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Introduction

In this thesis we will follow and expand the recent article [BCG23] by Nicolas Bergeron, Pierre Charollois
and Luis E. Garcia.

For abelian extensions of quadratic imaginary fields', it is widely known the construction of special units?,
called elliptic units, obtained as special values of an elliptic modular function called Theta function (see e.g.
[Sha87] Chapter III, Section 2).

Their importance is the similarity that they have to the cyclotomic units in the case of abelian number fields,
i.e. abelian extensions of Q. First of all, recall that we say that an extension K /k is “abelian” if it is a Galois
extension, and its Galois group Gal(K/k) is an abelian group. All abelian extensions of Q can be obtained
by adjoining to Q some roots of unity. In the same way, all abelian extensions of K quadratic imaginary field
can be obtained by adjoining to K certain values of elliptic functions.

The aim of this thesis is to expand this concept to an higher dimension, working with abelian extensions
of complex cubic fields instead of imaginary quadratic. Recall that a “complex cubic field” is the splitting
field of an irreducible polynomial of degree 3 over Q with two non-real roots.

The first difference that we will encounter is the new transcendental function that will determine the new
units: in the complex cubic case it will be constructed starting from the classical Elliptic Gamma function
and not from the Theta function, which was used for quadratic imaginary fields. The definitions of both
these functions, as well as the construction of the Smoothed Elliptic Gamma function Fa,h(w,z;L), will be
described in detail in the first Chapter.

This Chapter will then present all the notations that will be needed throughout this thesis, and will end with
the statement of the Main Conjecture, that relates special values of the Smoothed Elliptic Gamma function
to units in K(f), where K is the complex cubic field we start from, and K(f) is the Narrow Ray Class field
of K of conductor a non zero ideal f of Ok (which is a finite abelian extension of K ramified only at the
ideal f). We now present a simplified statement of the Main Conjecture: define complex numbers I'g j,(f b_l)
depending on f as well as on other data (ideals a,b and a complex number £).

Conjecture 1. i) The numbers Favh(fb_l) € C* belong to K(f) and are actually units in that number
field, i.e. Tq,(f0") € ﬁ]?(f)"

ii) For an element oy € Gal(K(f)/K) the following reciprocity law holds:

0p(Tan(f)) = Tan(fo")

A number field K is called quadratic imaginary if it is of the shape K := Q(v/—d), for d positive square-free.
2For a field K, we refer as a “unit in K’ to a unit in its ring of integers, i.e. to an element in ﬁ; .




ii CHAPTER 0. INTRODUCTION

In Chapter 2 we will step back from our main objective to review an interesting proof of the two classical

Kronecker Limit Formulas (KLF) following as model the paper [BFK15] by K. Bannai, H. Furusho and S.
Kobayashi; this will help us to get acclimatized with the statement of a New Kronecker Limit Formula that
will be presented in Chapter 3, which is crucial to relate the Main Conjecture to the more known Stark’s
Conjecture.
Chapter 3 will develop the language of partial zeta functions and Hecke L-functions, which will be needed in
the statement of the New KLF. We will use the results from the previous Chapter to prove a KLF for imagi-
nary quadratic fields. We will finish this Chapter by pointing out similarities between this latter formula and
the New KLF from the main article.

In Chapter 4 we will talk about the already mentioned Stark’s Conjecture. This is one of the most im-
portant unsolved problems in Algebraic Number Theory, and it predicts the existence of special units which
are related to Hecke L-functions (or zeta functions, depending on the version). We give now a simplified
version; for the precise statement see Conjecture 5.

Conjecture 2 (Stark’s Conjecture). For an abelian extension K /k, fix a place v of k that splits completely in
K and let w be one of its lifts in K. Then there exists a unit € € K such that its valuation is equal to 1 for all
places of K that do not lie above v and such that its valuation for the place w is given explicitly by

log|€°|,, = —e('(0,0), Vo € Gal(K /k)

Moreover; € is such that the extension K(Sl/e)/k is abelian®, where e is the number of roots of unity contained
inkK.

