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Chapter 1

Introduction

Since the time of Euclid, mathematicians have studied the set of integers
Z=A...,-2,-1,0,1,2,...}

and the set of rational numbers Q, which contains all ratios p/q of pairs of integers p and ¢
with g # 0. The sets Z and Q are endowed with additional structure due to the presence of
certain arithmetic operations of addition on these sets. The set Z is called a ring because
it is closed under the operations of addition, subtraction, and multiplication. However, the
quotient of two integers p and ¢ may be a rational number that is not an integer. On
the other hand, the rational numbers are not only closed under addition, subtraction, and
multiplication, but also under division by nonzero rationals; thus the rational numbers are
called a field.

Ancient Greek mathematicians such as Euclid studied the structure of the integers and of
the rationals. In particular, they showed that any positive integer can be uniquely factored
as a product of prime numbers. However, they also discovered the limitations of the rational
numbers: most famously, they proved that the square root of 2 is an irrational number.
Algebraically, this is equivalent to saying that the equation 2% = 2 has no solutions in Q. In
order to find solutions, one must work in the larger field Q(v/2) which contains all numbers
of the form a + bv/2, where a and b are rational numbers. As mathematicians attempted to
solve higher-degree equations, they discovered that the key to understanding them was to
understand the “number fields” in which the solutions of the equations lived. This idea was
the core of Galois theory (see [1] for more historical background).

1.1 Class field theory

In the late 19th and early 20th century, a group of mathematicians, notably including Emil
Artin, discovered a surprising connection known as class field theory [7] between the set of
primes of a field F' and the set of Galois extensions of F'. Class field theory implies that given
a base field F', such as Q or Q(v/2), there exists a family of larger fields containing F' and
having certain algebraic properties (namely, the fields are Galois extensions of F' with abelian

2



Galois group). Unfortunately, the elegant theoretical arguments showing the existence of
these families did not actually give a recipe for constructing the families. However, there
are a few cases in which we have a simple description of these families in terms of analytic
functions. One of these is the case where the base field is the rationals. Then the fields
shown to exist by class field theory are of the form Q((,), where ¢, = e’ is a primitive nth
root of unity: that is, " = 1, but no smaller power of (, equals 1. The fields Q((,) can
be constructed purely algebraically, but they can also be constructed analytically, because
¢, = e is the value of the analytic function 2™ given by the infinite sum

2miz  (2miz)?  (2miz)?
+ +
1! 2! 3!

e27rzz =1

evaluated at the rational number z = %L This is, however, not the only way of constructing
these fields analytically. For example, if we are only interested in the subset of the field
Q(¢,) that is contained in the real numbers, we can consider the closely related trigonometric
function sin(7z), which has the infinite product expansion

sin(mz) = mﬁ (1 - 2) (1 + 2) . (1.1)

When 2z is a rational number, the value of sin(7z) is algebraic. For example, when z = %,

2Tz and sin(7z) are then said

sin(m/4) = \/75 is an algebraic number. The analytic functions e
to make class field theory “explicit” for the base field Q.

The problem of finding analytic functions whose values generate the abelian extensions
of an arbitrary base field is known as Hilbert’s Twelfth Problem. Although the exponential
construction for Q is elegant, it does not generalize to arbitrary base fields. In one other
case, the case of imaginary quadratic fields such as Q(), there is an analytic construction
based on elliptic functions. Elliptic functions are similar to exponential and trigonometric
functions in that they are periodic, but unlike trigonometric functions, they have two distinct
complex-valued periods, not just one. For other base fields, including real quadratic base
fields such as Q(y/2) as well as other more complicated fields, there is no known simple
generalization of the exponential function.

However, there is hope that such a generalization might exist for certain fields F', thanks
to a conjecture of Stark from the 1970s [13]. Stark’s conjecture states that any finite abelian
extension K of a base field F' contains a special element known as a Stark unit which has
close ties to certain partial zeta-functions associated to the extension. Partial zeta-functions
are functions that generalize the Riemann zeta-function, defined for a complex variable s
with Re(s) > 1 by
1
()= (1.2)

n=1
The function ((s) can be extended by analytic continuation to the entire complex plane.
Stark’s conjecture states that the absolute values of the Stark unit are equal to certain linear
combinations of the leading terms of the expansions of the partial zeta-functions at s = 0.



Stark’s conjecture does not give an explicit formula for the Stark unit, but such an explicit
formula was given in certain cases in refined conjectures by Gross [6] and Dasgupta [3].
Although these conjectures are known to be true when the base field is Q or an imaginary
quadratic field, and they are supported by numerical evidence, it is still somewhat mysterious
why they are true in general.

1.2 Function fields

Since explicit class field theory is difficult to tackle in number fields, it is natural to study a
a similar, but simpler, setting in which to test and verify these conjectures. One such setting
is the theory of function fields. Function fields are in many ways similar to number fields,
but in many cases their theory is substantially easier. The set C[T] of polynomials in the
variable T" with complex-valued coefficients acts in many ways like the integers Z. Like the
integers, it is a ring: that is, it is closed under addition, subtraction, multiplication, and
division. More interestingly, just as every integer has a unique factorization into primes,
every polynomial has a unique factorization into irreducible (or “prime”) polynomials. One
defines a field of rational functions in complete analogy with the rational numbers: the field
C(T) of rational functions over the complex numbers contains all quotients P(T")/Q(T) of
polynomials P(T),Q(T") € C[T] with Q(T") # 0. The field C(T) is called a “function field”
because any element of C(7") defines a meromorphic function on the complex numbers. We
can construct larger field extensions of C(7") by adding in roots of polynomials, just as we
constructed extensions of the rationals. These field extensions of C(7') are also function
fields, but now their elements correspond to functions on a more general complex algebraic
curve. For example, elements of the field

COIVT? + 1] ={f(T) + g(T)VT? + 1| f(T),9(T) € C(T)}
correspond to meromorphic functions on the algebraic curve defined by the equation
S?=T°+1.

The advantage of function fields is that many properties of the arithmetic of the function
field correspond directly to properties of the corresponding algebraic curve. For example,
the Fundamental Theorem of Algebra states that any monic polynomial P(T') with complex

coeflicients factors as
P(T—a)=][(T -«

(67

where o ranges over the set of all roots of P (counted with appropriate multiplicity). Hence
the irreducible factors of P are linear factors that correspond to the values a with P(a) = 0.
In other words, factoring a polynomial over C is equivalent to finding its roots in the complex
numbers. Hence the primes in the function field C[T] correspond to points of C. A more
general statement is true: for the appropriate generalization of the notion of “prime” to an



arbitrary function field, it is generally the case that primes of a function field correspond to
points of the corresponding algebraic curve.

Although we have discussed the field C(T) of polynomials over the complex numbers
for the sake of simplicity, the discussion above generalizes to the field of polynomials with
coefficients in an arbitrary field. (It will no longer be the case that every polynomial factors
as a product of linear factors, but one can still say that primes correspond to points of the
curve for a slightly generalized definition of “points.”) In fact, the field C(z) does not give
the best analogy with the rational numbers, because the complex numbers are in some sense
“too large”. It turns out that to obtain the best analogue of Z and Q, it is most convenient
to use coefficient fields that are finite. The simplest finite field is the finite field F, = Z/pZ,
the field of “integers mod p.” One can also construct other finite fields algebraically. For
every integer ¢ that is a power of a prime, there is a unique field with exactly ¢ elements
denoted F,.

From now on “function field” will always mean “function field of an algebraic curve over
F,.” Many results that hold in the setting of number fields also hold in function fields, and in
fact the proofs are often easier in the function field setting. In fact some statements that are
only conjectured in the former setting are proven theorems in the latter. For example, one of
the most important outstanding conjectures in number theory, the Riemann Hypothesis, has
an analogous statement in function fields which has been proven. The Riemann hypothesis
is a statement about the zeroes of the function ((s) defined above in (1.2). Statements
about the distribution of these zeroes have implications for the distribution of primes in
the integers, and in particular the Riemann hypothesis has many important consequences in
number theory. If we now replace Z with F [T, the analogous zeta function has the following
simple expansion:

1 - d(1—s 1
QFQ[T}(S) - H (dega)s - Zq el = 1 —qgl—s (13>
aEFq[’I.“] q d=0 q

This function is never zero. Hence we know precisely what the zeroes of the zeta function of
F,[T] are: there are none of them! As a result, the Riemann hypothesis for F,[T] is trivial,
and knowing the exact formula for (g, 7 tells us a good deal about the distribution of prime
elements in F [T]. The generalizations of the Riemann hypothesis for function fields other
than F [T are less trivial, and have been proved by Weil [14].

Another famous unsolved problem in number theory, the Birch and Swinnerton-Dyer
conjecture, also has an analogue over function fields. Although the Birch and Swinnerton-
Dyer conjecture has not been proven in function fields, substantial progress has been made,
and a number of special cases are known results. Like Stark’s conjecture, both conjectures
involve zeta functions or related functions called L-functions, which in general have simpler
behavior in function fields. Hence it is reasonable to expect that Stark’s conjecture and its
refinements are tractable in function fields — and in fact they are!

The key to proving the function field analogues of these conjectures is an explicit class field
theory for function fields developed by Drinfeld and elaborated by Hayes [10]. This theory



constructs exponential-type functions defined on the appropriate function field analogue of
the complex numbers. The special values of these exponential functions generate abelian
extensions of function fields just as the special values >/ generate abelian extensions of
the rational numbers. These exponential functions are periodic, like ordinary exponential or
trigonometric functions. They can be expressed analytically as a power series like that of e*
and also have an infinite product expansion similar to that of sin z. The simplest example,
the Carlitz exponential corresponding to the ring I [T], has the following product expansion:

er,mr)(2) = 2 H <1 - —> (1.4)

a€Fy[T
a7$0

Note that this expansion is quite similar to the product expansion of sin(7z) given in (1.1).

Drinfeld’s insight was to attach an algebraic structure known as a Drinfeld module to
every such exponential function. This Drinfeld module was the link that joined the analytic
exponential functions with the algebraic structures of class fields. Hayes elaborated on these
ideas and showed that the explicit formulas coming from the exponential functions could
be manipulated to define elements with the appropriate properties of Stark units. He thus
proved the Stark conjecture in function fields. Hayes further showed that Gross’s conjecture
also held for these elements.

1.3 Outline

In this thesis, we will give an exposition of Hayes’s proof of the conjectures of Stark and
Gross. However, we will also go beyond what Hayes has done, and show that his formulas
also imply a function field analogue of Dasgupta’s conjecture. This result is original to this
thesis.

Chapter 2 is a brief overview of terminology and notation. In Chapter 3, we introduce
Stark’s conjecture and its refinements by Gross and Dasgupta. The chapter culminates in
the statement of a function field analogue of Dasgupta’s conjecture, which gives a totally
explicit formula for Stark’s unit. This formula is the analogue of the formula in Dasgupta’s
conjecture for number fields. Chapter 4 is an exposition of the theory of rank-one Drinfeld
modules over a function field as a means of obtaining an explicit class field theory. Finally, in
Chapter 5, we apply the theory of Drinfeld modules to the conjectures stated in Chapter 3.
We explain Hayes’s proof [9] of Stark’s conjecture and of Gross’s refinement in function fields.
We finally show that his methods can be extended to prove Dasgupta’s refinement.



Chapter 2

Definitions and class fields

Let F' be a global field with places at infinity ooy, ..., 00,, and let O be the ring of elements
integral at all places other than ooq,...,00,. There are two kinds of global fields: number
fields and function fields. In the case where F' is a number field, we will be using the
term “places at infinity” in its conventional meaning to denote places corresponding to
archimedean valuations, so that O is the usual ring of integers Op. Furthermore, in the case
that F'is a number field, we will always assume that F'is totally real.

However, in the case of function fields, all valuations are non-archimedean and no places
are specially distinguished, so our choice of places ooy, ..., 00, is somewhat arbitrary. The
simplest example would be to consider F' = F,(T") and a single infinite place oo corresponding
to the valuation v, (a) = —dega, that is, corresponding to the point at infinity on the
projective line over F,. A somewhat more general example would be to have F' be a finite
extension of F,(7") and the places ooy, ..., 00, correspond exactly to the places of F' lying
over the prime oo of F (T"). This family of examples is the most closely analogous to the
case of number fields, however, it is not the most general case, and all our formulas will work
with arbitrary choices of places at infinity. Each place oo; has a degree doo, = [koo, @ Fyl,
which may depend upon . For each infinite place oo;, let F, be the completion of F' at the
place oo;, and let O, be its ring of integers. (In our paper, we will use the convention that
completions are written in bold.) Let k., be the field of constants of the local field F,,
that is, the residue field of the ring of the local field F,,. The field k., is also canonically
isomorphic to the algebraic closure of F, inside F,,. Each completion F, is a local field
with a valuation map v, : F3 — Z, which restricts to a valuation v, on F*. This
valuation is normalized in the standard way, so that v, surjects onto Z. This valuation can
be used to define the oo;-adic absolute value on F,, defined by |2|w, = g %=iv=i*  Note
that we can in the same way define valuations v, and ||, for all places of F, not just the
infinite ones.

We will associate a sign-function on F3 = to each infinite place oo; of F', which, in both
the number field and function field cases, will be a surjective multiplicative homomorphism
from F% = to the group of roots of unity in FZ .

In the number field case, we have assumed that F' is totally real. This means that for
each infinite place o0o;, the completion F, is isomorphic to R, and we have a canonical sign



function: sgn_ : FX — {#1} which is the same as the normal sign function on R*.

Unlike with number fields, in the function field case, we have a choice of sign functions.
Recall that ko, is the field of constants of the local field F,,. Then k., is a finite field,
and kZ  is exactly the group of roots of unity in Fo,,. We first choose a uniformizer 7, for
F.... By definition of a uniformizer, any v € F,, can be written as Wgoiax for some a, In
the group OF = of units in O,. We define sgn () to be the image of a, € OF in the
multiplicative group k%, of the residue field k. Equivalently, the sign function sgn, is
defined as the unique homomorphism FX, — k%, such that the restriction sgn|px is the

same as the reduction mod oo; map OF,, — k% and such that sgn(m.,) = 1.

Definition. In both the number and function field case, we define x € F,, to be positive if
T € kersgn,,.. Likewise, we say that z € F'is totally positive and write x > 0 if, for each 4,
the image of x under the inclusion map F' — F, is a positive element of F,.

In the function field case, we will also take advantage of our freedom to put arbitrary
places at infinity. In particular, it will often be useful for us to work in a context where
we will treat a single place p, distinct from our previously chosen places at infinity, as the
only infinite place (this is, unfortunately, a freedom that we have only in function fields). In
particular, we will consider the completion F,, of F' at p: as in the previous paragraph, we
can define a sign-function sgn, on Fy, as well. We choose a uniformizer @ = w, for F,, and
we let sgn, be the unique sign-function which satisfies sgn, (@) = 1. We let A be the ring of
elements of F' that are regular away from p. Note that, just as p is a prime ideal of O, for
each 7, the place oo; corresponds to a prime ideal of A, namely, the set of those elements of A
with positive oco;-adic valuation. Furthermore, there is a one-to-one correspondence between
ideals of O relatively prime to p and ideals of A relatively prime to co = ooy - - - 00,. We will
switch between these two viewpoints in our paper — when it is important to disambiguate
between ideals of O and ideals of A, we will, for example, refer to the ideal of A corresponding
to the ideal 3 C O as the ideal SA.

If F is a number field, class field theory implies that any abelian extension of F' is
contained in the narrow ray class field H; of conductor f for some ideal § of O. This narrow
ray class field is defined as the fixed field of the subgroup

F*. H kersgn . H U, H O C Ay
00 vl f vfoof

under the global Artin map (where U, ; is the group of elements of O} that are congruent
to 1 mod f), i.e. it is determined by

Gal(Hy/F) = Aj/(F* [ [ kersen, [ U.s [T ©2). (2.1)
00; olf vfoof

The Galois group Gal(H;/F') is canonically isomorphic to the narrow ray class group

CIf (0) = 1}(0)/F(©),
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where [;(O) is the group of fractional ideals of O relatively prime to f, and P;(O) is the
group of principal fractional ideals generated by totally positive elements of O congruent to
1 mod §. It is a standard fact from class field theory that

Proposition 2.0.1. Gal(H;/F) = CI{ (O).

