section is to answer all these questions
in the affirmative in the case that ¢un;t is of rank one.

From now on in this section, our standing assumption is that (M, ¢) is a nuclear
overconvergent o-module which is normalized as in Definition 6.8. Since ¢yt is of
rank one, we can replace the sequence k + (¢™ — 1)p™ by a notationally simpler
sequence such as the sequence k,, = k + p™. The above limiting formula then
becomes

Lemma 7.1. Let ¢ be normalized as in Definition 6.8. Then,

L(¢hue: T) = Jim [ L(Sym*™ ™" "o @ n'e, T)-Dh,
i>1

Thus, the key is to understand the limit function of the sequence of L-functions
L(Symk"’pmcﬁ, T) as m varies. In this section, we show that there is an overconver-
gent nuclear o-module (Moo k, ¢ook) called the limiting o-module of the sequence
(Sym*+P" M, Sym**+P" ¢) such that

(7.1) lim L(Sym"**" ¢, T) = L(¢ok T)-

This shows that the limit on the left side not only exists, but is also the L-function
of a nuclear overconvergent o-module and hence a meromorphic function. We shall
show that the family (Moo, doo,k) parametrized by k is a family of uniformly
overconvergent nuclear o-modules. Furthermore, as k varies p-adically, the family
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of L-functions L(¢eo i, T) parametrized by k turns out to be uniformly continuous
in k. This gives the stronger uniform assertion stated in Theorem 6.7.

Let k be a positive integer. We want to identify the k-th formal symmetric power
(Sym"* M, Sym* $) with another nuclear overconvergent o-module (My, ¢) which is
easier to take the limit as the integer k varies p-adically. Let € = {e1,ea, -} be
a formal overconvergent basis of (M, ¢) ordinary at the slope zero side such that
its matrix satisfies the condition in (6.1). Define M}, to be the Banach Ag-module

—

with the formal basis f(k):
{fisfiz -+ [i,

where we think of 1 (corresponding to the case r = 0) as the first basis element of

2<ip <ip < <y, 0<7r <k},

f (k). There is an isomorphism of Banach Ag-modules between Sym”M and M.
This isomorphism is given by the map:

YieY ey e, — fiyoofi, 0<r <k
Thus,
T(el) =1, T(ez) = fi (Z > 1)

We can give a nuclear overconvergent o-module structure on Mj. The semi-linear
map ¢, acting on M, is given by the pull back Y o Sym*¢ o T~ of Sym”*¢ acting
on Sym” M. Namely,

(7.2) Oe(fir - fi) = T(Ble Nles,) - bles,)).

Under the identification of Y, the map Sym*¢ becomes ¢y,. Thus, the k-th sym-
metric power (Sym® M, Sym”¢) is identified with (Mg, ¢5). It follows that

L(Sym"*¢,T) = L(¢x, T).

In order to take the limit of the sequence of modules My, we need to create a bigger
space M., which contains each M} as a submodule.

Let Ag[[M]] be the formal symmetric algebra as constructed in section 2. The
big space M, is defined to be the formal power series ring over Ay in the variables

{fas fa,--- }:
Moo = Aol[f2, f3,--]]-

Alternatively, as the referee noted, the big ring M is the quotient ring of Ag[[M]]
by the principal (hence closed) ideal generated by e; — 1. That is,

Moo = Ao[[M]]/(ex = 1).
This is naturally a Banach Ap-module with respect to the norm
] = min el
where C' is a coset in My,. The module M., has the countable formal basis given
by f:
(7.3) {firfiz - fin

where, again, we think of 1 (corresponding to the case r = 0) as the first basis

element of f Note that there is no upper bound on r in the definition of the basis
f. Each M} is a submodule of M,. We have the inclusion

0CM CMyC---C M.