This Conjecture was believed by Tate [Tat84] to be a “vague form” of Hilbert’s 12-th problem; he also
wrote that maybe the key to solving the Conjecture is the use of an “unknown transcendental function”,
whose existence was predicted by Hilbert.

In this thesis we will first of all present Stark’s Conjecture in its more general form, to later dive in the
abelian case (i.e. regarding abelian extensions K /k) which is a more precise version of the one just stated.
We will then relate this abelian formulation to the Main Conjecture using the New KLF. What will come out
is that, if both Conjectures (Stark’s and the one of [BCG23]) hold, then Stark’s units (¢ from Conjecture 2)
and the ones predicted by the authors of [BCG23] (I'g 5 (f 6~!) from Conjecture 1) are related by an explicit
formula. The authors of the article [BCG23] believe that in the case of complex cubic fields, the “unknown
transcendental function” mentioned by Tate is precisely the Elliptic Gamma function.

Finally we will devote Chapter 5 to the long proof of the New KLF.
In the Appendix we will present the proof of Stark’s Conjecture in a known case: that of quadratic imaginary
fields, which will use the KLF for quadratic imaginary fields proved in Chapter 3.

The theory proposed in the main article [BCG23] is developing in the very months in which this thesis
is being written. It is even more recent an article by a student of Charollois, P. L. L. Morain [Mor24], in
which he expands the conjecture and the construction we will see in this thesis from the case of a complex
cubic field (which has one real embedding and two complex conjugate embeddings) to the case of “almost
totally real field” (ATR) (i.e. a field with exactly one couple of complex conjugate embeddings). The one
proposed by Morain is the most natural generalization one can do of the subject, given that the two most
important cases so far, imaginary quadratic fields and complex cubic fields, are both ATR.

3Note that this condition resembles the one of cyclotomic units and elliptic units mentioned before: also this unit &, if existed, would
be useful to obtain new abelian extensions of the base field k.
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Chapter 1

Values of the Elliptic Gamma function

In this Chapter we will fix the setting that will be carried throughout all the thesis. In Section 1.1 we will
construct the Elliptic Gamma function depending on a chosen lattice L. In Section 1.2 we will consider
a specific lattice L on the complex cubic field K; we will then define the three ideals that will appear in
both the Main Conjecture and the New KLF (called f,b,a) and a particular complex number /4. Next, the
Smoothed Elliptic Gamma function will be defined, as well as the element I'y (L) € C*, crucial for the
Main Conjecture. Section 1.3 will present the Main Conjecture and some first consequences based on
properties previously mentioned.

We begin this Chapter by recalling two classical functions.

1.0.1 Theta function

Elliptic units are, as said in the Introduction, special units in abelian extensions of imaginary quadratic
number fields. One key object in this theory is the Theta function defined for z € C, 1 € 5# := {r € C |
Im(7) > 0} as the absolutely convergent infinite product

00(z,T) := H (1 _ e2m’(nr+z)) (1 _ eZm’((n+l)7:7z))

n>0

This defines an holomorphic function on C x 7. 6y has some well known periodicity properties
O(z+1,7) = 6y(z,7); 90(Z+T,T):fe_2m2 6o(z,T)

in the variable z as well as transformation properties in the variable 7 € .7 under the usual action of SL;(Z).
Elliptic units are obtained as quotients of values of 6y at special points (v, 7) with v rational and T a quadratic
irrationality in 7. In the following we want to extend this concept to the setting of complex cubic fields
and to do so we will need at first a proper generalization of the Theta function: the Elliptic Gamma function.
Theta functions will be used in the following to investigate in the quadratic imaginary case the motivation
that lead the authors of [BCG23] to formulate certain results in the complex cubic case.

1



Chapter 1: Values of the Elliptic Gamma function

1.0.2 Classical Elliptic Gamma function

For (z,7,0) € C x 5 x 7 we define I'(z,7,0) by the absolutely convergent infinite product:

oo — 2mi((j+1)T+(k+1)0—2)
Z’ 7 G II:[() 1 — e2mi(jt+ko+z)
j —|

Its domain can be extended to (z,7,6) € C x (C —R)? by the rules

1 1
Iz—t,—-1,0) I(z—0,7,—0)

I'(z,7,0) =

I' has SL3(Z)-modular properties similar to the ones 6y has for SLy(Z) (the three periods involved are
1,7, 0); the proof of this fact relies on the following properties, that came directly from the definition:

['(z+1,7,0)=I(z,7,0); T(z+7,7,0)=60(z,0)I(z,7,0)

['(z+0,7,0)=6(z,7) [(z, 7,0)

These show the existence of three periods 1, 7, o with respect to the complex variable z.