However, any construction that depends purely upon p-adic limits must live in some field
K that can be embedded in the completion F,. This is the case when the local Artin map
at p acts trivially on K. To this end, we let H = H(f;p) be the fixed field of Hj under the
action of the group generated by the p-Frobenius element, with Galois group

Gal(H/F) = A/ (F* [ [ kersgn, [[ Uus [] O3 x Fy) =2 CLH(0)/(p). (2.2)
00; vlf vfoofp

We now move to the function field setting. We can construct the fields H; and H in the
same way as before, so that (2.1) and (2.2) both hold. However, it is now no longer the
case that H; contains all abelian extensions of F' unramified outside f. In the function field
case, the Galois group of the the maximal abelian extension Gal(F?"/F) is simply Ap/F*,
without the additional quotienting by [], kersgn,. (If F' is a number field, []_, kersgn,
is the connected component of the identity in Ajx. However, if F' is a function field, the
connected component of the identity in A} is trivial.) This means that the requirement that
ker sgn; fix Hj for each ¢ imposes a nontrivial condition on Hj.

We will sometimes want to consider extensions of F' that are not fixed by []; kersgn,.
For p-adic constructions, the most natural family of fields to consider is the following. Let
m be an ideal of the ring A of elements integral away from p. Note that we are allowing m
to be divisible by the infinite primes, considered as prime ideals of A, and in fact, we will
most often apply this to the case m = foo. Then we define a field K, by class field theory
corresponding the the Galois group

Gal(Kw/F) = AL /(F* [[ Usm [ [ O x F}). (2.3)
vjm vimp

This Galois group can also be expressed as a class group, this time a ray class group of the
ring A of elements of F' that are integral away from p. More precisely, define

Cln(A) = In(A)/Pu(A), (2.4)

where I1,(A) is the group of fractional ideals of A relatively prime to m, and Py (A) is the
group of principal fractional ideals of A generated by elements congruent to 1 mod m. Again,
it is a standard fact from class field theory that

Proposition 2.0.2. Gal(K/F) = Cl,(A).
If we then set m = foo, we obtain

Gal(Kiwo/F) = Af/(F* [[ Upin [ [ Usern [[ @ x F). (2.5)
vlf 004 vimp



where Uy, 1 denotes the group of units in O, congruent to 1 mod oo;. By definition of
our sign function sgn;, the kernel kersgn; contains U, and it follows from this that Kj
contains H. Furthermore, the relative Galois group Gal(Kj/H) equals

Gal(Kpo/H) = (F* [ [ kersgn, [ [ Uus [ @5 xF3)/(F* [] Uuie || O3 xF). (2.6)

vlf vfoofp vlfoo vfjoop

To simplify this expression, we make some auxiliary definitions. Let

L:FXHHR>OX]€§OZ_

i=1

denote the map given by i(z) = (|2]o,, 580, (2)). Note that, for function fields, this map is
not injective, even though it would be in the case of number fields. Let @ := [, R™? x 1
be the “positive orthant” inside [ R*" x kX . Let E,(f) denote the group of elements of
F* that are units at all places except p and the infinite places, and are congruent to 1 mod

f.
Proposition 2.0.3. There is a canonical isomorphism Gal(Kjo/H) = (L(F*) N Q)/L(Ey).

Proof. By inspecting (2.6), we observe that any element of the quotient Gal(Kj./H) has
a representative in [ kersgn;, that is, of the form {z,} where z, € kersgn, for each
i, and z, = 1 for v non-infinite. We map this representative to (¢(F*) N Q)/u(Ey) by
7o} = [, [Tooiloe; X 1 (note that this agrees with our pre-existing defnition of ¢ on F*).
This map is defined modulo the image

¢ | kersgn, N(F™* HUv,foo H O, xFy)

vjm vifoop

Since ¢ is trivial on Hv|m Uy oo Hvﬁoop O, x F, this image is the same as

L Fxﬁ(kersgniHUwoo H O, xF;)|,

vjm vifoop

which is ¢«(Ey) by defintion of Ej,.

This gives us a map ¢ : Gal(Kjoo/H) — (L(F*) N Q)/L(Ey). It is clearly surjective, since
we can choose the x; to have arbitrary absolute value, and it is also easily checked to be
injective. O
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Chapter 3

Stark’s conjecture and its refinements

3.1 Stark’s conjecture

We maintain the notation from the previous section: F'is either a totally real number field, or
an arbitrary function field. Let K be an abelian extension of F' such that p splits completely
in K. Let S be a set of primes of F' that contains ooy, ...,00,, p, and all primes ramifying
in K/F. We also require that #S > 3, i.e., that S contains at least two primes other than p.
Let R be the set S—{p}. Because K is unramified outside R, the Artin map Ap — Gal(K/F)
induces a map from the group of fractional ideals relatively prime to S to the Galois group
Gal(K/F). We will denote this map as sending an ideal a to the corresponding Artin element
04 Also, for an ideal a relatively prime to R, define Na = [O : aO)]. Likewise, for an element
a of a, we let Nav denote N(a©). The norm map is multiplicative, and so we can extend N
to the group of fractional ideals of O.

In the function field case, one can show that Na = Hmi g %<iv=i(9  Also in the function
field case, if a is also relatively prime to p, the quotient O/aQ is isomorphic to A/aA (where
A is the ring of elements integral away from p), so we can also write Na = [A : Na].

Definition. For each o € Gal(K/F'), define the partial zeta-function (r(K/F,0,s) as the
following sum over ideals

Cr(K/F,0,s)= Y Na™* (3.1)

(a,R)=1

Ta=0

for Res > 1. The function (g(K/F,o0,s) extends by analytic continuation to a meromor-
phic function on the entire complex plane, with at most a simple pole at s = 1. Define
(s(K/F,o,s) likewise.

Observe that (s(K/F,0,s) = (1 — Np~*)(r(K/F,0,s). In particular, setting s = 0, we
find that
(s(K/F,0,0) =0, (3.2)

a fact that we will find to be useful several times later on.
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It is known that the special value (gr(K/F,0,0) is always rational. However, we will
want our zeta functions to have integral special values. The most general way of ensuring
this is as follows. Let G be the Galois group Gal(K/F), and let Z[G] be the associated
group ring. Then the set u(K) of roots of unity in K has a natural Z[G]-module structure:
define Ann(K/F') as the submodule of elements of Z[G] that annihilate p(K). Then it is

more generally known [4] that, for any A € Ann(K/F) of the form A = 3 _,c, -y with
coefficients ¢, € Z, the linear combination of special values
> e (s(K/F,0y7",0) (3.3)

veG

is integral. As a special case: let W be the order of the group pux. Then any element of
wr is a With root of 1, so the element Wy € Z[G] belongs to Ann(K/F). It follows that
Wi(s(K/F,oy 1,0) € Zfor all 0 € G.

We are now ready to state the abelian form of Stark’s Conjecture for non-archimedean
primes p, as formulated by Tate in [13]. Pick a prime ‘B lying above p.

Conjecture 3.1.1 (Brumer-Stark Conjecture). There exists an € € K such that
(a) el =1 if P’ is a (possibly infinite) prime not dividing p.
(b) For all o0 € Gal(K/F), log|e’|p = —Wk(5(K/F,0,0).

Eurthermore, for X\ such that \V¥ = ¢, the extension K(\)/F is abelian.

Because any element of a global field which is a unit at every prime must be a root of
unity, the Stark unit € is defined up to multiplication by a root of unity.

We now restate the second condition of Stark’s conjecture in a form that we will find
more useful. First, note that, by definition of the §3-adic valuation,

log |¢”]sp = log (N~ (<)) = —ug(e”) log(Np)

using the fact that p is totally split to replace N3 with Np. On the other hand, differentiating
the expression (s(K/F,0,s) = (1 — Np~*)(Cr(K/F,0,s)) at s = 0 yields

(5(K/F,0,0) =log(Np)Cr(K/F,0,0). (3.4)
Putting these results together gives us the following reformulation of condition (b):

Usp(EU) = WKCR(K/F, g, 0) (35)

3.2 Shifted Stark units

We would like to be able to specify a unit that is actually well-defined, not just well-defined
up to multiplication by a root of unity. Gross’s refinement of Stark’s conjecture is about
such a specific unit, and it also gives more information. We first take a closer look at the
structure of annihilators of roots of unity.
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Lemma 3.2.1. Let L be an abelian extension of F, and let G = Gal(L/F). Let S be a
set of primes of F' including the infinite ones, the ones that ramify in F, and, when L and
F' are number fields, the ones dividing the order Wi, of the group ur. Then the annihilator
Ann(L/F) in Z|G] of the Z|G|-module u(L) is generated as a Z-module by the set of elements
{oq — Nq} where q ranges over the set of primes of F' that are not in S.

Proof. For simplicity, we prove the result assuming that L and F are function fields. The
proof in the case of number fields follows the same lines (see [12] for a proof.)

The first thing we need to do is confirm that o, — Nq lies in the annihilator Ann(L/F),
or equivalently, we need to show that, for any root of unity ¢ € ur, 0q4(¢) = (V9. Let B be
the integral closure of A in L, and let Q be a prime of L lying above the prime q of F'. By
the definition of o4, we have o4(¢) = (M9 (mod Q). If we can show that the roots of unity
in L are all distinct mod £, we will be done. But, since we are in finite characteristic, the
roots of unity in L generate a finite subfield ¢ of L that consists entirely of units in B, and
this finite subfield must inject into B/, so the roots of unity in L are all distinct mod Q.

Let M be the Z-module generated by {oq — Nq | ¢ ¢ S}. We have shown that M C
Ann(L/F); we now need to show that M is actually equal to Ann(L/F).

By the Chebotarev Density Theorem, every o € G is of the form o4 for some prime g
not in S, and it follows that every element of Z[G] is congruent mod M to an element of Z.
Hence it suffices to show that M NZ = Ann(L/F)NZ. But uy is a cyclic Z-module of order
Wy, so Ann(L/F) N Z consists exactly of the multiples of Wy, and it suffices to show that
WiZ = M NZ.

Note that Ann(L/F)NZ contains all integers of the form Nq— 1, where q ranges over all
prime ideals not in S such that o4 is trivial on L. Then let N = ged{Nq—1:q9 ¢ S, 04|, = 1}.
By definition, N € M. We ultimately want to show that N = W, that is, that L contains
the Nth roots of unity.

To this end, consider the field L({x) produced by adjoining an Nth root of unity to L. By
the Chebotarev Density Theorem for the extension L((y)/F, any element of Gal(L((x)/L)
can be written 4|1 ¢y) for some prime q of F' not in S such that o4|., is trivial. By definition
of N, any such prime q must satisfy Nq =1 (mod N). Applying the argument used in the
first half to the extension L((y)/F, we see that o5 — Nq annihilates the Nth roots of unity
in L((y). Since Nq =1 (mod N), Nq — 1 also annihilates the Nth roots of unity in L((y).
Adding, we see that o, — 1 annihilates the Nth roots of unity in L((y). Hence o fixes (y,
but o is an element of the Galois group L((y)/L, so 0 must be the identity.

Since this is true for every o € Gal(L((x)/L), the Galois group Gal(L((y)/L) is trivial.
It follows that L((y) = L, so L contains the (yth roots of unity, and so N | Wp. Since
N € M, it follows that Wy € M NZ. Hence W7 contains M NZ, and we already know the
other containment, so W.Z = M N Z. O

This result motivates the following statement of Gross’s conjecture. As before, let K/F
be an abelian extension of global fields such that p splits completely in K, and let S be a
set of primes containing the infinite primes, the prime p and the primes that ramify in K.
Let L be an auxiliary abelian extension of K that is unramified outside S.
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We assume that the Brumer-Stark Conjecture 3.1.1 holds. Let € € K be the unit of the
Brumer-Stark conjecture, and let A be a Wixth root of . By the Brumer-Stark conjecture,
K(N)/F is abelian. Taking the compositum with L, we see that L(\) is also an abelian
extension of F'. Now, let n be a prime of F' that is not in S: in the case of number fields,
we also need to require that 1 does not divide W;. Because A is a unit at all places of K
that do not divide p, the Kummer extension K (\)/K is only ramified at the primes dividing
p, and, in the number field case, the primes dividing Wy (note that in the function field
case, Wi is a number of the form p® — 1, so it is a unit in characteristic p, and this result
becomes unnecessary). Since K/F' is by assumption only ramified at places in S, it follows
that K (\)/F is only ramified at places that are in S or divide Wg. Likewise, L(\)/F is
only ramified at places that are in S or divide Wp. In particular, neither field extension is
ramified at 7, so the Frobenius element o, is defined on both fields K (\) and L(X\).

We now define a “shifted Stark unit” in K by

Ugcy = AT, (3.6)

Proposition 3.2.2. The shifted Stark unit uk, is well-defined, independent of our choice
of Stark unit € and of our With root X of e.

Proof. Suppose that we have A\; and Ay such that )\‘fVK = ¢; and )\gVK = €9 are both Stark
units for K. Since Stark units are unique up to roots of unity, € /€, is a root of unity in K,
and so also A\1/As is a root of unity in K (Ay, Ag). The field K(Aq, A2) is the compositum of
two extensions K (A1) and K()\y) of F' that are unramified at 7, so K (A1, A2) is unramified
at 1. As a result, the Frobenius element o, is defined on K(A, \2), consistently with the
definitions of the Frobenius elements on K (A1) and K(\;). Now, we apply Lemma 3.2.1 to
the root of unity A\;/Ag € K (A, Xa) to get (A1/A2)7" 7 = 1. Rearranging, we find that
AN = AN hence g, is well-defined. O

Note that we can construct well-defined Stark units shifted by any element of the an-
nihilator of roots of unity. However, by Proposition 3.2.1, these units can be expressed as
products of powers of Stark units already constructed, and so in some sense we gain nothing
by considering them.

We can use the definition of € to obtain a formula for the valuations of ug ,. Before doing
so, we define a shifted zeta function as follows:

Definition. For T a set of primes of I’ that are unramified in K, define partial zeta functions
Csr(K/F,0,s) for all 0 € G = Gal(K/F) so that the following equation holds in the group
ring C[G]:

Y Csar(K/Fo,9)0] = [[([on] ™ = (N0)'™*) Y~ Cs(K/F, 0, 5)[0]. (3.7)

celG neT ceG

We will most often use this definition in the case 7" contains a single prime 7, in which
case we can write g, (K/F,0,s) explicitly as

<SJI(K/F7 a, S) = CS(K/F> 00n75> - (Nn)lisCS(K/Fﬂ a, S)‘ (38)
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Remark. This shifting differs from that in Hayes [9], which has [0,]”' — N7 in place of
lo,]7! = (Nn)'~*. However, the end result is the same upon setting s = 0. Our shifting is
also not quite the same as that used in Dasgupta [3], who uses 1 — (Nn)'~*[o,].

Proposition 3.2.3. Assume Conjecture 3.1.1. The Stark unit ug,, is the unique element of
K possessing the following properties:

(a) |uky|lw =1 if P’ is a (possibly infinite) prime not dividing p.
(b) For all o € Gal(K/F), log [u% ,lp = —(5,, (K/F,0,0).
(¢) ug, =1 (mod Q) for every prime Q of K that lies over the prime n of F.

Proof. Part (a) follows directly from the corresponding property of e. Part (b) also fol-
lows directly from the corresponding property of €, since, if we extend o to an element of
Gal(K(X)/F), we can express the log of the absolute value of the shifted Stark unit as

log [uf , 5 = log [ (¢7"~"")7 |y = log |e7"| — N log |¢7| (3.9)

which is —C5(K/F,00,,0)+ Nn'~%(s(K/F,0,0) = —(s,(K/F,0,0) as desired. Finally, part
(c) follows from the definition of the Frobenius element. O

As in the non-shifted case, the second condition can be reformulated as

U‘n(u?ﬂn) = CRW(K/F’ m, O) (310)

Proposition 3.2.4. Suppose we have a tower of fields F C K C K'. Then uk, =
NK’/KuK/,n'

Proof. We need to show that N+, i (ug,) is a Stark unit for K. Conditions (a) and (c) for
Nk /k(ugr ) € K follow immediately from the analogous conditions for ugs, in Proposi-
tion 3.2.3. Let P be a prime of K above F, and let P be a prime of K’ above . Choose
o € Gal(K/F) and extend it to an element o € Gal(K'/F') whose restriction to K/F' is o.
Because B splits completely in the extension K'/K, the PB-adic valuation vy of ufe, 18

vp(Nieryi (ucn)”) = vp (N (ucs)’) = Y vp(ul,) = > Cry(K'/F,07,0)
TeGal(K'/K) TeGal(K'/K)
(3.11)
If we now change variables to ¢’ = o7 € Gal(K'/F), we obtain

> (ralK'/F,0,0) (3.12)
o'€Gal(K'/F)
o'|gk=0

which is easily seen to be the same as (g, (K/F,0,0). O
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3.3 Gross’s refinement

We now state Gross’s p-adic refinement of Stark’s conjecture. Recall that F, is the completion
of F' at the prime p. Because p is completely split in K, the completion Kg is isomorphic
to F, as a local field. Local class field theory provides us with the Artin reciprocity map
rec : Ky — Gal(K ab /), where K" is the maximal abelian extension of K. Restricting
this reciprocity map to our auxiliary abelian extension L of K yields a homomorphism
rec : F & Kg — Gal(L/K).