2<i; <ipg <o <dp, 0< 1},
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The map Y on Sym* M for various k fits together to give the natural reduction
map

T: Ao[[M]] — Ms
denoted by the same notation. Precisely,
Y:ei ey e — fi oo fi, 2<i <o <y,

where we set e’f_’“ = 0 if k£ < r. Note that the o-linear map Sym(¢) acting on the
formal symmetric algebra Agp[[M]] is not nuclear. For each positive integer k, we
extend the map ¢ on My to a o-linear map on M, by

O (fir -+ fir) = p(Sym(e) (e} "es, - €5,)),
k—r

where we set e7” " = 0 if k < r. Since (Mg, ¢x) is a nuclear overconvergent o-
module and ¢y, induces the zero map on the quotient module M, /My, it is easy to
check that (M, ¢k) is also nuclear and overconvergent for every positive integer
k. The L-function is the same whether we view ¢ as acting on the submodule My,
or on the big module M,,. We shall view ¢ as acting on M.

To get the limiting o-module, we need to define another nuclear o-linear map
®oo,k 0N My, for each integer k. For this purpose, we take a sequence of positive
integers ky, (for instance k,, = k + p™) such that lim,, k,, = oo as integers and
lim,, ky, = k as p-adic integers. Define ¢ 1 by the following limiting formula:

Gook(fis - i) = lim T(Sym(d)(ef™ "es, - -ei,)
= (lim T(¢(er) "N (d(ei,) - dler,)-

To show that this is well defined, we need to show that the above first limiting
factor exists. Write

(7.4) ¢(e1) = e1 + e,

where e is an element of M. By the binomial theorem, for each positive integer 7,
we have

$e]) = (ex +me)

= e+ <‘{> We{;le + (é) W26{72e 4+

This identity implies that

(7.5) Hm Y(p(er) ") =1+ (k N T) 7Y (e) + (k N r) 72T(e)2 4

m— 00

Thus,

(7.6) Poo,k(fir -+ fi,) = L+ 7Y (e))" T (g(es,) - dei,).

It follows that the map ¢ 1 is well defined for every integer £ and it is independent
of the choice of our chosen sequence k,,. Furthermore, using (7.6), we see that ¢oo i
makes sense for any p-adic integer k, not necessarily the usual positive integers.
The map ¢oo  is a o-linear ring endomorphism of M. Our construction of the
limiting o-modules (Mo, ¢oo,i) depends on the choice of the basis €. As Coleman
has observed, the limiting o-module can in fact be constructed in a functorial way
in some sense.
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The relation between ¢ and ¢ will be discussed later. First, we try to
understand the limiting o-module ¢ ;. We have the following basic result.

Theorem 7.2. Let (M, ¢) be a nuclear overconvergent o-module which is ordinary
at the slope zero side. Assume that ¢uniy has rank one and ¢ is in the normalized
situation as in (6.1). Then, the family (Mo, oo.k) parametrized by p-adic integer
k is a uniformly continuous family of uniformly overconvergent nuclear o-modules.
In particular, by Corollary 5.9, the family of L-functions L(¢eok,T) parametrized
by p-adic integer k € Z,, is a strong family of meromorphic functions.

Proof. First, we check that the family of L-functions L(¢eo x,T) is uniformly con-
tinuous in k with respect to the p-adic topology. By our definition of ¢o 1, in (7.6),
it suffices to show that

11+ 7Y (e)™ 7" = (1470 (e))** 77| < cllkr = ko

uniformly for all integers k1 and ks, where ¢ is some positive constant depending
only on 7. But this follows from the binomial theorem. The uniform continuity
is established. The following two lemmas show that the family ¢ is uniformly
nuclear and uniformly overconvergent. The theorem is then proved. O

Lemma 7.3. The family ¢ 1 is uniformly nuclear. That is, for any given positive
integer C, there is another positive integer C1 > 0 such that the inequality

Ordﬂ‘¢00,k}(fi1 T fz,) Z C
holds uniformly for all k and all 2 < i1 <i9 < -+ < with iy + -+ 4, > Cy.