As previously said, the classical Elliptic Gamma function will be the cornerstone of our theory as we will
create a new type of units for complex cubic number fields starting from “special” quotients of this function.
To define these quotients, we’ll first need to define a new type of Elliptic Gamma function, depending on a
lattice L and on two elements of the dual of such lattice. This will be treated in the next Section, in which
we will also see how this new Elliptic Gamma function relates to the one just defined.

1.1 The Elliptic Gamma function

Before defining the Elliptic Gamma function I', ,(w,z; L), we need to fix some notation, that will be carried
throughout the rest of the thesis, unless otherwise stated.

Let’s denote L a free abelian group of rank 3 and A := Homgy(L,Z) its dual. In the following we’ll often
exchange the notion of duality between the two as we are in finite dimension, so L can be identified as A’s
dual too. It will be useful to see A as a vector space over C and to do so we extend it by scalars: call
V=A®zQ, g .= A®zR, V¢ := A®zC. Fix an orientation of L, call it det : A%L — Z; if a triple of
elements of L are sent to a positive integer, they are said to be positive oriented, while if they are sent to a
negative integer, they are said to be negative oriented; a triple of elements of L is sent to 0 by the map det if
and only if they are linearly dependent over Z. The orientation on L naturally extends to an orientation on
the vector spaces V, Vg, V.

We say that an element a € A is primitive iff 7 ¢ AVn € Z~. We then easily see that there is a one-to-
one correspondence between primitive elements in A and oriented planes in L ® @, obtained by sending a
primitive element a € A to H(a) :=ker(a) = {at € L: a(a) = 0}. It is indeed trivial to see that if an element
b of A isn’t primitive, then it is an integer multiple of a primitive, call it ¢, and then b and ¢ define the same
oriented plane since these are seen in L ® QQ, hence we can clear out denominators.

H(a) divides L into two subsets:

Li(a):={aeL: a(a) >0} L_(a):={acL: ala)<0}

Note that the latter contains H(a).
We say that an ordered basis A,u of H(a) is (positively) oriented if V6 € L such that 6(a) > 0 then

2



Section 1.1: The Elliptic Gamma function

det(A,u,8) >0. L
Given a € A primitive, we define U, := {z € V¢ : Im(A(z)u(z)) > 0} C V¢ for any oriented basis (A, 1) of
H(a) (some different characterization may be found in [Fel+08] and will be needed later). One easily sees
that U, is an open subset of V.

We start now with the construction of the Elliptic Gamma function: fix (a,b) an ordered couple of
linearly independent primitive elements of A. They determine oriented planes H(a), H(b) C L® Q that we
claim intersect in a line spanned by the element det(a,b,-) € A* = L.

Proof. First of all note that det(a,b,-) € A* as it takes an element of A and gives back an integer. Since an
element in the line generated by det(a,b,-) can be written as o := g -det(a,b, ), g € Q, it then follows that
a(a) = a(q-det(a,b,-)) = q-det(a,b,a) = q-0=0s0 a € H(a). Similarly we get o € H(b), so that the line
spanned by det(a, b, ) is contained in the intersection between H(a) and H(b). The claim follows by linear

independence of a, b that yields that such intersection cannot be more than 1-dimensional. O
In general the element det(a, b, ) is not primitive, but we can write it as

)
det(a,b,-) =s-v, 3's € Ny, 3! v € L primitive

)
Definition 1. 7o the ordered pair (a,b) we also associate
Ci_(a,b):={0€L:8(a)>0,0(b)<0}CL
C_i(a,b):={8€L:6(a)<0,8(b)>0}CL

We are then ready to define for L,a, b as above the Elliptic Gamma function:
,zm(L;g;)w))

L 6(z)—w
271?1( (y()z) ) )

[Isec, (ap)yzy(1—e
€Ci—(ab)/ Y( (1.1

Lop(wz L) =

[Isec_, (ap)/zy (1 —e

This quotient of infinite products converges to a meromorphic function on C x (U, NU,) as we’ll prove in
the next Proposition.