Conjecture 3.3.1 (Gross). For any o € Gal(K/F), the image of the Stark unit u, under
the reciprocity map rec : Koy, — Gal(L/K) is

rec(ufe,) = [ o0, (3.13)
r€Gal(L/F)

T|xk=0

Gross’s conjecture, like Stark’s conjecture, is compatible with taking norms from one field
to another, though we will not prove this fact.

3.4 Gross’s conjecture restated and p-adic integrals

We now restate Gross’s conjecture in a way that brings it closer to being an explicit formula
for ug, and reinterpret it in terms of p-adic integrals. We specialize to the case where K
is the field H = H(f;p) defined in Section 3.1 as the maximal subfield H of the narrow ray
class field H; such that H is totally split at p. In the case of number fields, any abelian
extension of F' which is totally split at p is contained in H(f;p) for some f. Since Stark units
for subfields can be constructed by taking norms of the Stark units for the larger field, no
generality is lost by restricting to this case. This is not quite true in the case of function
fields, where the fields K, are not necessarily contained in fields of the form H;. We will see
that for K = Ky, Gross’s conjecture yields an explicit p-adic formula for the unit uf, .

Let the field H = H(f;p) play the role of K. In order to obtain a p-adic formula, we
specialize to let L be the narrow ray class field Hym of H for some positive integer m. Recall
that O is the ring of integers of F' (i.e. elements integral at all places except ooy, ..., 00,),
and let E,(f) be the subgroup of the group of units of O consisting of the totally positive
p-units congruent to 1 mod f.

Proposition 3.4.1. The kernel of the local reciprocity map rec : ¥\ — Gal(Hym/H) is
exactly the subgroup of ¥\ generated by Ey(f) and the subgroup Uy, of units of O, that are
congruent to 1 (mod p™).

Proof. The ray class field Hgm is defined via the global Artin map of class theory by

Gal(Hg /F) = A/ (F* [ [ kersgn; [] U [ ©2).

v|fpm™ vioofp™
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Now, we can relate the global Artin map to the local Artin map as follows. Let ¢, be the
natural inclusion map F — Af that sends a € FS to the ideal whose F* component equals
a and whose other components all equal 1. We will identify F with its image Lp(F;) inside
A%. Restricting the global Artin map Ay — Gal(F**/F) to F) yields a map that with
our definitions is the reciprocal of the local Artin map: that is, for a € F, the element
rec(a) € Gal(F3®/F,) restricts to the element o, € Gal(F*"/F). Hence, for a € F}, the
element rec(a) € Gal(Hjym/H) is the identity if and only if o, € Gal(F*/F) is the identity
on Hyym, i.e., if and only if the element a € F lies in

(F* [Jxersgn; [] U [ ©5)NF;

v|fpm vioofpm

If this is the case, there must be some o € F* C Ap such that « is congruent to ¢y(a) € Ap

modulo ker sgn; [T, jym U jpm [ [ppoopm Ou - Because tp(a) is 1 at all places of A, looking at

the components in the places other than p tells us that o € kersgn, [[,; Uu [ Ljesom O -
This is equivalent to saying that « is totally positive, congruent to 1 mod f, and a unit at
all places except for p and ooy, ...,00,, that is, a € E,(f). Finally, looking at the p-adic
component, we see that a is congruent to & modulo the multiplicative subgroup Uy, of F.

We conclude that it is a necessary and sufficient condition for a to lie in E,(f) - Uy jom,
as desired. O

Quotienting out by this kernel induces an injection rec : F /(U Ey(f)) — Gal(H;/H).
Because H is the maximal subfield of Hjm which is totally split at p, this map is also
surjective, so it an isomorphism.

We now apply the inverse map rec™" : Gal(Hym /H) — FJ /(U Ep(f)) to the equation
(3.13) in the statement of Conjecture 3.3.1 for K = H, L = Hj,m. However, we first apply
the change of variables © = rec™! (7o) (this is well-defined because 7o~ € Gal(H;/H)),

recp(u%m) _ H (0_ rec(x)—l)—Cs,n(prm/F,arec(;v)*lp)' (314)

2€F /(Up,m By (§))

We now observe that the total exponent of ¢ in this product is —(g,(K/F,0,0), which is 0
by (3.2). After canceling the o terms, we can then apply rec™! to (3.14) to obtain

uy, = H Ssm(Hipm [Frorec(z)=1,0) 1) FX/Up - Ey(f) (3.15)
2€F} /(Up,m-Ep ()

If we take the limit as m — oo, we will obtain a formula for uf , in the projective limit

—_— e~

lim K3 /Upm - Ey(f) = K/ Ep(f), where Ey(f) is the closure of Ey(f) in K. Also, Stark’s
conjecture tells us the p-adic valuation of ug;, in F . Combining that with the information
from Gross’s conjecture determines g, modulo the elements of F,(f) that are units at p,
in other words, modulo the group E; of units of O that are congruent to 1 mod f.

The most convenient way of encapsulating such a formula is by use of p-adic integrals.
We first give some preliminaries on p-adic integrals. The definitions we give can be extended
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to more general situations, but we will just state them in the case in which we need them.
Let X be a compact totally disconnected Hausdorff space. For our purposes, X will always
be a quotient of a subset of O,. A Z-valued measure on X is a function p from the set
of compact open subsets of X to Z such that for disjoint compact open sets U and V,
wUUV) = pu) + p(V).

Definition. For a continuous map f : X — F and a Z-valued measure on X, we define
the multiplicative integral

m—00

IEF; /Up,m

ffd,u: lim [ 2@ (3.16)
X

The products inside the limit are all finite by compactness of X, and the limit converges
because the sequence of products is evidently Cauchy.

We can restate Gross’s conjecture as a p-adic integral. By finiteness of the class group,
we know that for some positive e, the ideal p¢ is a principal ideal of O generated by a
totally positive element 7 that is congruent to 1 mod f. Define O = O, — 1O,,. If p = (),
then O is the same as O . Let E\f be the topological closure of the group FEj inside (’)::

equivalently, Ef =o_, E;- Uy . We now define a Z-valued measure on O that encapsulates
the information contained in the partial zeta functions. R

We first slightly generalize our zeta functions. For a compact open subset U of O/E; and
an integral ideal b of O, define

¢s(b,U;s)= Y. Na*=Nb—* Y  Na~lal?, (3.17)
aCO,(a,5)=1 ag(b™'f+1)/E;
oa€0yp-recy (U) ™1 (a,R)=1
a>0

where we use the fact that ab™! lies in the subgroup generated by p and principal ideals to
write ab~! = (a)p~*(®). Note that (s(b,U, s) can be written as a finite sum of partial zeta
functions, and so can be meromorphically extended to the entire complex plane.

We can define shifted zeta functions (g7(b, U, s) similarly to before. Define shifting
coefficients cq(s), where a ranges over the fractional ideals of O, by the following equation

[T 1= Ny =) = ca(s)]al.

neT a

Then define
Csr(6,U,8) =Y cals)Cs(a™'b, U, s). (3.18)
Now define a measure u(b) on O/ Ef by
(6,U) = Cs.2(6,U,0). (3.19)

Additivity of u(b) follows immediately from the definitions, and p(b) is Z-valued because
shifted partial zeta functions take on integer values at 0. We note also that the measure of
the entire space O/Ej is (b, O/Es) = (sr(H/F, 04,0) = 0.
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Proposition 3.4.2. Gross’s conjecture implies the following:
ut, = WCRﬂT(Hf/F’b’O)][ _xdp(b,r) (mod Ef) (3.20)
0/E;

for all integral ideals b of O.

Proof. Restating (3.15) as an integral, we find that

u, :]é © dpu(b,z) in FX/Ey(f). (3.21)
o Jorg
Since the group /p(\f) also contains all integer powers of 7, the two sides of (3.20) are

congruent mod Ey(f). By Proposition 3.2.3, the two sides of (3.20) also have the same p-adic
valuation. The result follows, since the group Ej contains exactly those elements of Ey(f)
that are units at p. O]

As noted before, in the function field case, we can also look at the larger field K, where
m = foo. In this case, the role of the auxiliary extension field L is played by the field Lyym
that is defined to have Galois group

Gal(Lupr /F) = AL/ (F* [[ U [ [ OF X Upia - &%) (3.22)

v|m vimp

where w? is the multiplicative group generated by our chosen positive uniformizer w for F,,.
(Note that this extension depends upon our choice of w.)
By a similar argument to Proposition 3.4.1, we can show

Proposition 3.4.3. The kernel of the local reciprocity map rec : Fy — Gal(Lyyn/F') is
ezactly the subgroup Uy, - @w” C Fy.

It follows from this that Gal(Lmym/L) = F)Y/Upm - w” = (O,/p™)*, and the same
manipulations that gave us (3.15) tell us that

Werm = [[  atsrtbmm/Borec@™0 iy Ky /U, - @™ (3.23)

zeF, /(Up m-w?

From this and Stark’s conjecture on the p-adic valuation of uf, ,, we can derive a complete
p-adic formula for ug; . This formula can also be rewritten as a p-adic integral; however,
we will not actually need to use it in that form.

Additionally, since Ng,, /u (UK, ) = Wwy, We can use the explicit formula for ug,, , and
its conjugates to obtain an explicit formula for ug,: we will do this in Chapter 5. This
formula could also be derived by applying Gross’s conjecture with L = K, and K = H.
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3.5 Shintani domains and Dasgupta’s refinement for
number fields

In order to give an exact formula for ug,, not just one only defined mod £, we must choose
canonical representatives for each of the cosets of Es. That is, we must choose a canonical
domain for the action of E,(f) on O. We first discuss Shintani domains and formulate
Dasgupta’s refinement in the number field case, and then we transfer everything over to
function fields.

Let F' be a totally real number field, with notation as above. Since F' is totally real, the
tensor product F ®g R =[], Fo, is isomorphic to R". This gives us a natural embedding
of F'into R". Also, F'* acts on R" by multiplication on the left factor of F ®g R. Let @
be the positive orthant (R>%)" C R™. The group of totally positive elements of F acts on
(. In particular, the group E; of totally positive units of O congruent to 1 mod f acts on
Q. It follows from Dirichlet’s unit theorem that E; acts properly discontinuously on @), so it
makes sense to look for a fundamental domain.

For linearly independent vectors vy, ..., v, in @, define the simplicial cone C(vy, ..., v,)

in @ by
Cvry...,v) = {Zcivi ]ci>0}. (3.24)
i=1

In the case when all v; belong to F' N @, we say that the simplicial cone is a Shintani cone.
Furthermore, a Shintani set is a subset of () that can be written as a disjoint union of Shintani
cones. Define a Shintani domain for Ef to be a Shintani set D that is a fundamental domain
for () under the action of Ej.

Theorem 3.5.1 (Shintani, [11]). A Shintani domain exists.

We now define Shintani zeta functions. First we state some technical conditions that will
be needed for our Shintani zeta functions to be well-defined and have integral special values.
We say that a prime 1 of F' is good for a Shintani cone C'if (i) N7 is a rational prime and
(ii) C can be written as C(vy, ..., v,) such that each v; € O but no v; is divisible by 7. We
also say that a set of primes T is good for a Shintani set D if D can be decomposed as the
disjoint union of Shintani cones C; such that, for each Cj, it is the case either that there are
two primes in T of different residue characteristic that are good for C}, or that there is one
prime 7 in 7" that is good for C; and satisfies N > n + 2.

Assume that no prime of S has the same residue characteristic as any prime of 7', and
that no two primes of 7" have the same residue characteristic. Let D be a Shintani set (not
necessarily a fundamental domain) such that 7" is good for D.

Now, for each integral ideal b of O relatively prime to S, and each compact open subset
U C Oy, define a zeta function (z(b,D, U, s) by

Cr(6,D,U,s)=Nb™ )  Na™ (3.25)

ac(b~H+1)ND
a€elU,(a,R)=1
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More generally, we can define a shifted zeta function (g (b, D, U, s) as in (3.7).

It can be shown under the assumptions given above (see [11] and [3]) that (g (b, D, U, s)
extends to a meromorphic function on C and that (g (b, D, U,0) € Z. Hence we can define
a Z-valued measure v(b, D) on O, by

v(6,D,U) = (pr(b, D, U,0). (3.26)

It follows from comparing definitions that if we restrict v to O and then push forward to
O/Ejs, we obtain the measure p defined in the previous section. Hence the measure v is a
natural candidate to use to obtain an explicit formula that refines Gross’s formula for the
Stark unit.

Recall that we have defined an element 7 such that (7) = p° for the minimal e for which
p° is a principal ideal of O generated by a totally positive element 7 that is 1 mod §f. We
first consider the case in which 7D = D — this will happen in the case where the absolute
value |T,| is independent of 4, which, since 7 is totally positive, is equivalent to requiring
that 7 is rational.

Conjecture 3.5.2 (Dasgupta’s refinement, number fields, first version). Suppose that T € Q.
Then for any integral ideal b of O that is relatively prime to S, the Stark unit uj; can be
expressed as

upo — 7T<R7T(H/F7b,0)f T dy(b’ 1)7 a’j) (327)
(0]

for any Shintani domain D such that T is good for D and D = D.

In the case where D # D, the above formula needs a correction term. Define

e(b,D, ) = H ¢/ (DT ID.Op) (3.28)

EeEf

(The product can be shown to be finite by compactness.) Then we can modify our previous
conjecture by

Conjecture 3.5.3 (Dasgupta’s refinement, number fields, general version). For any integral
ideal b of O that is relatively prime to S, the Stark unit uj} can be expressed as

U/UHb — 6(572)7 7"-) . ﬂ-CR,T(H/F7b70)f €T dy(b’ ,Z)7 {L') (329)
(0]

for any Shintani domain D such that T is good for D.

3.6 Shintani zeta functions in function fields
We now switch to the case where F' is a function field. Recall that we have defined a

map ¢ : X — [T, R™ x k& by 1(2) = (||, sen,(z)). Then F* acts on the codomain
[T, R %k by componentwise multiplication after applying ¢. Recall that we have defined
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a “totally positive orthant” @ = [[{_, R*? x 1 C [, R*" x £k, which contains the images
under ¢ of all totally positive elements of /. In particular, the group Ej of totally positive
elements of O congruent to 1 mod f acts on Q.

The definitions of Shintani cones and Shintani sets in () continue to apply here. As in
the previous section, we define a Shintani domain D for E; to be a Shintani set that is a
fundamental domain for the action of Ej on Q).

We now define Shintani zeta functions for F' in a manner analogous to the number field
case. Let D be a Shintani set, and let b be an integral ideal of O. Then we define

(r(6,D,Us)=Nb™" Y Na™* (3.30)

ac(b™1f+1),u(a)eD
a€eU,(a,R)=1

Alternatively, we can write this zeta function in a different way. Define a degree function
deg,, on F"* by deg (o) = log, N(aQ), which is also equal to — ), duo, Voo, (). Let An(b)
denote the set of totally positive elements o € b~!f + 1 relatively prime to R such that
t(a) € D and deg. (o) = N. Define a sequence ay(b,U) by an(b,U) = #(An(b) N U).

Then, grouping terms by degree, we can rewrite (r(b, D, U, s) as

o0

Cr(b,D.U,s) =Nb— > an(b,U)g " (3.31)

N=—deg_ b

We can also define a shifted zeta function (g (b, D, U, s) in the same manner as before.
We conveniently no longer need any technical conditions on the set 7" in order to ensure
integrality of the zeta functions. This will follow from the fact that in the function field case
shifted Shintani zeta functions are really finite sums. To prove that fact, we will need the
following lemma, which is a version of the Riemann-Roch theorem:

Lemma 3.6.1. Let I be a function field over IF,. Then there are numbers g and M depending
only on the field F', such that the following holds: Let S be a set of primes of F' and {ry |
q € S} be integers subject to the condition that qus rqdq > M (where dq is the degree of
the place q). For each q € S, let 4 be an element of q, and let By(xq, —1r4) denote the q-adic
ball {x € Fy | x = x4 (mod q~"1)}. Define a subset A of Ar by

A =] By(zq, —r) [ O (3.32)

qes q¢.S
Then F N A has ¢am%)=9%1 clements.

Proof. We will take g to the genus of the algebraic curve corresponding to the function field
F, and we will take M = g + 1.

Let £ =J]csaOq]l,¢5 Oy Since A'is a coset of the Fy-vector space £, F'N Ais a
coset of the F,-vector space F' N L, provided that it is nonempty. Since qgTadq = M > g,
the Riemann-Roch theorem for function fields implies that the dimension of this vector space
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is ) . rqdq — g + 1. Hence F'N A will have the correct number of elements, assuming that
F N A is nonempty.