Proof. Because ¢ is nuclear, there is a finite integer d depending on the given
positive integer C' such that

ord.¢(e;) > C

holds for all ¢ > d. Thus, by equation (7.6), we may restrict our attention on the
indices {i1,--- ,4,} to the range

2<i; <ip << < d

Since ¢ is normalized with respect to €, ¢(e;) is divisible by 7 for every ¢ > 2. This
shows that the product ¢(e;, )é(e;,) -~ ¢(e;, ) is divisible by 7€ if r > C. By (7.6)
again, we may assume that » < C. Now, there are only finitely many integer tuples
{i1,- - ,i,} satisfying the conditions

0<r<C, 2<iy<ix<---<i<d.
It is clear that if
i1+ -+, >dC,
then either r > C or i, > d. In either case, we have the inequality
ordy oo,k (fiy -+ fi) > C
uniformly for all k. The lemma holds with C; = dC. O
To finish the proof of Theorem 7.2, we need to prove

Lemma 7.4. The family (Moo, boo k) is uniformly overconvergent.
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Proof. For rational numbers b > 0 and ¢, we define

MOO(baC) = { Z a’il,“-,irfh o fz,

2<iy <ip<---<iy

iy ey € L(b,0)}.

)

This is a complete submodule of the ring My,. Since L(b,0) is a ring, it follows
that M (b,0) is also a ring containing L(b,0) as a subring. In fact, My (b,0) is an
infinite dimensional commutative L(b, 0)-algebra. More generally,

Moo (b, c1) Moo (b, c2) C Moo (b, c1 + ¢2).

Now, since ¢ is overconvergent with respect to the basis €, there are rational num-
bers b > 0 and ¢ such that for all j > 1,

p(ej) € M(b, c).

Since ¢(e;) is divisible by 7 for each j > 2, a simple geometric argument in the
plane R? shows that we can choose b sufficiently small so that

¢(e;) € M(b,0), j>2.
This implies that
(7.7) T(4le;)) € Muo(6,0), = 2.
For j =1, we have
p(e1) = e + e,
for some e € M. We can choose our b smaller if necessary so that
e € M(b,0).

This implies that

Y (me) € Moo (b,0).
Since M (b,0) is a ring, we deduce that for all positive integers j,

Y (me)) € Moo (b,0).

The binomial theorem shows that for any p-adic integer k € Z,, we have

(7.8) (1+T(re) =1+ (’1“) Y (re) + (’;) Y(re)2 + - € My (b, 0).
By (7.6)-(7.8), we conclude that for all 2 < iy <49 < --- <4,, we always have
d)oo,k(fil e fz,) S Moo(b; 0)7

uniformly for all p-adic integers k. The lemma is proved. O

We have finished the proof of Theorem 7.2. It remains to connect the L-function
L(¢ook,T) in Theorem 7.2 with the desired unit root L-function L(¢X ., T). This
is done by a simple limiting argument.

Lemma 7.5. Let k be an integer and let k,,, = k+p™ > 0. Then as endomorphisms
on My, we have the congruence

min(km,m)).

¢k7n = ¢oo,k (mod ™
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Proof. We need to show that for all indices 2 < i1 < iy < -+ < i,
Gt (fir =+ fir) = boote(fir -+ fi,) (mod gminCrm.m)y,
If r > ki, the left side is zero and the right side satisfies

ordr(¢ook(fir - fi)) = ordx(¢(ei)) + -+ -+ ordx(d(ei, )
> r>kpy.

The congruence is indeed true. Assume now that r < k,,,. By (7.6), it suffices to
check that

T(@(el™ 7)) = Hm T(p(ef ™" 7)) (mod 7).
Equivalently, one needs to check
(7.9) (14 7Y(e) ™" = (1 +7T(e))*" (mod 7™).
But (7.9) is a consequence of the binomial theorem. The lemma is proved. O

Corollary 7.6. Let k be an integer and let k,, = k + p™. Then, we have the
limiting formula

lim L(Sym*"¢,T) = lim L(¢x,.T)
m—0o0 m—0o0
- L((boo,ka T)
More generally, for each integer i > 0, we have the limiting formula
lim L(Sym""¢ @ A'¢,T) = lim L(¢x, ® A'¢,T)
m—0o0 m—0o0

= L(¢oor @ N, T).