Remark 1. * Just by looking at the definition and recalling the periodicity of the complex exponential,
we see that the Elliptic Gamma function has simple zeroes for w = 8(z) +ny(z) for 6 € C_(a,b) and
n € Z, and simple poles for w = 8(z) + ny(z) for 6 € C_;(a,b), n € Z.

* We gave this definition in the case of a,b linearly independent; when a = b we conventionally set
Loo(w,z;L) := 1 while if a = —b we don’t need to define anything as the domain of definition is empty
as U,NU_, = &, condition easily checked by the above definition.

* In the definition of T, appears a quotient C_(a,b)/Zy (respectively C__ (a,b)/Zy), so we shall
explain what the action of 7y on C+_(a,b) (respectively C_, (a,b)) is. This is simply an action by
translation: first note that C4_(a,b) = (Qsoa + Q<o + Qy) N L where we choose oo € H(b), B €
H(a) such that a(a) > 0, B(b) > 0, this equality will be explained in the next proof. An element
6 € C;_(a,b) can then be written as § = qg* a+q~ B + qv, so that the action of Zy becomes clear:
S+Zy=q a+q B+ (q+7Z)y C Ci_(a,b). Similarly one can see the action of 7y on C_(a,b).

Proposition 1. The ratio of infinite products defining T'y ,(w,z;L) converges to a meromorphic function on
Cx (U,NUp)



Chapter 1: Values of the Elliptic Gamma function

Proof. We already claimed in the previous remark that we can write C_(a,b) = (Qso0t + Q<o +Qy)NL
and C_4 (a,b) = (Q<p0 + Q=B +Qy) N L, where we choose o € H(b), B € H(a) primitive elements such
that (a) > 0, B(b) > 0. Let’s prove e.g. the second equality: if § € RHS, we writeit § =g~ ot +¢+ S +qvy
with ¢~,q",q € Z (as they are respectively in Q~ NL,Q* NL,QNL and by the fact that @, 3, ¥ are primitive).
By definition of y we have that y(a) = ! det(a,b,a) = 0 and similarly y(b) = 0 so that §(a) = g~ a(a) +
g B(a)+qy(a) =q a(a)+0+0<0asqg~ <0and a(a) > 0. Similarly we see (b) > 0 so that § € LHS.
The other inclusion comes easily from definition, so we have our claim.

We want to deduce the condition for convergence of the infinite product at denominator: by what written
above we get C_4 (a,b) /Zy =~ (Z<o0 + Z~oP) and we need that the real part of the exponent of e is negative

to converge, i.e. need Im ( (( ))) < 0and Im (ﬁ (( )) ) > 0 thanks to the known signs of the integer coefficients.

Note that w is ininfluent when making considerations about convergence: indeed Im ( (y(>;)w) =Im (%) -

Im (ﬁ) and the second term is fixed (wrt 8). So the sign of the imaginary part of the exponent of e,

Im (5( 2w "), is the same as the sign of Im ( y<< ))) for all but finitely many 8’s. We can then forget about w as

Z
ﬁnitel)};(rilany terms don’t influence convergence.
Note that by construction (f3,7) is a basis of H(a) since (a) = 0 = y(a) and they are linearly independent,
as seen when computed against b.
Claim: (3, 7) is an oriented basis of H(a).
Proof: First note that (a,3,7) is an oriented basis for L ® Q, thanks to the definition of y as %det(a,b7 )
with 1 > 0. We can then apply the definition: choose & such that €(a) > 0, since B(b) > 0,f(a) =
we can wlog assume that €(b) = 0 up to adding a multiple of 3, so that € =7 - a for some ¢ € Z~¢. So
det(B,7,€) =det(g,B,7) =tdet(a, B,7) > 0 so that (B, 7) is an oriented basis of H(a). [ |
Similarly we see (7, @) is an oriented basis of H(b).
The convergence conditions are