To show that F' N A is nonempty, for each q, let s = —v4(zq), and define £ =
[Ties 47704 [ [,c5 O Then the quotient F'N L/F N L of Fy-vector spaces injects into the
quotient £'/L =[] cgq7*/q~". The dimension of the latter vector space is 3 ¢(sq—74)dq,
and by Riemann-Roch on F' N L and F'N L, the dimension of FF N L'/F N L is exactly the
same. Hence we have a bijection FNL'/FNL — L£'/L, and the preimage under this map of
the reduction of the element [[ cqzq € [[,cga7 /a7 = L'/L is exactly the coset I N A.

Hence F'N A is nonempty and has size ¢2=ama%)=9+1, n

This lemma can also be interpreted in terms of sizes of solution sets to simultaneous
congruences, and that is how we will use it below.

Proposition 3.6.2. For any nonempty set T' of primes, any Shintani set D, any compact
open set U of O, and any integral ideal b of O that is relatively prime to both S and T, the
Shintani zeta function (g (b, D, U, s) is a finite Dirichlet series in s with integral coefficients.

Proof. Without loss of generality, we may assume that 7' contains a single prime 7, since
zeta functions shifted by larger sets of primes can be written as linear combinations of zeta
functions shifted by a single prime. By equation (3.31), we can express (g,(b,D,U,s) =
Cry(bn, D, U, s) — Nn'~*Cr,(b,D,U, s) as

[e.9]

CR,n(bvp7 U73) = Z (CLN(E”%U) - NT] ’ aN—degoo(n)<b7U))q_Ns' (333)

N=— degoo(b)

The coefficients ay (bn, U) — N1 - an_qeg () (b, U) are manifestly integral, so it will suffice to
show that, for NV sufficiently large, an(bn,U) = N0 - ay_aeg._(n)(b,U). We use the notation
B(a,r) for the p-adic open ball a +p" O, in O,. Any compact open subset U of O, can be
expressed as a finite union of such p-adic open balls (for each a € U we can use openness
of U to find a p-adic ball B(a,r,) contained in U and finitely many of those will cover U
by compactness of U). Since any two p-adic open balls are either disjoint or nested, after
eliminating redundant balls, we can express U as a disjoint union of finitely many p-adic
open balls. By additivity, this means that we can reduce to the case where U = B(a,r) is a
p-adic open ball.

We now partition the set Ay (b)NU as follows. Let q1, g2, . .., q,, be the non-infinite places
of S. For every n-tuple of integers w = (w1, ..., w,) with ), dw,w; = N, and every sequence
r = (21,...,%y) such that z; is an element of the multiplicative group (O, /q;0g,)* of the
residue field at q; , let

AN,w,a:(b> =
{ao€e AN(b) | Voo, () = —w; for i =1,...,nand a =x; (mod q;) for j =1,...,m}

Define Ay 4. (bn) likewise. The sets Ay .(b) partition Sy (b), and likewise the sets
An . (bn) partition Ay (bn). Hence it will suffice to show that, provided that N is sufficiently
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large,
#HAN w2 (bn) N B(z, 1) = Nn - #ANwo(b) N B(z, 7).

We now note that the two conditions that v, (o) = —w; and that « is positive at oco;
are equivalent to the single condition a = 7. (mod 7 *!). Using this and the definition
of An(b), we can write

An w2 (b) N B(a,r) =
{aeFla=n" (mod 7 "*"),a=1z; (modgq;),a=1 (mod b 'f),a=a (modp")}.

o e73

More succinctly, we can write Ay, .(b) N B(a,r) = FN A where A C Ay is the elementary
open subset

A= H Boo, (73, —w; + 1) H By, (7;,1), H By(1,v4(67Y)) x By(a, ).

qlo—1f

We may now apply Lemma 3.6.1 to conclude that, for NV sufficiently large,

B (Anaa(B) O B(z,7)) = ¢ St e 0=0)= 2t —dogo (67 =1t =41

o 31
where k is an integer independent of our choices of N, w, z and b. Likewise,
F (AN w1, 01,0 (07) 0 Bz, 1)) = ¢V a8 om
for the same k. Since Nn = ¢%°%=", we conclude that
AN w1 wn 1z (1) NV B(2,7)) = N1 - #H(ANwn,cwn o wn (0) 0 B2, 7))
Summing over all possible w and x yields the desired result. O

As a corollary, we can deduce an analogous fact for other types of shifted zeta functions:

Corollary 3.6.3. For any nonempty set T' of primes, any compact open subset U of O/E\f,
and any ideal b, the zeta function (g (b, U, s) is a finite Dirichlet series in s with integral co-
efficients. As a special case, we obtain that our original shifted zeta functions Cpr(K/F, 0, s)
are finite Dirichlet series.

Proof. Let D be a Shintani domain. Because D is a fundamental domain for the action of
Ej, it follows that (g (b, U, s) = (rr(b, D, U, s) is a finite Dirichlet series. m

We now return to integration. For any Shintani set D, we can define, as before, a measure
v(b,D,U) by
v(6,D,U) = Crr(b,D,U,0).
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3.7 A formulation of Dasgupta’s refinement in function
fields

We can now formulate exact function field analogues of the number field conjectures from
Section 3.5.2. We first formulate the conjecture supposing that, with 7 as before, the absolute
value ||, is the same for all . Note that this is a less restrictive condition in the function
field setup, because the absolute value map O,, — Z is no longer an injection, and the
image of ||; is constrained to the subset of powers of ¢~*.

Because, as we will see below, Stark’s conjecture is a known fact in function fields, we
will not need to assume the truth of Stark’s conjecture in order to make conjectures about
the Stark unit in function fields.

Theorem 3.7.1 (Function fields, first version). Suppose that the absolute value ||, is the
same regardless of the infinite place co;. Then for any integral ideal b of O relatively prime
to S, the Stark unit ui}’f can be expressed as

ugHb — ﬂ-CR,T(H/F7b70)f T dy(b’ D) a’j) (335)
(0]

for any Shintani domain D in Q.

We will prove this conjecture in Chapter 5. As in the number field case, we can also make
a more general statement of Dasgupta’s refinement, without the assumption that |7, is
the same for all infinite places oco;. We define a correction term e(b, D, U) by (3.28) exactly
as in the number field case. We state the following result.

Theorem 3.7.2 (Function fields, general version). For any integral ideal b of O that is

relatively prime to S, the Stark unit u3} can be expressed as

U/UHb — e(by D7 7T) : WCR’T(H/F’b7O)f X dy(b’ D? x) (336)
(0]

for any Shintani domain D.

This version can also be handled by methods similar to those used in the proof of The-
orem 3.7.1, however, for simplicity, we will restrict ourselves to proving the first version
only.
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Chapter 4

Exponential functions of lattices and
the theory of Drinfeld modules

4.1 The exponential function of a lattice

We now switch gears and approach the explicit class field theory of function fields from a
different direction. Instead of proposing analogues of the conjectural constructions of Stark
units, we now build up an algebraic apparatus that will give us an analogue of the better-
understood theories of cyclotomic fields and of elliptic curves with complex multiplication.

Let F' be a global function field with field of constants equal to F,, and let p be a place of
F. Then F embeds into the completion F, of F' at p, and the ring A of elements integral away
from p is contained as a discrete subring of F,. Let C, be the completion of the algebraic
closure of F,: it is a well-known fact from the theory of local fields (see Proposition 2.1 of
[5]) that C, is algebraically closed.

We define a degree function deg, on F' by deg,(z) = —d,v,(2), where d, is the degree
of the place p. The degree function also extends to all of C, In the case where z € A the
product formula implies that

deg,(z) = Z dy vy (2),
p/

where p’ ranges over all places other than p. In particular, deg,(2) is non-negative for every
z € A. Also, since the ideal (z) € A factorizes as [], (p')% )| we have

[A : ZA] = Hq”p’(z)dp’ = qdegp(z).
p/

Since A is discrete in F,, for every positive integer NNV, there are only finitely many z € A
with deg,(z) < N.

Definition. A rank-r latticeI" in C, is a discrete sub-A-module of C,, such that the F-vector
space I' ® 4 I is r-dimensional.
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For the purposes of this thesis, we will be concerned only with the case » = 1; however,
much of the theory presented below does generalize to larger values of r. We observe that
A, being discrete in C,, satisfies the conditions to be a rank-1 lattice, as does any ideal or
fractional ideal of A. More generally, for any ¢ € C; and any fractional ideal a of A, the
A-module (a is discrete in A, and (a ®4 F' = (F is 1-dimensional, so (a is a rank-1 lattice.
The following proposition states that any rank-1 lattice in G is of this form.

Proposition 4.1.1. Any rank-one lattice I' in C, can be written in the form L = (a for
¢ € C; and a fractional ideal a of A.

Proof. Choose any nonzero ¢ € I'. Then F ®4 ' is a one-dimensional F-vector space con-
taining ¢, so F @4 = (F. It follows that ("' F is a discrete A-submodule of F' C C,, which
contains A. Since ("'F is discrete in C,, it is also discrete in the completion Fy, of F in
C,. It is well known that the quotient F,/A of topological groups is compact. The image
of (T'F in F,/A is also discrete in F,,/A, so, by compactness of the quotient, it follows that
(7'F/A is finite. Hence A has finite index in (7' F', which implies that (7' F is a fractional
ideal of A, yielding the desired result. m

Definition. Two rank-one lattices I'y and I'; in C, are homothetic if there exists a € C;
such that I'y = al';.

It follows from the definition that two rank-one lattices I'; and I'y are homothetic if and
only if they have isomorphic structure as A-modules.

Because homothety is an equivalence relation, we can consider equivalence classes of
lattices up to homothety. Then Proposition 4.1.1 can be re-interpreted as giving a one-to-
one correspondence between the set of homothety classes of lattices in C, and the ideal
class group of A. However, instead of viewing of the set of homothety classes of lattices as
identified with the ideal class group CI(A) of A, it will be more productive for us to view
it as a principal homogeneous space for CI(A), that is, a set with a transitive free CI(A)-
action. First of all, the group of fractional ideals of A acts on the set of one-dimensional
lattices by a * I' = a7'I", where a™'T" is the lattice generated as an A-module by the set
{az | a€al 2 €T}, (One could equally well multiply by a instead of a™!, but for reasons
that we will see below, it will be most convenient to use a=!.) After quotienting out by the
action of principal ideals, this action descends to an action of CI(A) on the set of homothety
classes of lattices.

Proposition 4.1.2. The action (a,T) — a~'T" endows the set of homothety classes of lattices
with the structure of a principal homogeneous space for Cl1(A).

Proof. We have already seen that the set of homothety classes of lattices is in one-to-one
correspondence with the class group Cl(A), and CI(A) is clearly a principal homogeneous
space for itself under the action ax b = a='b. O]

However, we are interested more generally in the ray class groups of A, which arose in
Chapter 2 as the Galois groups corresponding to our ray class fields (see Proposition 2.0.2).
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We now give a definition that will eventually help us interpret ray class groups in terms of
lattices. First note that for a lattice I', we can consider the quotient C,/I'. Since C, and I'
are both A-modules, C,/T" inherits a natural A-module structure as a quotient of C,/I.

Definition. If I' is a lattice and m is an ideal of A, an m-division point of I' is a point z of
the quotient C,/I" such that mz = 0 in C, /T, or equivalently, that mz € I" for all m € m.

We note that the set of m-division points of T' is exactly m~'T'/T.

Proposition 4.1.3. The set m™'T'/T" of m-division points of T is an A-module isomorphic
to A/m.

Proof. By Proposition 4.1.1, every lattice is homothetic to a fractional ideal of A, so it
suffices to show this result when I' = b is a fractional ideal of A. By scaling, we can reduce
to the case that b is an integral ideal relatively prime to m.

Hence it suffices to show that for relatively prime ideals b and m, b/bm = A/m as
A-modules. By the Chinese Remainder Theorem, we have a canonical isomorphism of A-
modules ¢ : A/(bm) = (A/b) x (A/m). The preimage ¢~ '({0} x A/m) is exactly b/bm, so
the restriction of ¢ is an isomorphism b/bm — A/m, as desired. O

Proposition 4.1.4. The set of all homothety classes of pairs (I', z) such that T is a rank-
one lattice in C, and z is an A-module generator of m™'T'/T' can be given the structure of a
principal homogeneous space for Cly(A), as follows: the ideal class [a] of an integral ideal a
acts on the pair (T, 2) by [a](T, 2) = (a7'T, 2).

Proof. Since a is an integral ideal, mz C I' C a™'I', so z is still an m-division point of I, as
needed. We now show that an ideal a acts trivially on a pair (T, ) if and only if a represents
the trivial class in Cl,(A). If a represents the trivial class in Cl,(A), then we may write
a = (a) where @ =1 (mod m). Then [a](T, z) = (o™ 'T',a'2) is homothetic to (T, az), and
because a =1 (mod m), az = z in C,/I.

Conversely, suppose that the pairs (T, z) and [a](T, z)(a™'T, 2) are homothetic: this means
that there exists ¢ € C,, such that I' = £a™'T" and z = £z (mod T'). By Proposition refprin-
cipal homogeneous CI(A), the former fact implies that a equals the principal ideal (§). The
second fact is equivalent to saying that (£ — 1)z = 0 in m~'T'/T": because z is a generator of
m~!T'/T, this happens only when £ =1 (mod m). O

We now define the exponential function associated to a lattice I'. This is an entire
function of C, and is periodic with respect to the lattice I'.

Definition. Let ep(z) : C, — C,, be given by
z
er(z) =z H (1 - a) : (4.1)
acl'—{0}

Proposition 4.1.5. The product in (4.1) converges for all z to define an entire function
er(z) on Cy, that is, er(z) can be expressed as an everywhere convergent power series on C,,.
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Proof. Since T is discrete, for any enumeration {aq, o, ...} of I' = {0}, we have ||a;||, — oo

as i — oo and so 1 — %= — 1 as ¢ — o0o. Since C,; is an ultrametric space, this implies that

the product
z
< 1 (1-7)
acel'—{0}

can be expanded out into a power series in z that converges for all z. O

Lemma 4.1.6. For all ¢ € C, we have

ecr(¢z) = Cer(2). (4.2)
Proof. This follows directly by comparing the products for the two sides. O]

The first property of er(z) that we establish is its additivity. This will in turn imply its
periodicity. We will show that er(z; + 22) = ep(21) + er(22) for any z; and 2, in C,. This is
somewhat similar to the usual exponential function on the complex numbers C, which is a
homomorphism from the additive group C* to the multiplicative group C*. Our exponential
function er is actually a homomorphism from the additive group C;r to itself. In fact, even
more is true: our er is an endomorphism of C,, as an IF,-vector space. In order to demonstrate
this fact, we will first build up the theory of F,-linear polynomials, a theory that will be also
important for the theory of Drinfeld modules developed in the next section.

Definition. Let K be a field containing F,, and let K be an algebraic closure of K. A
polynomial P(z) € Klz| is called F,-linear if the function given by P : K — K is an
Fy-linear map.

Proposition 4.1.7. A polynomial P(z) € K[z] with no repeated roots in K is F-linear if
and only if the set of roots of P is an IF -vector subspace of K.

Proof. One direction is immediate: the kernel of an F,-linear map is an F,-linear subspace.

On the other hand, suppose that the set W of roots of P is closed under addition and
multiplication by elements of F,. Then, for any root w € W, the polynomials P(z) and
P(z 4+ w) have the same leading coefficient and the same set of roots, so P(z) = P(z + w)
for all w € W.

Now, for arbitrary fixed a € K, consider the polynomial Q(z) = P(z +a) — P(z) — P(a)
in K[z]. We observe that the leading terms of P(z) and P(z + a) cancel each other out, so
deg () < deg P. By the previous paragraph, for any root w of P, we have

Q(w) = P(w+ a) — P(w) — P(a) = P(a) — 0 — P(a) =0, (4.3)

so w is a root of Q. But P has deg P distinct roots in the algebraic closure K, and @ has
degree strictly less than deg P, so this can only happen if @) is the zero polynomial. Plugging
in z = b, we obtain P(b+ a) = P(b) + P(a) for all b € K. But a was arbitrary, so it follows
that in fact, P(a + b) = P(a) + P(b) for all a,b € K.
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It remains to show that P is [F -linear. If the set of roots of P is an [F,-vector space, this
means that the number of roots of P, which is equal to deg P, is of the form ¢? for some
positive integer d. Hence the leading term of P(z) is of the form az? for a € K*. We now
compare the polynomials cP(z) and P(cz) for ¢ € Fy. They have the same degree, and, since
the set of roots of P is stable under multiplication by ¢, the same set of roots. Furthermore,
the leading term of P(cz) is a(cz)?" = acz?’, because ¢ € F, is fixed by the gth power map.
Hence P(cz) also has the same leading term as ¢P(z). This implies that P(cz) = ¢P(z) and
concludes the proof. O

Proposition 4.1.8. For a lattice I' C C,, the function ep(z) : C, — C, is Fy-linear.