Using these results, we obtain the following explicit formula for the unit root
L-function.

Theorem 7.7. Let (M, ¢) be an overconvergent nuclear o-module, ordinary at
the slope zero side. Let (U, dunit) be the unit root part of (M, p). Assume that Gunit
is of rank one and in the normalized situation. Denote by ¢oo 1 the limiting nuclear
o-module of the sequence Symkﬂ)mqb, Then for all integers k, we have the following
explicit formula:

(7.10) L(@k . T) = [] Lo i ® Ny, TV
i>1

In particular, the family L(¢% ., T) of unit root L-functions parametrized by p-adic

integer k is a strong family of meromorphic functions with respect to the p-adic
topology of k.

It should be noted that the product in (7.10) is a finite product if ¢ is of finite
rank, since we have A‘¢ = 0 for i greater than the rank of ¢. If ¢ is of infinite
rank, then the product in (7.10) is an infinite product. In this case, the strong
family assertion about L(¢¥ . ,T) follows from Lemma 5.10. This is because ¢ is
nuclear and thus A’¢ is more and more divisible by 7 as i grows. We can then
apply Lemma 5.10 to the even indexed product and the odd indexed product in
(7.10), respectively.

To get the full Theorem 6.7, we need to twist the unit root family ¢* ., by a
fixed nuclear overconvergent o-module . We state this generalization here. The
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proof is the same as the proof of Theorem 7.7. One simply twists the whole proof
by the harmless overconvergent ¢. The twisted basic decomposition formula is

L(#* @, T) = [[ LSym* "¢ @ Ng @ o, 7)),

i=1

The required uniform overconvergent nuclear result is already given in Theorem
7.2.

Theorem 7.8. Let (M, 1) and (N, ) be two overconvergent nuclear o-modules.
Assume that the first one v is ordinary at the slope zero side whose unit root part
Yunit S of rank one. Write ¥ = a ® ¢, where a is a p-adic unit in R and ¢ is in
the normalized situation as in (6.1). Denote by ¢oo i the limiting nuclear o-module
of the sequence Symk“’md). Then for all integers k, we have the following explicit
formula:

LW ® ¢, T) = [[ L(a* ® b i @ NP @ 0, T) 7D,

i>1

In particular, the family L(yk . @y, T) of twisted unit root L-functions parametrized
by integers k in any residue class modulo (¢ —1) is a strong family of meromorphic
functions with respect to the p-adic topology of k.

This completes our proof of Theorem 6.7.

8. DISTRIBUTION OF ZEROS AND POLES

First, we assume that ¢ is in the normalized situation as in Theorem 7.7. We
want to get some explicit information about the zeros and poles of the unit root
L-function L(¢¥ ;,, T). For this purpose, we need to get a non-trivial uniform lower
bound for the Newton polygon of the numerator and denominator of L(¢F .., T).
By Theorem 7.7, it suffices to get a non-trivial uniform lower bound for the L-
function L(deok ® ¢,T), where ¢ is any fixed overconvergent nuclear o-module.
This can indeed be done, since our proof of Theorem 7.7 is completely explicit.

To get cleaner estimates, we shall assume that both ¢ and ¢ are of finite rank.
This is enough for most of the immediate applications we have in mind. Thus, we
shall assume that ¢ is of some finite rank r > 1 and in the normalized situation.
One could further assume that » > 2 as the case r = 1 reduces to the classical
overconvergent case. We shall however include the trivial case r = 1 as well, since
all of our results are also true for the exceptional case r = 1. This provides a
useful comparison of results between the old overconvergent case and the new non-
overconvergent case.