Im (?/gg) > 0,(B,7) oriented basis for H(a) < z € U,

Im (O‘(Z)) <0< Im (7(2)) > 0, (7, &) oriented basis for H(b) < z € U,

¥(2) (z)
where we used for the last implications the equivalent conditions in the definitions of U,, U, from [Fel+08].
In the same way, we see that also the numerator converges iff z € U, N U, thus ending the proof. O

To conclude this Section, we want to express I',;, in terms of the classical Elliptic Gamma functions of
last Subsection. Recall we chose o, 8 € L such that &¢(b) = B(a) =0, a(a) > 0, B(b) > 0 and recall the
equivalent definition of U, N U}, from [Fel+08], which is

Uaﬁsz{zevcz Im(jﬁéj) <0, Im (?f((zz))> >O}

F:={8cL:0<8(a)<ala),0<5(b)<B(b)}

Call

Proposition 2.

w+8(z) a(z) B(z)
Lap(w L SGIJZYF( () y(z)’ﬂz))



Section 1.2: Complex cubic fields and values of the Elliptic Gamma function

Remark 2. This product is finite.

Proof. One intuitively sees that, modulo Z7, each 6 € C;_(a,b) can be uniquely written as
§=—86+(j+1)o—kB with § € F, j,k € Z. The idea to see it is that (j+ 1)a quantifies how much &(a)
is greater than 0 with an error strictly smaller than o (a) and similarly —kf quantifies how much 8(b) < 0
with an error of at most 8(b) and then —§ € F is used to remove such error.

In the same way we see that § € C_, (a,b) can be uniquely written as § = —& — ja + (k+ 1)B with § €
F, j,k € Z>0, modulo Zy.

Now, recall the definitions and a property of the classical Elliptic Gamma function of previous Subsection:

2n(255))

[sec, (ap)/zy (1 —e

Cop(wz;L) = i
’ 21 (Z)*w
Haec,+(a,b)/zy(1 _ (% ))
1 — 2ri((j+1)T+(k+1)o—2)
F(Za Ta G) = H 1 ¢ F(Z, 77 G) — l

v 5 =
Ji=0 1 — 27i(jT+ko+z) I'(z—1t,-7,0)

so that

o 1762”1( ]7(1) +ky(z
(

= 11 II

Scr/zy k=01 _ 2ui(-(H) FG+en B -0 48

~ 1—exp (Zm'( 7(-"“)0‘(1)}"1!)3@)*“5@) ))

Schy 14001 —oxp (2 (R B3

Now, thanks to the correspondence previously discussed, since in the numerator we want to get 6 € C,_(a,b)/Zy
we have that § = —8 + (j + 1)a — kB so that we can rewrite the exponent —(j + 1)a(z) + kB (z) +w +
8(z) = w— 8(z). Analogously for the denominator get —jou(z) 4+ (k+1)B(z) —w — 8(z) = 8(z) —w (for

0 € C_4(a,b)/Zy). We can then conclude

i —3(z)+w
H66C+,(a,b)/z;y (1 —e m( 1) )
- = a,b(W7Z§L)

S8(z)—w

[sec  (ap)/zy (1 - ez’”(W))

O

We conclude with a quick unproven fact: SL3(Z) =2 SL(A) acts on A, V, V¢ as explained in [Fel+08].
Moreover this action is transitive on primitive elements of A, i.e. if a € A is primitive, then also ga is
primitive for g € SL3(Z); one can show that Uy, = gU, and that ', o, (W, g2: L) =T’ (W, z; L) for z € U,NUj
(= gz € Ugy NUy, by above, so the LHS is well defined).

5



Chapter 1: Values of the Elliptic Gamma function

1.2 Complex cubic fields and values of the Elliptic Gamma function
We begin this Section with some heavy notation, that will be needed for the rest of the thesis.

Let K be a complex cubic number field over Q, O its ring of integers and og: K < R the unique real
embedding of K'. Fix a complex embedding o¢: K < C of K that will remain fixed for the rest of the the-
sis?. The map x — (O (x), oc(x)) induces an isomorphism K ® R = R x C, obtained extending by scalars.
This allows us to give K the orientation obtained by pulling back the usual orientation of R x C, after taking
basis (1R, Ic,ic) for the latter.