Proof. We express er(z) as a limit of F-linear polynomials. For each positive integer N, let

z
E = i . *
F,N(Z) z H (1 a) (4 4)
acl'—{0}
vp () >—N

Since Er n(z) is a polynomial in z, by the previous proposition, it suffices to show that the
set {ae € I' — {0} | vp() > —N)} U {0} of roots of Er n is an Fy-vector space. On the one
hand, I' is an A-module, and A contains F,, so I' is also an F -vector space. On the other
the strong p-adic triangle inequality on valuations implies that if v,(a), vp(5) > —N, then
vp(a + B) > min(vy(a), vy(8)) > —N as well. Multiplying by elements of F, does not affect
p-adic valuation, so the set of & with vp(ar) > —N is also an F -vector space. Hence the set
of roots of Er x is an F,-vector space, and we conclude that Er y(z) is F,-linear.

By the definition of er(z) as an infinite product, er(z) = limy_,o Enr(z). Since each of
the convergents Er y(z) is Fy-linear it follows that ep(z) is Fy-linear as well. O

We state without proof the following useful lemma from p-adic analysis. For a proof, see
Chapter 2 of [5].

Lemma 4.1.9. Any non-constant entire function C, — C, is surjective.

Corollary 4.1.10. The function er(z) is periodic with respect to the lattice T', that is, for
any w € I', we have er(z + w) = er(z). Furthermore er induces a bijective map from C,/T

to C,.

Proof. The first part follows immediately from the previous proposition and the fact that
er(w) =0 for w € I'. This means that er(z) only depends upon the coset of z in C,/I" and
er induces a map, which we also call er, from C,/I" to C,. Since, for any given z, all but
finitely many terms in the product for ep(z) are p-adic units, er(z) = 0 only when one of
the factors is 0, and the kernel of the original map er : C, — C, is exactly I'. Hence er
induces a injective map from C,/I" to C,. By Lemma 4.1.9, the non-constant entire function
er : C, — C, is surjective, so the induced map on C,/I" is surjective as well as injective,
hence bijective. O

There is another corollary of Lemma 4.1.9 that will be very helpful later:
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Lemma 4.1.11. If f and g are entire functions on C, that have the same zeroes (counting
multiplicity), then f is a constant multiple of g.

Proof. Consider the function f/g. By the assumption, f/g is entire and never zero, which
means that f/g is not surjective. By Lemma 4.1.9, the only possibility is that f/g is
constant. O

We have shown that er is an isomorphism of F,-vector spaces C,/I" — C,. However,
C,/T is not merely an F-vector space: it also has an A-module structure inherited from C,.

Let T and I be a pair of lattices with I' C I'" such that the index [I' : I'] is finite. We
define a polynomial P /p(t) in t by

Pty =t [ (1-&). (4.5)

o€er(IV)—{0}

This product is finite because I' has finite index in I”. By construction, the set of roots of
Prip(t) is ep(I), which is an Fg-vector space, so Prvp(t) is an Fg-linear polynomial. The
polynomial Prp(t) is important because of the following identity:

Proposition 4.1.12. The exponential functions er and er are related by:
6[*/(2) = Pp//p(ep(z)). (46)

Proof. Both sides of the equality (4.6) are entire functions on C,. The left hand side has
zeroes exactly at the points of IV. The right hand side is zero exactly when er(z) € er(IV):
since ep maps C,/I" injectively to C,, this is the case exactly when z € I". Furthermore,
all these zeroes are simple, so the two functions er/(,y and P /r(er(z)) have the same zeroes
to the same order. By Lemma 4.1.11, the two sides of (4.6) must then be the same up to
multiplication by a constant. However, if we expand both sides as power series in z, both
sides have the coefficient of z equal to 1, so they must be identical. O

There are two cases of this construction that will be especially useful to us. For one, we
note that if IV = m~!I", then the roots of polynomial P, ip sr are exactly the values of er
at the m-division points of I'. This polynomial will be important in showing that in special
cases these division values are algebraic conjugates of each other.

For another, we consider the case where I" = a~'T". Then er(,) = e,-1r(z) = a 'er(az).
Then Proposition 4.1.12 tells us that

er(az) = a 'e,-1r(2) = Po-ipjr(er(2)). (4.7)
We now introduce the notation ¢ := aP,-1p . We have just shown
Proposition 4.1.13. The two functions er(z) and er(az) are related by er(az) = ¢L (er(2)).

The map a — ¢ is called the “Drinfeld module” of I'. We will work out some basic
properties of this map before we give the abstract definition of a Drinfeld module.
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Proposition 4.1.14. Let I be a lattice, and let a,b € A. The following statements hold:
(a) If a € F,, then ¢L(t) = at.
(b) dpyp(t) = oo (t) + ¢4 (t).
(c) du(@y () = dpy(t).

Proof. The first statement follows directly from the fact that oI’ =T for a € F,.

For the purposes of the second two parts, we may use surjectivity of er toset ¢ = er(z). By
Proposition 4.1.13, ¢%.,(t) = er((a+1b)z), and ¢L (¢) + ¢ (t) = er(az) +er(bz) = er(az +bz)
by additivity of epr. This shows (ii); a similar argument shows that both sides of (iii) are
equal to ep(abz). O

One way of rephrasing Proposition 4.1.14 is to say that the map (a,t) — ¢\ (¢) gives the
[F-vector space C,/I" an A-module structure. Another interpretation is as follows.

The correspondence a — ¢! is a map from A to the set of F -linear polynomials over C,.
The set of F,-linear polynomials over C, can be given the structure of a (non-commutative)
[F,-algebra, where the element a € IF, corresponds to the additive polynomial ax, and the
multiplication law is given by composition of polynomials. Then Proposition 4.1.14 says that
the map a — ¢. is a homomorphism of F-algebras. This homomorphism has the following
special properties.

Proposition 4.1.15. If T is a rank-one lattice, the degree of the polynomial ¢.(t) € C,lt]
is ¢4 (9 and the coefficient of t in ¢L(t) is equal to a.

Proof. Both statements follow from (4.5). The first statement comes from the fact that
¢r(t) = aPy-1r/r(t) is the product of [a™'T" : I'| = ¢*% * terms, and the second follows from
the fact that the coefficient of ¢ in P,-1r/r(t) equals 1. O

4.2 The theory of rank-one Drinfeld modules

As before, let A be the ring of elements of F' that are integral away from p.

Definition. A field over A is a field K containing F, equipped with a map ¢ : A — K that
is a morphism of F,-algebras (that is, ¢ is a ring homomorphism that is the identity on F,).

For our purposes, the field K will always be a field containing A, and ¢ : A — K will be
the inclusion map. However, it is also useful to consider cases in which K = A/q for some
prime ideal q of A, and ¢ will be the map given by reduction mod gq. This latter is central to
the reduction theory of Drinfeld modules, a topic that this thesis will not discuss, but that
is necessary to prove some of the results that we will use without proof.

We first go through some preliminaries on the algebra of F,-linear polynomials over K.
Let 7 be the polynomial 7(x) = 29. Because 7 is a power of the Frobenius map x — P, 7
is additive, and because 7 also acts as the identity on F,, 7 is F,-linear. Hence the algebra

32



of F -linear polynomials over K contains the noncommutative algebra K{7} defines as the
algebra of “twisted polynomials” the form P = ag + a7 + aa7? + - - - + a,, 7™ which, when
expressed as a polynomials of = are

P(x) = apx + a17(z) + ao7(7(x)) + - - - + a7 (2)

m 4.8
= aox + a2 + asz? + -+ + apa?". (48)

Note that multiplication in K{7} corresponds to composition of polynomials, so it is not the
same as multiplication in K [z]. Multiplication in K {7} is not commutative, but

7(ax) = a’zx? = a'r(z),

so we do have the identity that, for 7-a = a%r for a € K, More generally, 7¢-a = a? 7¢. This
implies that K{7} is in fact closed under multiplication. The ring K{7} is also called the
“ring of twisted polynomials.”

We now claim that all [F;-linear polynomials are of the type described above: for a proof,
see Chapter 1 of [5].

Proposition 4.2.1. The ring of F,-linear polynomials over K is equal to K{7}.

We introduce some notation: if P(x) € K|x] is an F,-linear polynomial, let P(7) denote
its representation in K{7}. Conversely, for P(r) € K{r}, let P(x) be the corresponding
polynomial in z. (Caution: P(7) is not obtained simply by setting x = 7 in P(x)!)

Now, for nonzero P(7) € K{r} of the form ", a;7", define deg P to be the largest i such
that the coefficient a; of 7¢ in P(7) is nonzero. We observe that the degree of the correspond-
ing polynomial P(z) in x is deg P(x) = ¢%#”(). Furthermore, degree is compatible with
multiplication in K{7}: for P(7), Q(7) € K{r} we have deg PQ) = deg P + deg Q. This
implies that the product of two nonzero elements of K{7} is nonzero, and therefore that left
and right cancellation laws hold in K{7}.

Also, we define a morphism of F,-algebras D : K{r} — K that maps a polynomial in 7
to its constant term i.e., D(}; a;7") = ap. This map can be thought of as a “derivative at
0” map, since for P(7) in K{7}, the coefficient of x in the corresponding polynomial P(z)
is the same as the constant term of P(7), so D(P) is the value of the (formal) derivative of
P(z) at the point z = 0.

With these definitions in hand, we are now ready to define a Drinfeld module.

Definition. Let K be a field over A. A Drinfeld A-module over K is an F,-algebra homo-
morphism ¢ : A — K{r} such that (1) D o ¢ =, and (2) the image of ¢ is not contained
in the subfield K C K{7} of constant polynomials in .

We will use the notation ¢, for the image of an element a € A under the Drinfeld module
homomorphism ¢. The terminology “Drinfeld module” comes from the fact that any Drinfeld
module A defined over K gives a structure of K as an A-module, where multiplication
by an element a € A corresponds to application of the polynomial ¢,. (Note that this
module structure does not agree with the standard A-module structure on K in which the
multiplication map is the same as multiplication in K1)

We have seen an example of a Drinfeld module in the previous section:
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Proposition 4.2.2. For any lattice T in C,, the F,-algebra homomorphism @' given by
a+— @% is a Drinfeld module over A.

Proof. This is a direct consequence of Propositions 4.1.14 and 4.1.15. ]

There is a definition of the “rank” of a Drinfeld module, which turns out to correspond to

that of the rank of a lattice. For our purposes, we will only need the definition of a rank-one
Drinfeld module.

Definition. A Drinfeld A-module over K is said to be a rank-one Drinfeld module if, for
every a € A, deg(¢,) = deg,(a), where deg(¢p,) denotes the degree of the twisted polynomial

Pa(T) € K{7}.

Proposition 4.2.3. For any rank-one lattice I in C,, the associated Drinfeld module ¢* is
also rank-one.

Proof. This follows from Proposition 4.1.15 and the fact that deg ¢, (7) = g4°&®(®), ]

It is an important theorem, which we state without proof, that the map I' — ¢! is a
one-to-one correspondence between rank-one lattices in C, and rank-one Drinfeld modules
over C,.

Theorem 4.2.4 (Uniformization theorem for rank-one Drinfeld modules). Any rank-one
Drinfeld module over C, is the Drinfeld module ¢* of a uniquely determined rank-one lattice
F C Cp-

Proof. For a proof, see [5]. ]

We transfer some basic operations on lattices to the Drinfeld module setting. The set of
rank-one lattices in C, can be given the structure of a category in the following way. For
lattices I" and I, let the set of morphisms Hom(I',I") correspond to the set of ¢ € C,, such
that ¢I' C I". Then composition of morphisms corresponds to multiplication of scalars: this
is defined because if cI' C IV and ¢TV C T, then ¢/I" C TV C T7.

The definition of the category of Drinfeld modules is slightly more complicated, but we
will show that the two are isomorphic.

Definition. If ¢ and ¢’ are Drinfeld modules, then a morphism from ¢ to ¢, usually called
an isogeny, is a twisted polynomial P(7) € K{7} such that P¢, = ¢/ P for all a € A.

Note that if P is an isogeny from ¢ to ¢’ and P’ is an isogeny from ¢’ to ¢”, for all
a€ A, PPp,= P ¢, P=¢!P'P,so the product P'P is an isogeny from ¢ to ¢”. It follows
that Drinfeld modules and isogenies form a category. We now show that this category is
isomorphic to the category of lattices already defined.

Proposition 4.2.5. IfT', IV are rank-one lattices in C, and ¢, " are the corresponding
rank-one Drinfeld modules, there is a one-to-one correspondence between morphisms from I’
to I" and isogenies from ¢* to o' .
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Proof. In one direction, let ¢ € C be a morphism from I' to I''. This means that I' C ¢~ 'I",
and, since they are both homothetic to ideals of A, I' is a finite index sublattice of ¢~ 'I".
Define the additive polynomial P(z) = c¢P,-1p/r(x) (where P,-1pr(z) is defined as in (4.5)),
and let P(7) be the corresponding twisted polynomial in 7. By Proposition 4.1.12, the
polynomial P(z) satisfies P(er(z)) = ce.1r(2) = er(cz), and, since exponential functions
are surjective, this relation uniquely determines P.

Now we must show that for any a, P(¢,(x)) = ¢, (P(x)) in Cy[z]. Make the substitution
x = er(z). Then

P(¢a(x)) = P(¢aler(2))) = Pler(az)) = er(caz) = gyer(cz) = ¢ P(er(2)) = ¢ (P(x))

as desired.
The other direction, although similar, is substantially more complicated, and we omit
the proof. See Goss [5], Proposition 4.3.5 for a proof. ]

The main concepts from the theory of lattices and exponential functions that we will
need to carry over are the ideas of division points of a lattice and of the action of the class
group of A on the set of homothety classes of lattices.

Definition. For an abstract Drinfeld module ¢ and an ideal a of A, we can define an a-
division value of A to be a value z € C, such that ¢,(x) = 0 for all a € A.

We note that if ¢ is the Drinfeld module ¢" associated to a rank-one lattice I' € C,,
then the set of a-division values of ¢ are exactly the values {er(z) | z € a~'T'}, which are in
one-to-one correspondence with the points of a™'T'/T". Hence the number of a-division values
of ¢* is exactly #(a™'I'/T') = Na. By Theorem 4.2.4, this is true for any rank-one Drinfeld
module ¢.

Now, one way of determining the a-division values of I' is to observe that z is a common
root of ¢, for all a € a if and only if x is a root of the ideal generated by all such ¢,,
or equivalently, by the unique monic generator of this ideal (which has no repeated roots
because the ¢, all have no repeated roots). This generator, which we will call ¢,, will be
important in constructing ray class fields. We now present a more elegant way of constructing
this polynomial, from the point of view of the twisted polynomial ring K{7} rather than
Klz].

Recall that a left ideal of the noncommutative ring K{7} is a subset of K {7} that is
closed under addition and left multiplication by elements of K{7} i.e., that is a left K{7}-
submodule of K{7}. Although K{7} is noncommutative, it still remains some nice algebraic
properties of commutative polynomial rings in one variable. In particular:

Proposition 4.2.6. Any left ideal of K{7} is principal.

Proof. See [5], Chapter 1. The proof is almost exactly the same as in the commutative
setting. O
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Now, similarly to above, we consider the left K{7}-ideal I,, generated by the elements
{¢q : a € a}. By Proposition 4.2.6, this ideal has a unique monic generator, which we call
¢q. Note that for twisted polynomials P (1), Ps(7), if we let P be the product P, P, in K{7},
then since 0 is automatically a root of the polynomial P;(x), every root of P, is also a root
of P. It follows by the same logic as in the commutative case that the roots of ¢, are exactly
the a-division values of ¢.

Also, note that when a = @A is a principal ideal, I, 4 is generated by the element ¢,:
however, ¢, is not generally monic. Define j,(a) to be the leading coefficient of ¢,. Then
ba = py(a) ' ¢, is the monic normalization of ¢,.

We now relate our construction of ¢, back to exponential functions of lattices.

Lemma 4.2.7. For a rank-one lattice I' and an ideal a of A, the following identity holds:

ea-10(2) = D(63) " 04 (er(2)). (4.9)
Proof. We observe that both sides of the equation have simple zeroes exactly at the points
of a™'T". Also, each side has derivative 1 at z = 0, so they must be equal. n

We can now construct an action of the ideal class group on the set of rank-one Drinfeld
modules:

Proposition 4.2.8. Let ¢ be a rank-one Drinfeld module over K, and a be an ideal of A.
Then there is a unique rank-one Drinfeld module over K, which we denote a* ¢, such that
the twisted polynomial ¢4 is an isogeny from ¢ to a x ¢.