We first consider the L-function L(¢eo x,T). This is the essential case. By the
construction of the limiting o-module in section 7, we know that the underlying
module My, of ¢oo  is the formal power series ring over Ay in the (r — 1)-variables

{f27"' afr}:

MOO = AO[[an"' 7f7"]]
= {0 i

Qg iy € Ao},

s
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where the i, run over the set of non-negative integers. The corresponding continuous
dual Ap-module is the convergent power series ring

M, Ao{{fs,- 171}
{ Z a,i27... 7i7' 512 e f:z’y.
12, yip

Note that in the exceptional case r = 1, both M, and M2 are rank one (not rank
zero) Ag-modules, corresponding to the constant term io = --+ = 4, = 0. In this
exceptional case, one checks that the limiting o-module is simply given by

Qg iy € Ao, lim ||ai2’.

3 e

=0}.

m

Poo e = lim Sym™ 7" ¢ = ¢"
m—0oQ0
which is a rank one overconvergent o-module.
Since ¢ is normalized with respect to €, we have the congruence
¢(er1) =e1 (mod 7), ¢(e;) =0 (mod 7), 2<i<r

We may thus choose a smaller b and go to a totally ramified finite extension of R
if necessary such that

¢(er) € M(b,0), oé(e;) € tM(b,0), 2<i<r.
From the construction in (7.6) of the limiting o-module, we deduce
book(fi) € TMso(b,0), 2<i<r.
Since L(b,0) is a ring, we obtain
oo e (fo? - f7) € T Mg (b, 0).
Let ©(k) be the Dwork operator on M associated to ¢oc. Write
O (XL £ = D0 Gruap gy (R)TTIX T
Uy225 0 5 p
where
i={ig, - sir}, = {jo, - dr}
Applying Lemma 5.4 to O(k) acting on M2, we derive the uniform estimate
ordr G puiy fo,53 (k) 2 (¢ = Dblu| + |il + ¢, [i] =iz +--- +ir.
This shows that for the positive constant ¢; = min((¢ — 1)b, 1), we have the bound
ordx Gy, i} {v.5} (k) > c1(ful + [i]) + ¢,

uniformly for all ¢ = (ig, - ,4r),5 = (j2, -+ ,Jjr) and k, where ¢ is a constant.
Consider the Newton polygon whose ¢-th vertex (0 < ¢ < c0) is given by

(8.1) ( > 1, > cl(ul+---+un+z‘2+---+z’r)+c)7

R S SR T RHR TR P

where the u; and 7;, run over non-negative integers satisfying the inequality
UL+ A Up g4 Ay <L

Let P(x) be the real valued function on the non-negative real numbers R>q whose
graph is the Newton polygon in (8.1). A standard determinant argument then
shows that the Newton polygon of the Fredholm determinant det(I — ©(k)T|M%)
lies on or above the Newton polygon P(z). Thus, we need to estimate the growth
of the function P(z).
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Now, the first coordinate in (8.1) is just the coefficient of ¢* in the power series
expansion of the function (1—¢)~(*7). This coefficient is, by the binomial theorem,

(n+r—|—£—1

~ _ n+r—1
et —1 ) ca(n+r+£—1)

for large ¢ and some positive constant co. Similarly, an easy argument shows that
the second coordinate of (8.1) is bounded from below by

cs(n+r+0—1) Z 1>cy(n+r+0—1)"""
Up o un gt otin <L
for large £ and some positive constants {cs,cs}. This together with the concavity
of the smooth function """ implies that the Newton polygon P(z) satisfies the
lower bound

P(anrrfl) Z c5xn+r
for all large  and some positive constant c5. Thus, we deduce for all large x,
P(z) > csz'™ T

Since P(0) = 0, we can choose c¢g to be a sufficiently large integer such that the
following result holds.

Lemma 8.1. There are positive constants cs and cg such that for all real numbers
x >0, we have
P(z) > %mHﬁLl — CeT.