Let f and b be non zero ideals of Ok with (f,0) = 1. Write L := f6~1; it’s a fractional ideal of K (clear by
definition) and a free Z-module of rank three (as all fractional ideals are, see e.g. [Neu99] Chapter I [2.10]);
moreover the unit 1x € K is a primitive f-division point of L. Here primitive has the same meaning as in the
previous Section, while we say that y € K = {6~! Q is an f-division point iff Vx € f, xy =0 in {6~ Q / oL
this is indeed true for 1x as Vx €f, x- lx =x €fC {6 ! soitis 0info—! Q/fb_l.

Call g the smallest positive integer in LN Z; since Z is a PID we can find f € f, b € b such that (%) =LNZC
@, so g = f (note that since 6! contains fractional elements, g is equivalently the smallest positive integer
in fNZ). Notice that ¢ is the order of L& Q /L, i.e. ¢-1g € L and no number 0 < r < g belongs to L by
definition of ¢, so that r- 1x & L.

The group of units

ﬁ;’vfx = {ueﬁ; |u—1g €f and GR(”)>O}Sﬁ1§ (L2

has rank 1, i.e. is of finite index in & . This equivalence comes from the fact that € has rank 1 by the
Dirichlet’s units theorem; indeed this famous result tells us that ﬁ,? 2 Uk X Z (in particular has rank 1),

where Lk is the set of roots of unity contained in K. Now to see that ﬁ;’fx has finite index in &, consider
the map

¢: 0f — (0x/f)" e€—~¢ modf

By definition it’s clear that ﬁ;”fx C ker ¢, so that (ﬁ i / ﬁ;rx) C (ﬁK /f ) * and the latter is finite (as

Ok /f itself is already finite). So we get that & ; ’fx has finite index in €% and consequently that ﬁ;’fx has

too rank 1.
ﬁ;’fx acts by multiplication on K (seen as a 3-dimensional Q-vector space) and preserves the lattice L (mul-

tiplication by any unit preserves a lattice; in particular this is true for elements of ﬁ; ’fX ).

We will assume throughout that ﬁ;’fx = 0% N(1+f), i.e. that there are no units in O N (1) of negative
norm. This in particular implies —1 € 1 +f= —2 ¢ { = 2 & f so that ¢ > 3, and also that { # Ok.

Claim: We can always find a generator € € ﬁ;’fx such that eg := ogr(€) € (0,1).

Proof: As previously said ﬁ;rx C 0Oy is of finite index and by Dirichlet’s units theorem we can write the
latter as Of = ug X Z, so that we can also write ﬁ;”fx >~ {1} x nZ (the first term is {1} by assumption on
the norm of units in ﬁ;”fx). We then choose an € generating nZ. If og(€) < 1 (as it is by assumption > 0)

we’re done, while if o (€) > 1, we just choose £ ! which is still a generator and has now real part < 1. The

UIf we write K = Q(a), this embedding sends « to the real root of its minimal polynomial.
2This sends o to one of the two complex conjugate roots of its minimal polynomial.

6



Section 1.2: Complex cubic fields and values of the Elliptic Gamma function

case og(€) = 1 cannot hold, since € € OF = 1 = N(¢) = or(€)| oc(€)|* = oc(€) = 1 = € € pk so that
€ =1 and it cannot be a generator of & +fx |

Definition 2. We say that A € L is admissible if:

% is congruent to 1x modulo L;

% € o7 'L and generates the quotient a'L/L for an ideal o C O relatively prime to N(f) and such
that N(a) is an odd prime.

Remark 3. 1. The conditions in the definition can be restated with others equivalent (the second and
the third conditions must be taken together):
& = lkeA=0q
’(1) ea*'L<—>)L €N 'L;
- Asking that ( ; generates the quotient a~'L/L is equivalent to asking that 2 # 0 mod N(a)L.

Indeed, since N(a ( ) is an odd prime, every non zero element is automatzcally a generator; so A Z 0
mod N(a)L < w75y §éL 0, united with the fact that ( 5 € a~'L, says that ( j generates 4~ 'L/L.