Proof. We first show that for any b € A, I, 4¢, C I44. By definition, an arbitrary element
of I, can be written in the form ¢ = Pi¢g, + P, + - - - + Prbg,, for Pi, ..., P, € K{r}
and agy, ..., a, € a. By the definition of a Drinfeld module and the commutativity of A, we
have

qbagbb = Qbab = ¢ba = ¢b¢a

for any a,b € A, so

Yoy =P1Pay Ob + Pagay 0o + -+ + Pru@a,, Db
:(P1¢b)¢a1 + (P2¢b)¢a2 +ee (Pm¢b)¢am € Iu,¢¢b

as desired.
Thus Iq 49y C e In particular, since ¢q € Iq4, We have ¢y € I54. But also, 4 =
K{7}¢q by definition of ¢,. This implies that there is a unique ¢, such that ¢u¢, = @, @q.
We now need to check that ¢’ is a Drinfeld module. The fact that the map b — ¢} is a
homomorphism follows directly from the facts that

¢a(¢b1+b2> = ¢a¢b1 + ¢a¢b2 - Q%)lgba + Qs;;nga = (Qbél + ng,z)gba,

and likewise

¢a¢b1bz = ¢a¢b1 ¢b2 = (Qb;ngb;;g)(éa‘
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To check that D o ¢/ = ¢, we observe that

D(Qba)D(be) = D(¢a¢b) = D(¢2¢a> = D((b;))D((ba)

in K. Since ¢, does not have a double zero at 0, we can cancel D(¢,), and we get that
D(¢}) = D(¢(b)) = ¢(b) as needed. Finally, to check that ¢ is rank-one, we take degrees of
both sides of the equation ¢q.¢, = ¢,¢, and use additivity of degree.

Also, ¢4 is an isogeny from ¢ to ¢’ by construction. So we can take a * ¢ to be the
Drinfeld module ¢’ constructed above, and we are done. O]

We now show that, up to a scaling factor, this operation corresponds to the action of
fractional ideals of A on rank-one lattices in C,.

Proposition 4.2.9. Let I be a rank-one lattice in C,, and let a be an ideal in A. Let
¢ =axol, and let I" = D(¢L) - a™'T. Then ¢’ = ¢

Proof. We need to show that for any b € A, er/(bz) = ¢'(e(z)). For brevity of notation,
write A for epry. We now manipulate and apply Lemma 4.2.7:

er(b2) = epqir(b2) = A - eqip(A7102) = ¢l (er(A™102)) = Loy er(A™12) (4.10)

a

Now, using the definition of the action x, we have ¢Lojer(A™12) = (a* @' )ppaer(A™12),
and doing the same manipulations as in (4.10) backwards, we obtain ¢.er(A~12) = ep/(2).
Putting it all together gives er(bz) = (a * ¢')y(er(2)), as desired. O

Lemma 4.2.10. For integral ideals a and b of A, the following equalities hold:
(CL) Cbab = (b * (b)a(bb
(b) ax (bx¢) = (ab)* ¢.

Proof. For part (a), note that both sides are monic, so it suffices to show that they generate
the same left ideal of K{7}. By definition, we know that ¢ is the unique monic generator
of the left ideal generated by the elements ¢. for ¢ € ab. By definition of the product ab,
this is the same as the left K{7}-ideal generated by all elements of the form ¢,¢;, for a € a,
beb.

On the other hand, the left ideal generated by (b * ¢), is the left ideal generated by the
elements (bx¢), for all @ € a. Hence the left K{7}-ideal given by K{7}(b*¢)q¢p is generated
by the set of elements of the form (b * ¢),0p = ¢pd,. By defintion,we know that K{7}¢,
is also the left K{7} ideal generated by elements ¢, with b € b. Putting this together, we
conclude that K{7}(b * ¢)q¢p is generated by the set of elements of the form ¢y, for b € b
and a € a. Since ¢yd, = G,¢p, this is the same as the left ideal K{7}¢qp, as desired.

The second part then follows: by definition of (ab) * ¢, we need to show that ¢qep, =
ax* (b ¢),pu for all y € A. By the first part, the right hand side can be rewritten as

ax* (bx*@)y(bx@)adp = (bx@)a(b*d)ydp = (b*d)adpdy, = Papdy

as needed. O
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Corollary 4.2.11. The group of fractional ideals of A acts on the set of rank-one Drinfeld
modules for A defined over C,. This action descends to give an action of the class group
CI(A) on the set of isomorphism classes of rank-one Drinfeld modules over A; this set exhibits
the set of isomorphism classes of rank-one Drinfeld module as a principal homogeneous space

for CI(A).

Proof. The first statement follows from Lemma 4.2.10. By Proposition 4.2.9, the action of
the group of fractional ideals of A on the set of isomorphism classes of rank-one Drinfeld
modules is the same as its action on the set of homothety classes of rank-one lattices. In
particular, this means that principal ideals of A act trivially on the set of isomorphism classes
of rank-one Drinfeld modules, and so induce an action of CI(A) on this set of isomorphism
classes which is identical to the action of Cl(A) on homothety classes of rank-one lattices.
The second part then follows from Proposition 4.1.2. O

We now fix an ideal m of A. For any rank-one Drinfeld module ¢, define Agz(m) to be the
set of m-division values of ¢, that is, the set of roots of the polynomial ¢y,.

Proposition 4.2.12. The Drinfeld module ¢ induces an A-module structure on Ay(m), such
that Ay(m) = A/m as A-modules.

Proof. By uniformization we may write ¢ = ¢' as the Drinfeld module of a lattice I'. Then
we know already that the m-division values of I are exactly the values {er(z) | z € m~'T'/T'}.
Furthermore, by Proposition , m~'T'/T" is a an A-module isomorphic to A/m, and this A-
module structure corresponds to the A-module structure on Ag(m). O

We now extend * to an action of the integral ideals of A relatively prime to m on the set
of pairs (¢, \) such that ¢ is a rank-one Drinfeld module over C,, and \ is a generator of the
A-module Ay(m). To do this, we use the following lemma:

Lemma 4.2.13. Let ¢ be a rank-one Drinfeld module and a an integral ideal of A. The map
x +— ¢q(x) maps the A-module Ay(m) isomorphically to the A-module Aqs(m). Consequently,
it sends the set of generators of Ay(m) bijectively to the set of generators of Ag.y(m).

Proof. First of all, we know that for any integral ideal a relatively prime to m, the twisted
polynomial ¢, is an isogeny from ¢ to a x ¢. We first show that that for any A € Ay(m),
¢a(A) is an m-division value of a * ¢. Indeed, for any m € m, (a * @) (Pa(N)) = Ga(dm(N)).

Hence ¢ maps Ay(m) to Ag.s(m), and this map is a homomorphism of A-modules because
¢q is an isogeny. We claim that it fact it is an isomorphism. We know that the two sets A,(m)
and Agq.g(m) both have the same size, so it suffices to show that ¢, is injective. Suppose not:
then there would be some nonzero A € Agz(m) such that ¢4(A) = 0. By definition, this means
that ¢,(A\) = 0 for all a € a. Likewise, we know that ¢,,(A\) = 0 for all m € m. But we have
assumed that the two ideals a and m are relatively prime, so there exists some a € a and
some m € m such that a +m = 1. This means that A = ¢1(A) = ¢4 () + ¢ (A) = 0. Hence
the kernel of the map ¢4 : Ag(m) — Agg(m) is trivial.

Hence the map ¢4 : Ag(m) — Agp(m) is an isomorphism. In particular, this means that
¢q maps generators of A,(m) to generators of Ag.,(m). O
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This motivates us to look at the following action:

Definition. For an integral ideal a of A relatively prime to m and a pair (¢, A) such that A
is a generator of Ay(m), define

ax (P, A) = (ax ¢, da(N)). (4.11)

The action given here is in fact an action because

ax (b (0, A)) = ax(bx¢,dp(A)) = (ax (bx ), (bxp)a(A)) = (ab* P, Par()))

by Lemma 4.2.10.
We have an analogue of Proposition 4.2.9 which relates this action of ideals back to the
action of I;(A) on lattices.

Proposition 4.2.14. Let (I', z) be a pair consisting of a rank-one lattice I' in C, and an
m-division point z of . Let T" = D(¢L) - a™'T" and 2’ = D(¢Y) - z. Then for any ideal a of
A relatively prime to m,

ax (o7, er(2) = (¢, er(2)). (4.12)
Proof. Proposition 4.2.9 states that a x ' = ¢!, and Proposition 4.2.7 states that

dp(er(2)) = D(dg)ea1r(2) = epiryair(D(¢y)z) = er(2).
The result follows. [

4.3 Hayes’s theory of sgn-normalized Drinfeld modules

In the previous section we showed, via the correspondence with lattices, that the action of
any principal ideal of A sends any Drinfeld module ¢ to another isomorphic Drinfeld module
¢. We now work out explicitly what this isomorphic Drinfeld module is. Recall that for
a € A, we have defined f14(a) as the leading coefficient of ¢,.

Lemma 4.3.1. If a = (a) is a principal ideal of A, then a* ¢ = py(a)  dugs(a).

Proof. We need to check that for any b € A, we have ¢adp = pg(a) ' dppis(a)pq. However, we
have previously shown that ¢, = p_'¢,, and the twisted polynomials ¢, and ¢, commute,
SO

Gab = 1y P = p1 o0 = ps(@) " Popig(a)da
as desired. O

This gives us hope that if we can control the function pg4(a), we can better understand
the action of fractional ideals on specific Drinfeld modules. Recall that we have chosen a sign
function sgn, on Fy, which takes values in the field of constants k, of F,. For the purposes
of this section, sgn, will be the only sign function we consider, so we will drop the subscript
and write sgn where there is no ambiguity. For an element o of the Galois group Gal(k,/F,),
define the twisting of sgn by o to be the function o osgn : F, — k,. The function o o sgn is
called a twisted sign function.
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Definition. A rank-one Drinfeld module ¢ is said to be sgn-normalized if the map j : A —
k, is the restriction to A of a twisting of sgn.

Let X denote the set of rank-one sgn-normalized Drinfeld modules over A. For conve-
nience, we will adopt the notation in [5] of calling such a module a Hayes-module for sgn.
We now invoke the following result, which says that there are Hayes-modules, and tells us
how many exist. For a proof, see sections 12 and 13 of Hayes [10].

Proposition 4.3.2. Any rank-one Drinfeld module over A is isomorphic to a Hayes-module,

and every isomorphism class contains exactly qd;g_pl_ L — Wg, /Wr sgn-normalized Drinfeld
modules.

The sgn-normalized Drinfeld modules enjoy several nice properties, some of which we
will state below. For example:

Proposition 4.3.3. If ¢ is a rank-one sgn-normalized Drinfeld module defined over a finite
extension K of F', then for all a € A, the coefficients of ¢, lie in the integral closure B of A
n K.

For a proof of this result, see [5].

Let Xy, be the set of all pairs (¢, \) where ¢ is a Hayes-module and \ is a generator of
Ag(m). Recall that we have defined an action * of the ideals of A on the set of all pairs (¢, \)
by a* (¢, \) = (a* ¢, pa(N)). We now define a narrow ray class group Clf(A) with respect
to the function sgn:

CIA(A) = In(A)/Pi(A) (4.13)

where, I,(A) is, as before, the group of fractional ideals of A relatively prime to m, and
P (A) is the group of principal fractional ideals of the form (a) where a = 1 (mod m) and
sgn(a) = 1.

Theorem 4.3.4. The set Xy, has the structure of a principal homogeneous space for Cl (A)
under the action induced by *.

Proof. We first show that for any integral ideal a of A relatively prime to m and any pair
(p,\) € X, we have a * (¢, \) = (ax ¢, pq(N)) € Xy, as well. We already know that a * ¢
is sgn-normalized, and we’ve shown previously that ¢4()) is also a generator of A,(a). We
conclude that indeed a * (¢, \) € Xy,.

Now, we prove that if the integral ideal a represents the trivial ideal class in CI(A),
then the action of a on X, is trivial. Suppose that a belongs to the trivial ideal class of
CL(A), that is, a = (a) is generated by a positive element a € A that is congruent to 1 mod
m. Let (¢, \) be an arbitrary element of X,,. Because a is positive and ¢ is sgn-normalized,
pe(a) =1, and it follows that ¢4 = ¢, and a * ¢ = ¢. Finally, because A,(a) is isomorphic
to A/m under the A-module structure induced by ¢, and a is 1 mod m, ¢, acts trivially on
Ag(a). Hence ¢q(N) = ¢a(X) = A. We conclude that a* (¢, A) = (a* ¢, 9a(N)) = (¢, \) as
desired.
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Hence the action of the ideals of A on the set of pairs (¢, A\) descends to an action of
Clf(A) on X,. We now show that this action is free, and we will conclude that X, is a
principal homogeneous space for Cl(A) by counting elements.

To show that the action is free: suppose there exists an ideal a of CI}(A) such that for
some (¢, \) € Xm, a x (¢,A) = (¢,)). We must show that the ideal class [a] in CI}(A)
is the identity. From our conditions, we have a x ¢ = ¢ and @4(\) = A. Because a x ¢
is equal to ¢, we also have the weaker statement that a *x ¢ is isomorphic to ¢, which,
by Proposition 4.2.11 implies that a is a principal ideal. Write a = (a) for some a € A.
By Lemma 4.3.1 ¢q(A) = pg(a) 'da(N)pg(a). Then ¢ = a* ¢ = ugla)™ - ¢ - pyla). By
comparing coefficients, we see that this is only possible if yg(a) lies in the subgroup F
of k,: because ¢ is sgn-normalized, sgn(a) must also lie in Fy. By multiplying by the
appropriate element of ), we may now assume that sgna = 1, so also jg(a) = 1. It then
follows that ¢q = pg(a)'¢s = ¢,. By our original condition that ¢4(\) = A, it follows that
®a(X) = XA = ¢1(N), and since Ay(m) is isomorphic to A/m as an a-module, this implies that
a=1 (mod m).

Finally, we show that X, and CI}(A) have the same number of elements. We know
by Corollary 4.2.11 that the set of isomorphism classes of Drinfeld modules over C, is a
principal homogeneous space for CI(A), so the number of such isomorphism classes equals
#(CI(A)). Also, any isomorphism class contains qd;g_l_ L sgn-normalized Drinfeld modules by
Proposition 4.3.2. Finally, the set of m torsion points of any sgn-normalized Drinfeld module
is an A-module isomorphic to A/m, and so the number of its generators equals #((A/m)*).
Multiplying, we find that the number of sgn-normalized Drinfeld modules is equal to

qdegp -1

#a)- L

- #((A/m)”) (4.14)
To count the size of CIf (A), we recall that C1(A) = I,(A)/ P (A). On the other hand, the
class group CI(A) is defined as ideals modulo principal ideals, so C17(A) = I(A)/P(A) =
In(A)/(P(A) N I4(A)). Comparing, we see that #(CL%(A))/#(CI(A)) = [P(A) N I4(A) :
Pu(A)], which is the size of the quotient of the group of principal ideals by the group of
principal ideals generated by positive elements congruent to 1 mod m. A simple counting

argument in group theory shows that this index equals qd;g_pl_ L4 ((A/m)*). Hence #(Xy) =

#(CL!(A)), and it follows that the two groups have the same number of elements. O

4.4 Explicit class field theory

Now, let ¢ € X be a fixed Hayes-module for sgn. Let y be any nonconstant element of the
ring A. Let HJ be the field extension of F' generated by the coefficients of ¢,. Although we
will not show it, it is the case that

Proposition 4.4.1. The field extension H} is independent of our choice of element y.
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This means in particular that ¢ is in fact defined as a Drinfeld-module over H, and so
all twisted polynomials of the form ¢, or ¢, reside in the ring H{{7}. Furthermore, we show
that

Proposition 4.4.2. The field extension H} is independent of our choice of Hayes-module

0.

Proof. By Theorem 4.3.4, any other Hayes-module v is of the form ¢ = a % ¢ for some
fractional ideal a of A. The construction of the module a * ¢ can be carried out entirely in
the field H}, so the coefficients of 1), live in the field H} generated by the coefficients of
¢,. Conversely, using ¢ = a~! x 1), we see that the coefficients of ¢, also live in the field
generated by the coefficients of v, and so the two fields are the same. m

We also show that
Proposition 4.4.3. The field H} is a separable extension of F.

Proof. We must show that for a Hayes-module ¢ over C,, the coefficients of ¢ lie in a
separable extension of F'. Because the completion F,, of F' at p is separable, it will suffice to
show that these coefficients lie in a separable extension of F,.

By Theorem 4.2.4, there is some lattice I in C, such that ¢ = ¢'. Furthermore, we can
write I as £a for some ¢ € C, and some a C A. It follows that ¢ = ¢F = ¢*% = £¢%¢ 1. We
observe that ¢ was constructed by purely analytic means, and so the coefficients of ¢¢ live
in C,. Now, for any y € A, the leading coefficient y4(y) is given by

deg‘J y deg)J Y

fo(y) = 6T 7 g (y) = €71 pge(y).