In this lemma, we used the linear error term cgx for simplicity. If one wishes,
one could replace the linear term cgz in Lemma 8.1 by any positive function which
grows slower than z!*1/(ntr=1)

The lower bound in Lemma 8.1 provides a uniform lower bound for the Newton
polygon of the family of Fredholm determinants det(I —TO(k)| M%) parametrized
by k. To handle the L-function L(¢eo x,T’), we also need to do the same for the
i-th Dwork operator ©;(k) associated to ¢oo,i, corresponding to differential i-forms.
Thus, let 7 be any integer between 0 and n. As before, we define the continuous
dual Ag-module of Q' M, by

MZ, = Hom$™(Q' My, Q" Ag)

= { X @S5 1] tim ] = 0},
J2ysdr

where
Ajy,e g € HOII]AO (QiAo, QnAo)

That is, MZ ; consists of continuous Ag-linear maps from QM. to Q" Ay. Let
©;(k) be the i-th Dwork operator on M7, ; associated to ¢ k. The same argument
as above shows that we have

Lemma 8.2. There are positive constants cs and cg such that the Newton polygon
of det(I —T©;(k)| M, ;) lies above the graph of the function

Q(z) = csa' =T — cga

uniformly for every integer 0 < i < n and every p-adic integer k.
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So far, we only considered the essential case when ¢ is in the normalized situation.
The general case can be done in the same way, except that we have to twist the
whole proof by a fixed overconvergent finite rank o-module. The resulting bounds
are the same except that we may need to use a smaller constant c; and a larger
constant cg. We state the result here.

Lemma 8.3. Let ¢ be a finite rank overconvergent o-module. Let ©;(k, ) be the
i-th Dwork operator associated to the nuclear o-module ¢os 1 ® . There are positive
constants cs and cg such that the Newton polygon of det(I — TO;(k,p)) lies above
the graph of the function

Q(z) = csa 7T — ¢
uniformly for every integer 0 < i < n and every p-adic integer k.
Our main result in this section is

Theorem 8.4. Let (M,1)) and (N, ¢) be two overconvergent finite rank o-modules.
Assume that the first one 1 is of rank r, ordinary at the slope zero side whose unit
root part Wyniy 18 of rank one. Then, for any integer k, we can write

fi(k, T)
f2(k711)7

where f1(k,T) (resp. fa(k,T)) is a family of uniformly entire functions whose New-
ton polygon lies above the graph of the function

L( Enit ® Sva) =

Q(z) = szt =T — cg

for some positive constants {cs,c} independent of k. Furthermore, if k1 and ks
are two integers in the same residue class modulo (¢ — 1), then we have

”fl(klvT) - fl(k27T)|| < CHkl - kQ”a ||f2(k1aT) - f2(k27T)|| < CHkl - kQ”a
for some positive constant ¢ depending only on 7.

Proof. Write ¥ = a ® ¢, where a is a p-adic unit in R and ¢ is in the normalized
situation as in (6.1). Denote by ¢oo  the limiting nuclear o-module of the sequence
Sym" " . Let 0,(k —j,a* N ¢ ® ) denote the i-th Dwork operator associated to
the nuclear o-module ¢oo —j ® a® ® N¢ ® ¢. Then for all integers k, by Theorem
7.8 and Theorem 5.8, we deduce the following explicit formula:

L( ﬁnit & SO;T) = H L(¢m,k7j ® ak ® /\j¢® @,T)(il)j_lj
j=1
- HHdet(I—T@i( —ja" N @ ) Niass
j=1i=0
Let
Jj+i even
and

ok, T) =[] det(I-TOi(k - j,a"N¢ @ p)).
j+i odd
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Then, we have

fl (ka T)
Ly ® o, T) = 250
(wu t ¥ ) f2 (If, T)
The rest of the properties follow from Lemma 8.3 and Corollary 4.17. We only need
to note that if k1 and ko are two integers in the same residue class modulo (¢ — 1),

then
l[boc,ks ® ™ @ NG ® @ — Poo i, ® ™ @ NP @ || < cf|ky — k2]

for some positive constant depending only on 7. The theorem is proved. [l

Now, we turn to the Gouvéa-Mazur type conjecture for the unit root L-function.
Assume that we are in the situation of Theorem 8.4. By the p-adic Weierstrass
factorization theorem, we can write