2. Existence of such admissible elements is guaranteed by the Chinese Reminder Theorem, which says,

in our setting, that
N(a)a"'f/(gN(a))f=f/qf xN(a)a~" /(N(a))

This later yields (after a couple of simple algebraic considerations) that
N(a)a o'/ (gN(a))fo " 22f6~ " /qfo' x N(a)a~'/(N(a))

Now, coprimality between f and b gives us that N(a)a~'/(N(a)) = N(a)a~ o~ /(N(a)) fo~", so that
we have the isomorphism (recall L = ol

N(a)a~'L/(gN(a))L=L/qLx N(a)a~'L/(N(a))L (1.3)

An element A admissible for L is now simply the preimage of (q mod gL, { # 0) via the isomorphism
Eq. 1.3, which satisfies the conditions of point 1 by construction.

3. If A is admissible for L, and if u € ﬁ’;"fx then ud is admissible for L.
Indeed % =rulg=u=p lg, as u =f 1x and consequently also modulo L = ol ue ﬁ; so that
AeN@a'L=ul eN()a'Land A 0 mod N(a)L = uA Z0 mod N(a)L.
4. IfLis admissiblefor L=f6"1, and if o € 1+f then o' A is admissible for f((o)6) ™.
Indeed 'fq] (b Lk for ~ ¢ o lx. Moreover A € N(a)a~ 'L = a™'A € (a7")N(a)a 'L =
N(a)a 'f((a)s) ! andl Z0 modN( L= a""A#0 mod (a~")N(a)L = N(a)f((ct)p)~!
Fix from now on an ideal a as above (a C O relatively prime to N(f) and such that N(a) is an odd prime)
and h:= % with A admissible for L.
Restricting o¢ : K — C to L defines a non zero element x € V¢ = Hom(L,C) and a point (x) € X := %
(this last notation will only be used in Chapter 5). Write det: A%L — Z for the orientation on L induced by
the one on K already seen.
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The unit €, as all elements of ﬁ’;‘fx, acts by multiplication on K and preserves L, but we see that it preserves

also its orientation; one can indeed show with a long but simple computation of linear algebra that

det(ey1 Aepn Ney) = N(g)det(yr A Ays) =det(vi Ay A ), so that the sign is preserved, hence the
orientation.

So € defines a linear map in SL(L) and, by duality, a linear map in SL(A), which will be noted again €.

Remark 4. x € Vo = A®y C is an eigenvector for the action of €.

Proof. To see what € ox is, we compute it against the general element % € L: first of all by definition of x
we have X(%) = o¢ (%), while by definition the action of € on L makes & (%) =¢- %. So that:

eon) (L) =x(e7(£)) =x(e 1) =oc (e L) =oele ) oc (£ ) =oete ) x(4)

So that eox = oc(e7!) -x, i.e. X is an eigenvector for the action of € with eigenvalue oc (g7 !). O

Lemma 1. Let A € L be admissible. Then there exists only one primitive element a = a,, € A such that

i) det(a,ea,-) € A* = L is a non zero multiple of A (in particular non zero integer multiple);

i) x €U, = {z € Ve | Im(u(z)v(z)) > 0, for any oriented basis (u,v) of H(a)}
Proof. Claim: [1] € has no rational eigenvalues.
Proof: Indeed, since € is a generator of O over Z, hence of K over Q, we have K = Q(¢) = Q[x]/(f(x))
where f(x) € Q[x] is the minimal polynomial of €. The usual embedding of K in C makes us see that
or(€) € R\ Q, because if it was in Q then f would have a rational root against its irreducibility. |
So A and £7!A are linearly independent in L ® Q, because if A was a rational multiple of €' A it would
imply that A is an eigenvector for € with rational eigenvalue against what just seen.
Claim: [2] Finding a such that det(a,é€a,-) = nA for some n € Z is equivalent to finding a € ker(1) N
ker(e~'1).
Proof: (<=): if a € ker(A) Nker(¢'1) = a,€a € ker(A). Consider det(a,ea,-) € L =A*. If g € Ais in
ker(A), then all a, €a, it € ker(A), so they are linearly dependent, in particular det(a, €a, ) =0 = ker(1) C
ker(det(a, €a,-)) and since they are both 1-dimensional, A and det(a, €a,-) must differ by a non zero integer
factor.
(=): assume det(a,ea,u) = nA(u), Yu € A. If u € ker(A) = det(a,ea,u) = 0 so that a,€a, i must
be linearly dependent. Since this must work Vu € ker(4), we must have a,€a € ker(1) = a € ker(1) N
ker(¢~'1). [ |
Now, since we have that A, &~ A are linearly independent, then ker(A ) Nker(e~' 1) is a line passing through
0, or better a discrete set of points along a line for we are in A. Of those points, only the two closer to
zero (call them =+a) are primitive, while the others are multiples. Those +a correspond to the two possible
orientations of the same plane H(+a) C L®Q, and only one of those satisfies condition ii). O