By sgn-normalization of ¢, us(y) is an element of k, C F,. Hence the element ¢ satisfies

the polynomial equation fqdcgp "1 = pé®(y)/pe(y) with coefficients in F,. This equation is
separable since ¢4°% ¥ — 1 is relatively prime to the characteristic of the field, so the extension
K, (z)/K is separable. O

We now use the division values to build another extension on top of H}. Fix an ideal m
of A.

Proposition 4.4.4. Let ¢ be a Hayes-module and let A € Ay(m) be a division value of ¢.
Then the extension L = H () is independent of the choice of A (although it does depend on

m).

Proof. Suppose that we made a second choice of Hayes-module ¢’ and division value X' €
Ay (m). Then, by transitivity of the action of Cl}(A) on Xy, there exists some ideal a of
A such that a (¢, A) = (¢, N'). This means that X' = ¢4(A). Now, we know that ¢, has
coefficients in the field H}, so it follows that A = ¢4(\) € Ha(A\). The same argument in
reverse gives A € Ha()\), so Ha(\) = Ha()), and the extension L = H}()) is independent
of the choice of . O
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Proposition 4.4.5. The extension Hf(\)/F is separable.

Proof. By Proposition 4.4.3, it suffices to show that the extension H}()\)/H is separable.
This extension is generated by the roots of the polynomial ¢y (x) for any Hayes-module ¢.
We have seen previously that the polynomial ¢ (z) has distinct roots, so it is separable.
Hence the extension H}{()\)/F is separable as well. O

We now note that for any Galois extension K of F, the Galois group Gal(K/F) has a
natural action on K{7} by acting on the coefficients, and this action respects the algebra
structure on K{7}. This action in turn induces an action of Gal(K/F') on the set of Hayes-
modules over K. That is, if ¢ is a rank-one Drinfeld module that is defined over K, the
Drinfeld module o¢ obtained by composing the homomorphism ¢ : A — K{7} with the map
K{r} — K{7} induced by ¢ € Gal(K/F) is also a rank-one Drinfeld module over K. We
have shown that the field H generated by the coefficients of any given rank-one Drinfeld
module over K contains the coefficients of all rank-one Drinfeld modules, and it follows that
the separable extension H} /F is in fact Galois.

Now suppose that o € Hf(\)/F. Applying o gives us a map of A-modules o : Ay(A) —
A,4(A) which is an isomorphism. We obtain an action of o on X, given by o (¢, \) = (g¢, 7).

We now wish to understand the Galois group Gal(L/F) = Gal(H;(\)/F). We know
that this Galois group acts on the set X,,. Furthermore, this action is free because the field
L = H;()) is generated over F' by the coefficients of any given Hayes-module ¢ along with
a division value A (note that, in particular, this implies that Gal(L/F') is finite). On the
other hand, the narrow ray class group CI(A) also acts on X. We would ultimately like
to identify the two groups Gal(L/F) and Cl}(A) with each other. The first step is to show
that these two actions commute.

Lemma 4.4.6. For all 0 € Gal(L/F) and all a € C1"(A), the identity

o(ax(p,A) = ax(o(¢, ) (4.15)
holds for all pairs (¢, \) € Xy

Proof. We have two things to show: first, that o(a % ¢) = a * o(¢), and secondly, that
(@a(A)7 = doa(A?).

For the first, we must show that for any b € A, we have (0¢)q(00), = ((a * 0¢))p(00),.
By the definition of a* ¢, we know already that ¢q¢0p = (a* @)p¢,. Applying o to both sides
yields the desired result.

Likewise, we see that o(¢q(A)) = (¢a(N))7 = Pra(A7). O

Hence the action of Gal(L/F') preserves the structure of Xy, as a principal homogeneous
space for C1"(A). It follows from basic facts about principal homogeneous spaces that:

Corollary 4.4.7. For any o € Gal(L/F), there is a unique a = a, € CI-(A) such that
o(p,\) =ax(p,\) for all ¢ € X. The correspondence o — a, identifies Gal(L/F) with a
subgroup of CIt(A).
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We now come to the punchline. We have shown that L is a finite extension of F' with
Galois group Gal(L/F) contained in C1*(A). We can use class field theory as we have done
before to construct a Galois extension of F with Galois group equal to C17(A). In fact, this
extension is exactly the Ly, defined by the construction (3.22), with Galois group equal to

Gal(Lpy /F) = Aj/(F* [[ Usm [ [ O x kersgn,) (4.16)

vlm vimp

and which is a narrow ray class field for A. (We have used here the fact that kersgn, =
U, pl " TDZ.)

As we would hope, these two fields are equal, although we will not prove it here.
(The proof, which can be found in [5], involves the reduction theory of Drinfeld modules.)
Even better, the correspondence Gal(L/F) — Cl}(A) is exactly inverse to the Artin map
Cli(A) — Gal(Lyy/F)! We summarize these results in the following theorem, whose proof
can be found in Section 7.5 of [5].

Theorem 4.4.8. The class field Gal(Lyy/F) defined by (3.22) is equal to the field H(\)
generated by the coefficients and m-division values of the rank-one Drinfeld modules for A.
The Artin map o : Cl}(A) — Gal(Lwy/F) is given explicitly as follows: for a € CI}(A),
the associated Artin element o4 is the unique element of Gal(Lwy/F') such that for any
(0, A) € X,

(P, A) = ax (¢, N). (4.17)
In particular,

A% = (). (4.18)

Comparing (2.3) and (4.16), we see that the maximal subfield of Ly, that is unramified
at p is the ray class field Ky,.
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Chapter 5

Application to the Gross-Stark
conjecture

5.1 Hayes’s construction of a Stark unit

We construct a Stark element ug,, ,(b) € Ky, for each ideal class [b] in Cl,(A). Ultimately,
the unit ug,, ,(1) corresponding to the ideal class of the identity will turn out to satisfy the
properties needed of the conjectural Stark unit ug,, ,, and the other elements ug,, ,(b) will
be related by uk,, »(b) = uk, ,(1)?. Let b be an ideal of A; the construction below will turn
out to depend only upon the class of b in Cl,(A).

By Proposition 4.3.2, we can choose { = {,-1, € C, such that the Drinfeld module
¢ = % "™ associated to the exponential function € - ep-1,(£71t) = €ep-1m 1S sgn-normalized.
Define

A(b) =& - ep-1m(1) (5.1)
and
Uscy 5 (B) = A(0)77 7. (5.2)

We note that our choice of £ is only unique up to multiplication by roots of unity, and so
A(b) is only defined up to roots of unity. The unit ug,, ,(b) is however well-defined because
0, — Nn annihilates roots of unity.

By construction, the value A(b) is an m-torsion value of ¢, and it follows by Theorem 4.4.8
that A(b) € Lpm. We now show that ug, ,(b) is an element of K. Since Gal(Ky/F) =
Cln(A) = I4(A)/Pu(A), it suffices to show that for any ideal a = (a) generated by an
element a that is congruent to 1 mod f, the Artin element o, fixes ug,, , (note that a need
not be totally positive; if a is totally positive, then o, fixes all of Lyy). We first describe the
action of such an Artin element 0, € Gal(Lyn/K) on the element A(b) € Gal(Lyw)-

Lemma 5.1.1. For all a in the set Py(a) of principal ideals generated by elements congruent
to 1 mod m, the Artin element o4 acts on A(b) by oq(A(b)) = (A(b) for some root of unity

¢ € uxk, -
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Proof. Write a = (a), where a =1 (mod m). By Lemma 4.4.8, we have

0a(A(b)) = Ga(A(b)) = p1o(a) " du(A(D)).

Since a = 1 (mod m), we have ¢,(A(b)) = A(b), and pe(a) is a unit in K, because ¢ is
sgn-normalized. O]

Corollary 5.1.2. The unit ug,, , lies in Ky,.

Proof. Combining Lemma 5.1.1 with the fact that o, — Nn annihilates roots of unity, we see
that ug,, ,(b) = A(b)7"~"7 is fixed by the image of Iy(a) under the Artin map. The result
follows. N

5.2 Proof of Hayes’s construction

We first make explicit the action of the Artin map on ug,, (b).

Proposition 5.2.1. For any fractional ideal a of A relatively prime to m, the element
0q € Gal(K/F) acts on ug,, (b) by uk,, (b)7* = uk,, (ab).
Proof. By Lemma 4.2.9, the Drinfeld module a % ¢¢* '™ is the Drinfeld module of the lattice
D@E? '™ at¢b ' m. If we write

¢ =D¢f "¢,
we obtain

a d)&b_lm _ ¢£’~a‘1b_1m‘

Because the * action of ideals maps sgn-normalized Drinfeld modules to other sgn-normalized
Drinfeld modules, the Drinfeld module ¢5l'“_lb_lm is sgn-normalized. This means that we
can let ¢’ play the role of g in our construction of ug,, (ap). Doing this, we obtain

/\(ab) = §/€a71571m<1).

Now, by definition of ¢¢* '™, the entire function ¢§  ™(ecp-1m(2)) = 5 ™(Eep-1m(E12))
has zeroes at exactly the points of £a='b~'m. It follows by change of variables that

#5 ™ (Cep1m(2)) (5.3)
has zeroes at exactly the points of a=1b~'m. The same is true of the entire function
glea—lb—lm(z)a (54)

hence the two functions agree up to a constant multiple. Also, looking at the coefficients of
z, we see that

D(¢5" ™(Eew-1m(2))) = D(65 ™) £ = ¢
by definition of &', and also
D(€eq1p-1m(2)) = €.
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By Lemma 4.1.11 we conclude that the two entire functions in (5.3) and (5.4) are identical.
Setting z = 1, we obtain
G " (Eerm(2)) = Eearm(1). (5.5)
The left hand side is

O3 M(Eer1m(2) = 857 T(A(D)) = 0u(A(D))

by Theorem 4.4.8, while the right hand side is A(ab).
Hence o,(A(b)) = A(ab). We now apply N1 — o0, and obtain the desired result. O

We are now ready to show that ug, ,(1) is a shifted Stark unit.

Proposition 5.2.2. The unit ug,, ,(1) corresponding to the ideal 1 = (1) =1-A of Ais a
unit at all primes of Ky not dividing p, and ur,, ,(A) =1 mod all primes in Ky dividing 7.

Proof. For the first part, we first show that A(1) is a unit at primes not dividing p or m.
Because A\(1) = £eg-1,(1) is an m-division point of the Drinfeld module ¢ = ¢¢* '™ associated
to €b7'm, A(b) is a root of the polynomial ¢n,(z). By definition, ¢y(z) is monic and has
constant term 0, and by Proposition 4.3.3, the coefficients of ¢n,(z) belong to the integral
closure of A in H}. Tt follows that A divides the coefficient of ¢ in ¢, (), and this coefficient is
the same as the constant coefficient D¢, of the twisted polynomial ¢, € K{7}. By finiteness
of the ideal class group, there exists an integer j such that m’ = (m) is principal. Then ¢y,
divides ¢@n) = pg(m)om. Because ¢ is sgn-normalized, the leading coefficient pg(m) is a
unit of A, and looking at constant coefficients, we conclude that D¢y, divides D¢,,, which
is m by definition.

Hence A divides D¢y, which divides m: by definition, the primes dividing m are exactly
the primes dividing m, so A is a unit at all other primes of A.

We now do the remaining case of primes q dividing m. Let g’ be a prime dividing m other
than q (we know there must be another one by the assumption that S contains at least two
primes other than p). Also let m" = m/q’, so m = m'q’, and ¢,,, = PgPw. Hence ¢n () is
a root of ¢y, and by the previous argument, ¢n () is a unit at primes not dividing ¢’, in
particular, is a unit at q. Because A\ divides ¢,/ (A(b), the element A(b) is also a unit at g,
as desired.

It follows that A(b)?7 is also a unit at all primes not dividing p, and thus that the same
is true of ug, (1)q, = A(1)77~ .

The second part is simpler: by definition of the Frobenius element, o,(A(1)) = A(1)V"
modulo every prime dividing . We have shown that A(1) is a unit at 7, so we may divide
through by A(1)¥7 to conclude that u is 1 mod every prime dividing . ]

The above proposition shows that ug, (1) satisfies the first and third conditions in Propo-
sition 3.2.3 for a shifted Stark unit. We now verify the most important part of Stark’s con-
jecture, the second condition. First we derive a convenient explicit formula for ug,, (b). We
use the following notation: for an integral ideal a of A, let ¥y (a) be the set of all elements
z € a'f+ 1 (equivalently, z € a™! and z = 1 (mod f)) such that z is relatively prime to R
and degp z < N.
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Lemma 5.2.3. For any ideal b, we have

HZEZN(bn) z

ug,, (b) = lim (5.6)
N—oo HzEEN (b) ZNm
Proof. By Theorem 4.4.8, we can write ug,, (b) as
A
wre (6) = A(p)7-Vo = Lo A (5.7)

NOK

Now, the roots of ¢, are the n-division values of ¢, which are of the form &eyp-1(a) for
a € mn b7 /mb~! hence

oM0) = JI O —emr(a)).

acmn~1b~1/mb—1

We can now substitute A\(b) = enp-1(1) into (5.7) Let S be a complete set of coset represen-
tatives for mn~1b~!/mb~!. After substituting in, we cancel the £ factors and apply additivity
of e} to rewrite ug, (b) as

HaEmn—1 b—1/mb—1 (gembfl (1) — {Emp—1 ((1,))
€(emp-1(1))N7
11 (emp-1(1 —a))

aemnp~—1p=1/mp—1
€mp—1 (1)Nn

1__
=1 Il (5.8)
zemb—1 a€S T
1+a-—

=0 I+~

zemb—1 a€S

. 1+a+
=i ] T+

z€mb—! a€S
deg, z<N

UKm(b) = )\(b)aniNn =

where in the last step we have replaced x by —z in our sum. We now break up our product
into its numerator and denominator. As x runs through mb~! and a runs through a complete
set of coset representatives for mn~'b~!/mb~', a + z runs through mn='b~!. Also, because
the set of elements of degree < N is closed under addition, z and a + = each have degree
< N if and only if x has degree < N, provided that N is larger than the largest degree of
any element a € S. In the denominator, every value of x appears |S| = N7 times, so it can
be written as an Nnth power. Hence we can break up our limit for ug, (b) and rewrite it by
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making the substitution z =14 a + x on top and z = 1 + x on bottom:

H (1+a+u2)

atzcmn~lp!

d <N
uk, (b) = lim T [T @+
o d:cEmh;}V
egy T<

11 2

2=1 (mod mn~tp~1)
deg, z<N
— lim g 7= (5.9)

N—oo H ZN”]

z=1 (mod mb~1)

deg, z<N
II -
. z€X N (nb)
= lim —————,
N—oo H ZN7I
z€X N (b)
as desired. O

Lemma 5.2.4. The p-adic absolute value of ug, (b) satisfies
log |u, (b)], = —Cs, (K/F, 05,0). (5.10)
Proof. By Lemma 5.2.3, Equation (5.10) is equivalent to
(dylog q)vp(ur, (b)) = Cg,n<Km/Fa 7%,0). (5.11)

We first work on the zeta function side and differentiate term-by-term to obtain the
derivative:

Csy(Km/Fyoq,5) == > log(Na)Na™* — Np'™* > log(Nan)Na . (5.12)
(a,R)=1 (a,R)=1
0a=0py O0a=0p

In the first sum, we have o, = oy exactly when a = zbn for some z € (bn)~! that is 1
(mod m), by definition of Cl,(A). Since the ring A has no units other than constants, such
a z will be unique, and we can change variables to z in the first sum. Likewise, we can do a
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similar change of variables in the second sum:

Co(Ku/F, 05, 5) = N(bn)~ ( — ) (logNz+log Nbp)Nz*
2€b™ 11
z=1 (mod m)
+ Nn — Z (logNz—i—longn)Nz_s)
zeb!