L(’Lpﬁnit ® @, T) = H(l - Zj(k)T)ia

=1

where z;(k) denotes typical reciprocal zeros or poles. For a given rational non-
negative rational number s, let

LykT)= J] Q-zkD)*

ordrz;(k)=s

denote the slope s part of the above L-function. This is a rational function with
coefficients in R. Let ds(k) (resp. Ds(k)) denote the degree (resp. the total degree)
of the rational function L4(k,T). The function ds(k) (resp. Ds(k)) of two variables
is called the degree (resp. the total degree) function of the meromorphic L-function
L(F i @ ¢, T). We would like to understand these two variable functions ds(k)
and Dy (k).

Similarly, we can define a degree function for each of the Fredholm determinants
in the above formula for the L-function. For 0 < i < n and 1 < j < r, we define
Ds i(k — j,a* A ¢ @ p) to be the degree of the slope s part of the entire Fredholm
determinant det(I —7T0;(k—j,a* N ¢®@¢)). We would also like to understand these
two variable functions for each fixed ¢ and j. They are related to ds(k) and D, (k)
by the following relations:

d(k)= > jDsilk—ja"No@p)— Y jDyi(k—jd"N¢®p)
j+i even j+i odd

and

n

Da(k) < Z

Theorem 8.5. Assume that we are in the situation of Theorem 8.4. There is
a positive constant ¢ independent of k such that for all real numbers s > 1, the
inequality

jDsi(k —j,aFN ¢ @ ).
0

1 ,
= " Duilk—jidt e ) < c(s+ 1)
t€lo,s]

holds uniformly for all integers k, all integers 0 < i < n and all integers 1 < j <.
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Proof. Lemma 8.3 implies that there are two positive constants ¢; and c¢g indepen-
dent of k such that

s( Z Dy i(k —j, d"N o @ go))

te[0,s]
> ) Dk —j,a"N ¢ @ )
t€(0,s]
ok L=t
> o Y Dtk —jad* Vo @)
te[0,s]

—C¢ Z Dt’i(/f — j, ak/\j¢ ® QD)
te[0,s]

Cancel the factor
> Diilk—ja"N¢® )
t€lo,s]

from the above inequality (we may assume that it is non-zero, otherwise the result
is trivial); we deduce

1

te[o,s]

This implies that
Z Dy i(k —j,a"No @) <c(s+1)"T 1
te[0,s]
uniformly. The theorem is proved. [l
Corollary 8.6. Assume that we are in the situation of Theorem 8.4. There is

a positive constant ¢ independent of k such that for all real numbers s > 1, the
inequality

- Z |de(k)| < = Z Dy(k) < ¢(s+ 1)"Tr2
te[o s te[o,s]

holds uniformly for all k.

Corollary 8.7. Assume that we are in the situation of Theorem 8.4. There is a
positive constant ¢ such that for all s > 0, we have the uniform polynomial bounds

Dyi(k—j,d*No@p) < Y Dpilk—j,a*No @) < c(s+1)",

te(0,s]
D2 Bl < D7 Dlk) < efs + 1™
te(0,s] tel0,s]

|ds (k)| < Dy(k) < es + 1)+t
for all integers k, all integers 0 < i < mn and all integers 1 < j < r.

The Gouvéa-Mazur type question in our situation is how the integer ds(k) varies
with the parameter k for a fixed slope s. We now turn to this question. We have
the following result.
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Proposition 8.8. Assume that we are in the situation of Theorem 8.4. There is
a positive constant ¢ such that whenever ki1 and ko are two integers satisfying the
congruence

k1 = k2 (mod(q — 1)pc[s+1]"+r),
we have the equality
Dyi(ky — j,d"N ¢ ® 9) = Dy,i(ks — j,a* N ® ¢)
for all rational numbers 0 < t < s, all integers 0 < i < n and all integers 1 < j <.

Proof. First, we do have the continuity result for det(I — TO;(k — j, N ¢ @ ©)).
That is,

| det(I—TO;(k1—j,a"* N ¢ @ ) —det(I —TO;(ka—j,a"?* N ¢ @ ©))| < c|ky — k2|

as long as k; and ko are in the same residue class modulo (¢ — 1), where ¢ is a
positive constant depending only on 7. Second, we have the uniform lower bound
for the Newton polygon of det(I — TO;(k — j,a*N ¢ ® ¢)). This uniform lower
bound is given by the function

Qz) = sz T — g,

Taking v(z) = ((3533"*’1"*1 — ¢g) in the following lemma (Lemma 4.1 in [I5]), we see
that the proposition is proved. O

Lemma 8.9. Let g1(T) and g2(T) be two elements in R[[T]] with g1(0) = g2(0) =
1. Let Ni(z) be the function on R>¢ whose graph is the Newton polygon of g;(T)
(1 <i<2). Assume that v(zx) is a strictly increasing continuous function on R
such that

v(0) <0, Ni(z)>av(z) (1<i<2,z>1), lim v(r)=occ.

xTr— 00

Assume further that the function zv~'(z) is increasing on R>o, where v=1(x) de-
notes the inverse function of v(x) defined at least on R>¢ as v(0) < 0. For x >0,
we define the integer valued increasing function

my () = [av™ (2)].
If the formal power series congruence
91(T) = go(T) (mod 7™ (F1)

holds for some s > 0, then the two Newton polygons N;(x) coincide for all the sides
with slopes at most s.

Corollary 8.10. Assume that we are in the situation of Theorem 8.4. There is
a positive integer ¢ such that whenever ki and ko are two integers satisfying the
congruence

k1 = Ky (mod(g — 1)pelt™™),
we have the equality
de(k1) = dy(ks)
forall0 <t <s.
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In our current generality, Theorem 8.4 and Corollary 8.10 are probably asymp-
totically best possible. Of course, they could be improved in various special cases.
In the special case that the unit root o-module ;4 is already overconvergent (for
instance, the unit root o-module arising from the geometric case of an ordinary
family of elliptic curves), both Theorem 8.4 and Corollary 8.10 can be improved.
We state this improvement here for comparison purposes. It follows directly from
Theorem 8.4 by taking ¥ = ¥yn; and thus r = 1.

Corollary 8.11. Let ¥ynit be an overconvergent rank one unit root o-module. Let
 be a fired overconvergent finite rank o-module. Then, for any integer k, we can
write
f1(k,T)
L kni 0 7T = 777
(% t 12 ) fg(k,T)
where f1(k,T) (resp. fa(k,T)) is a family of uniformly entire functions whose New-
ton polygon lies above the graph of the function

Qz) = et TR — com

for some positive constants {cs,cg} independent of k. Furthermore, there is a pos-
itive integer ¢ such that whenever ki and ko are two integers satisfying the congru-
ence

n+t1

k1 = ko (mod(q — l)pC[SJrl] ),

we have the equality
di(k1) = di(k2)
forall0 <t <s.

This corollary generalizes the quadratic bound in [T5] which corresponds to the
special case n = r = 1. Corollary 8.11 can be further and greatly improved if
we assume the much stronger condition that both 1yt and ¢ are overconvergent
F-crystals in Berthelot’s sense, as the L-function in this case is conjectured to
be a rational function. Similarly, it seems plausible to expect that, in some cases,
Theorem 8.4 and Corollary 8.10 could be improved to the same bounds of Corollary
8.11, if we assume that the ambient i) and ¢ are overconvergent F-crystals in
Berthelot’s sense regardless of whether it is overconvergent or not as a o-module.
It would be of great interest to prove such an improvement, which would involve
the study of a cohomological formula for the L-function of a nuclear (infinite rank)
overconvergent F-crystal.
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