2=1 (mod m)

= dp log ¢ ( Z vp(z)qfdpvp(z)s — Ny Z vp<z)qfdp vp (z)s)

z€b~ 1yt 2€b71
z=1 (mod m) z=1 (mod m)
+ log(an)< > Net-Npo ) Nz_s>.
zeb~1n—1 zeb~ L
z=1 (mod m) z=1 (mod m)

(5.13)

Now, the last term in parentheses is exactly (s, (Kwm/F,0p,s). The first term, however, is a
finite Dirichlet series by Corollary 3.6.3, so we can cut off the sum at some point, and only
consider the terms with v,(z) < N, for N taken to be sufficiently large. The sums become
sums over Xy (bn) and Xy (b). We conclude that

Con(Kun/Frop,8) = N(bn) “dylogg | > op(2)q @@ =Ny Y~ wy(z)g # 6"

zeXn (bn) 2€X N (b)

+ 10g<Nb77)CSJI(Km/F7 Ob, O)

for sufficiently large N. Now, let s = 0: by (3.2), the second term vanishes, and we are left
with

dplog q Z vp(2) = N Z vp(2) :(dplogQ)Up< HZGEN(E’)Z )

2€5 (bn) 2€X v (b) HZEEN(‘”?) .
for all sufficiently large N. Now, letting N — oo, we find that
Con(Eon F, 04, 5) = (dylog g)uic, (6),
as desired. O

We conclude that

Theorem 5.2.5 (Hayes). The element ug,, ,(1) € Ky is a Stark unit ug,, ,, for the extension
Ku/F.
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Proof. We showed in Proposition 5.2.2 than ug,, , (1) satisfies the first and third conditions
for a shifted Stark unit. We now establish the second one. By surjectivity of the Artin map,
any o € Gal(K,/F) can be written as ¢ = o} for some b € Cl,(A). By Lemma 5.2.1,
ugy(1)% = uk,(b), and the desired result follows from Lemma 5.2.4. O

Finally, we show that our shifted Stark unit ug, (1) does in fact agree with Gross’s
conjecture.

Proposition 5.2.6. The Stark unit ug, (1) satisfies Gross’s conjecture 3.5.1, equivalently,
we have:
ug,, (b) = [[  aSsntmm/Boorec@™0) in KX /U, - =* (5.14)
2€(Oy /P Oy)*

Proof. By Proposition 5.2.3, it suffices to show that

z —
hm HZEEN(bn) o — H xCSaU(Lum/F,O'b I'eC(-'E) 170) 111 K: /Up,m . wZ' (515)
N—oo (HZEEN(h) Z) zE(Oy /POy ) >

We know that the the limit on the left hand side exists, and the quotient K /U, - w” is
discrete, so we have

lim HZGEN(IW) ? _ HzEEN(bn) <
N—oo (HZEEN(EJ) Z)Nn (HZEEN(b) z)NU

for sufficiently large N. We now break up this finite product according to the class of z in
the quotient K /Uy, - @w” to obtain:

in K} /Uy, - @”. (5.16)

Nn Nn
[z]eK; /Up, m-w? (HzeEN(b)ﬂ[m] Z) [z]€K} /Up,m-w? <HzezN(b)mm 95)

z T
il Leesy@nom I1 [Lesyonni (5.17)

in K /Uy, - @w”. We now claim that for any [2] € K[ /Uy, - @”, we have

HZGEN([’T])Q[-%] an — xCS»U(Lum/F7Ub rec(m)_l,())' (518)
(HzezN(b)mm 95)

Indeed, we can use the same techniques as in Corollary 3.6.3 to show the Dirichlet series for
Con(Luym | F, oprec(x) ™1, s) is finite. After truncating and setting s = 0, we obtain

Csp(Lmpm [ F, 0g rec(z) 1, 0) = #Xn(bn) N [2] — #NnIy(6) N [x].

The desired results follow. O
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5.3 Dasgupta’s conjecture in function fields

Recall that for some e, we have that p® is a principal ideal (7) of O, where 7 is totally
positive and congruent to 1 mod f. We have defined O = O, — 7O, If p is a principal ideal
in O generated by a totally positive element congurent to 1 mod f, then O is the same as
or.

p

Definition. Define

up(b) = e(b,D,W)WCRv"(Hf/F"’"’O)][ r du(z) € F) = Hyp”™, (5.19)
o

where €(b, D, ) is given by

e(b,D,7) := H e (0PNTID0p), (5.20)

EEEf

As things stand, our unit uy(b) appears to depend upon our choice of Shintani domain
D and of our generator 7 for p°. In fact, it does not, by the same argument used to prove
Proposition 3.19 of [3].

Recall from Section 3.6 that we have defined B(x,r) as the p-adic open ball z + p"O,,
in O,. Also, let Sy(b) be the set of totally positive a € b~'f + 1 that are in O, and such
that ¢(a) € D and deg., o < N. In the notation of Section 3.6, the set Sy (b) is the disjoint
union |J, ;< An(b)

Let T be a set of elements of F* whose images under ¢ are coset representatives for the
finite group ¢(F*) N Q/L(Ey(f)). We additionally require that the elements of T" lie in the
ring A and are all 1 mod f, which we can do by strong approximation (equivalently, the
Chinese remainder theorem) because an element x € F'* is totally positive with ve,(x) = v
if and only if x = 7%, (mod 7Z).

This means that any o € F'* can be written uniquely as z,y3, where z, € T, y € E,(f)
and § € ker.. Because E,(f) is generated by 7 along with the set Ey = {e € O* | e =1
(mod f)}, we see that any o € F'* can be written uniquely as

Q=1 1 e, 0, (5.21)

where €, € E;. We will use the above equation (5.21) as a definition of z,, d,, €, for any
a € F*. We also define an equivalence relation ~ on F* by o ~ 3 if and only if z, = g,
or, equivalently, if & = # (mod Ey(f) - kere).

From this point on, we assume that the absolute value ||, is the same for all infinite
places oo;. Because our Shintani domain is the union of simplicial cones, it follows that
7D = D, so the domain D is preserved under multiplication by powers of 7. Since D is a
fundamental domain for the multiplicative action of Ej, we can choose our set T" such that

() eDforallz eT.

Lemma 5.3.1. For every a satisfying 1(«) € D, the associated unit €, is 1.
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Proof. First apply ¢ to both sides of (5.21):

va) = 1(rg - T €0 - B) = 1z - 7)) - 1(en).
We know that «(z) € D, and by our assumption about 7, it follows that «(x - 79%) € D as
well. On the other hand, we also know that «(a)) € D. But D is a fundamental domain for
the group Fj, so ¢(a) and t(z, - 7%) can only both be in D if they are equal. This implies
that ¢(e,) = 1, hence €, is a unit at all places and is congruent to 1 mod f, hence must be
1. [

Hence we can rewrite (5.21) without the € term; for any « € 1=!(D), there are uniquely
determined z, € T', § € ker, and d,, € Z such that

= T4 T B (5.22)

The assumption that 7D = D was crucial to the above result — if we relax that assumption,
all our formulas will have additional € terms. These terms are the source of the € correction
factor in Theorem 3.7.2.

Recall that we have defined a degree function deg_, with respect to the places on £ by

deg. (@) = log, N(aO) = Z oo Voo, (V). (5.23)

Note that deg. (3) = 0 for § € kert because v, () = 0 for each i.
We observe the following convenient fact:

Lemma 5.3.2. For a € F*, the difference d, — jgi‘”g:; depends only on the equivalence
class of a under ~.

Proof. We apply the map deg., to both sides of (5.22). Since deg. () = 0, we obtain:

deg.(a) = deg.(z) + d, deg (7). (5.24)
Dividing through by deg_ (7) and rearranging, we see that d, — iig‘” Ei; depends only on z,
which in turn depends only on the equivalence class of «, as desired. O

Lemma 5.3.3. The following equality holds:

[Toes (b ar~t
b — 1 @ N 77)
up(b) faet (HaeSN(b) am—da )N

Proof. We pick a p-adic uniformizer w € O,. Our choice of w does not matter, as it
will only be used in intermediate calculations to make certain products converge. We have
wO, = pO,. Then we can write our domain of integration as O = O, — 10, = O, —
(w)°O, = Uf;é wi(’);. In other words, any element of O can be written uniquely as @'z
foriwithogige—landxeog.
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We first convert our multiplicative integral to a limit.

][ x dpy = lim H H (w'a)He (B wi+r), (5.25)

=0 z(O/pr)*

Now, by Lemma 3.6.2 the product can be rewritten as

H H o 33' Mb (wia,itr)) H H #(SN(bn)ﬂB(w Tyi4T))— Nn-#(SN(b)ﬂB(wix,iJrr)).
=0 z€(0/p")* =0 z€(0/p")*
(5.26)
for any N > N(r). Observe that the exponent of w in this product is

Oy = z::z (#(Sn(bn) N OY) — Ny - #(S (b) N O)) .

Each of these terms is a difference of shifted partial zeta values, so the sequence {Cy}
eventually becomes constant by Corollary 3.6.3. Let C' be that constant value, so that
Cy = (' for N sufficiently large. We can now set the w factors aside for the moment while
handling our limits. This means that all our remaining factors are p-adic units.

For any a € B(w'z,i+ 1), @w '« is a p-adic unit, and is congruent to z mod p". We can
use this to deduce the following congruence

H H SN (ONB(@ e itr) H H H T

1=0 z(O/pr)* 1=0 z€(O/pm)* ae(Sn (b)NB(wiz,i+r))

H 11 11 @ (5.27)

1=0 z€(O/p")* ae(Sn(b)NB(wiz,i+r))

= H H w 'a (mod p")

=0 aeSy (b)Nw* OF

since every a € Sy (b)Nw'O} belongs to exactly one of the congruence classes B(w'z, i+7).
We now use (5.27) twice in the expression of (5.26), noting that all the w factors cancel
out to obtain

el Bloim.i acsyion @ c
H H (w:c)“"( (@'w,itr)) — N7 (mod p" ). (5.28)
i=0 2€(O/p") <HaeSN(b) a)

Since this is true for all N > N(r), it follows also that

«
H Ho (B(z,r) _I\Pm HaGSN(bn) T (mod pr—l-C)' (5‘29)
a:E(O/PT <HOLESN(b) CY>
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This is true for all r, so we in fact have an equality:

' o Ha Sn (b o
TILI{.IO H xﬂb (B( , )) _ EON 77) N (530)
z€(O/p") (HaeSN(b) Oé)

Now we rewrite the 7¢72(Hi/F:75.0) term as a limit. We first write out the nonshifted zeta
value (g, (Hj/ F, 0, 0) as a sum over ideals of O. Because any ideal a such that a ~ b belongs
to the same ideal class as b, we can then apply the change of variables a = ab, where « is
well-defined modulo units:

1 1 !
o ) _ ' 5.31
gR( f/ 70675) Z Nas Nbs Z Nao? ( )
aco acb~! /B
(a,R)=0 a0 |
oa=0p on Hj a=1 (mod §)

Now, any equivalence class in b~!/ E can be represented by an element of the form an™
where o € b1 N O and m is a non- negatlve integer. Additionally, « is well-defined modulo
EX, so we can specify « uniquely by taking the unique choice of « with ¢(«) € D. This
allows us to rewrite (5.31) by applying the formula for the sum of a geometric series, as
follows:

1 1
H:/F = — g . .32
CR( f/ 70_b7 S) 1 _ N7Ts NC]{S (5 3 )
aeb~INOND
a>0
a=1 (mod §)

We now reintroduce the shifting to get a formula for (g ,:

1 1 1
H./F _ — Npt—s. ) 5.33
Cra(Hj/F, 0y, 5) 1— Nxrs Z Nas " Z Nas# (5.33)
acb~1p~INnOND acb~1NOND
a>>0 Oé>>0
a=1 (mod j) a=1 (mod §)

By the argument of Lemma 3.6.3, this is a finite Dirichlet series in s, and for large enough
N it is the same as

1 1 1 1
- — Npis. 5.34
Nb* 1 — N7 > Nas T > Nas (5-34)

a€cSy(bn) a€Sn(b)

We wish to evaluate (5.34) at s = 0 to obtain CRn(Hf/F ob,s). Since the denominator
1—N7°is 0 at s = 0, we apply L’Hopital’s rule. The 17 doesn’t make a difference, as it is 1
at s =0. Also £(1— N7*)|s=0 = (— log(Nn)(N7)* )|S,O = —edeg (7). We differentiate the
expression in parentheses term-by-term using the fact that Na = ¢%€=(®) and evaluating
at s = 0O:

— Z log(Na)+Nn- Z log(Na) Z deg.. (o) logg— Nn- Z deg_. () loggq.

aceSn(bn) a€SN(b) a€SN(bn) acSn(b)
(5.35)
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We can now apply L’Hopital to get:

deg,o(a) deg,o(a)
H{/F, ob,s) = —=~ _— Np- — 5.36
P ob.s) = 2, G ™V 2 Gegm (230
aeSy(bn) acSn(b)
By Lemma 5.3.2 deg# d, depends only on the equivalence class of a with respect to ~.

7 degoo ()
Additionally, we claim that, for a given equivalence class [3], we have

#{a € Sn(Bn) | o~ B} — Nn-#{a € Sn(Bn) | a ~ B} = 0.

for all sufficiently large N. First, by the argument of Propositon 3.6.3, this sum is finite,
and is equal to the value of the series

o

Y (#aeAn(Bn) |a~Bra ™ = Nop-#{a e An(Bn) | a ~ Bra ™)

N=0

at s = 0. However, one can show that this series is equal to (s(Ky, 0., 0), which is 0 by
Equation 3.2.

This implies that we can change all the 9%=(®)

(m terms to d,, without affecting the sum.

deg (7
We now take the limit as N — oc.
Cra(Hy/F,0b,5) = lim_ Y da—Nn- D> da. (5.37)
a€eSy(bn) a€Sn(b)
Exponentiating, we obtain
Ara(Hy [ Fobs) — plimy—ce(Saesy on) do=N1Laesy(s) da) (5.38)

Multiplying equations (5.30) and (5.37) yields the desired result.
O

We now justify the change of variables that we will use to convert each term of the
product in Lemma 5.3.3 into a product of the form found in Proposition 5.2.3.

Lemma 5.3.4. For all x € T, and any ideal b of O relatively prime to pmoo, there is a
one-to-one correspondence between the subset set {a € Sy(b) of elements a such that x, = x
(xo is defined as in (5.22), and the set ¥y (xb). This correspondence sends the element a of
Sn(b) to the element 3 = ax—tr=% of X n(b), where d, is defined as in (5.22).

Proof. If we make the change of variables 3 = az~!7~9 as in equation (5.21), we know

that § € ker:, which means that (3 is a unit at all places at infinity, and that [ is totally
positive. Since we already know that a € b~!n~1O, the fact that 8 = ar %z~ is a unit
at all places at infinity implies that 3 actually lies in in 2777161 A, where A is the ring of
elements that are integral away from p. Since [ is a unit at all infinite places, the statement
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that [ is totally positive just means that (5 is 1 mod each infinite place oo;, i.e. 3 is 1 mod
00 = 0071+ -+ 00,. Also, # =1 (mod §), because all other terms in the product are 1 mod f,
so in fact # =1 (mod m), where m = foo.

We now exhibit the inverse map. For any § € Xy (zb), there is a unique dg such that
prds € O. Since multiplying by a power of 7 only adds poles at infinity and removes the
pole at p, and multiplying by units in F; only adds and removes poles at infinity, it follows
that S7%es belongs to the ideal z7'n~1b~! of O. Make the change of variables o = x3m%:
then o € n~'b~!. Running the arguments of the previous paragraph in reverse shows that o
is 1 mod f and o ~ 2. Furthermore () = t(x37%) = 1(z7%) lies in D because x € D and
7D = D. Finally, this map is an inverse to the map of the previous paragraph because 7%

is uniquely determined by 3. Hence we have our desired bijection.
O

Lemma 5.3.5. For x € T', we have

da 1
[Toesy (g am %€,

o~y

b) = li
U, (zb) N (Taesy (5 am—dae; )N
Proof. We use the change of variables in Lemma 5.3.4 to change the right hand side from a
product over a € Sy (bn) to a product over 8 € Y (bnA). By definition of 3, an~%e ! = 3,
SO
[Taesyon am™ e, x3
lim an~T — lim HﬂGEN([”?A)

N=ce ([Tacsy(p) om e )N N=ce ([Tgexy oa) 20"

an~vxT

(5.39)

The exponent of x here can be seen to equal (s(Kw, 0., 0), which is zero by (3.2), so we are
left with exactly the formula for ug, (zb) given in Lemma 5.2.3.
]

Proposition 5.3.6. The element uy (b) can be written in terms of our previously constructed
Stark units as follows:

up(b) = [ ux. (xb).

zeT

Proof. This follows by taking the product of Lemma 5.3.5 over all x € T and applying
Lemma 5.3.3. O

We are now in a position to prove our function field analogue of Dasgupta’s refinement
of Gross’s conjecture.

Proof of Theorem 3.7.1. We recall that the elements of T" were chosen so that their images
under ¢ would be a complete set of coset representatives for the quotient group (:(£*) N
Q)/t(E,(f)), which is canonically isomorphic to Gal(K/H). We now apply Theorem 4.4.8
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to the formula of Theorem 5.3.6, and obtain

up(b) = [ ur, (@b) = [ ux. (6)

zeT xzeT

= H ug, (b)7 = NKm/H(U}'(m(b))-
oc€Gal(Kw/H)

(5.40)

O

Since ug, (1) is a shifted Stark unit for K, it follows from Proposition 3.2.4 that uy (1) =
Nico/m(U%, () 18 a shifted Stark unit for H, as desired.
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