Fix a,h as above; write a for the element of A given by previous lemma (with the A that defines /) and
define b := €a. Condition i) of the lemma tells us that a,b both vanish at A (e.g. for a see that A(a) =
%det(a, b,a) = 0). Hence, since a 'L = L+ % Z (for recall % generates the quotient a~'L/L), a and b
take integral values on a~!L, as the fractional part would depend on A that is 0 against both.

The linear forms a,b € A define then elements in HomZ(a’lL, 7), that are moreover primitive for a, b are (b
is primitive for what said at the end of last Section). Therefore, Fu,b(w,z;a’lL) is well defined in the sense
of Eq. 1.1 (recall a and b = €a are also linearly independent).

Write ¥ = y(a,b) € L for the primitive element determined uniquely by det(a,b,-) = sy, Is > 1.

8
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Lemma 2.

Y(z)
Cup(w,z;07 L) H Fab( +k N’ L)

Proof. We have that A ,¥ € L both belong to the line ker(a) Nker(€a) and ¥ is primitive, so Eln € N such that
A =ny. Moreover g L (as A £20 mod N(a)L), and since y = ll € L we need that w5y ¢ Z (or else

Y= %l €EL= N(a) N?a rlll € L #). This means that N(a) fn, i.e. gcd(N(a),n) =1 as N( ) is prime.
Now Bezout tells us that 3x,y € Z such that nx+ N(a)y = 1 so that

XA xny 1 4
N@)‘vww“<N@>‘y)y‘Amn‘yY

A Y
-1
=L+ 2 7-1+ V17
TN T NG
fory € Z, y € L= yy € L. Now complete }/7& 0 to a basis of L: {A;,A2,7}. Then {4;,1,, ﬁ} is a basis
of a~!L (for it has both the L part and the ( ; Z part).

The map sending a vector

and hence

Laal+Bh+cy— adi+BA; +C% ea’lL
induces a bijection between C_(a,b) and C',_(a,b) := {8’ € a"'L | §'(a) > 0,8'(b) < 0}. Moreover
classes of the first modulo Z ¥y correspond to classes of the second modulo NZ( - An equivalent result holds
for C_(a,b) and C'__ (a,b) defined similarly. To get the claim, start by definition (adapted from Eq. 1.1)

sec, (o) (1 _exP(_Z”i(wyz()z;W»)

Fa,b(w,z;a_lL) = N =

Hsfecng(a,b)/Zﬁ (1 —exp(2n1(5 (y(>)_w)))

N@)

Now, thanks to the correspondence C;_(a,b) <+ C', _(a,b) just discussed and by regrouping carefully, i.e.
wrt the fractional part left when passing from quotienting modulo Z Wya) to quotienting modulo Z ¥ (the only

terms that can remain are of the shape ( 7Y with 0 < k < N(a)), we get:

() -k —w
v@-1ITsec. ab)/Zy<1—exp( Zm(z)/(:)(a))))
I;I ¥(z) -

[sec . (ap)/zy <1 —exp (271?1'(W)))

L 8()— (wHk 1S
1 Hsec._(ap)/zy (1 exp<27fl(z(y(z)N(a)>))) N@)—1

= 1 1 8()— (wrk 2 =
k=0 HEEC_+(a,b)/Z)/<1_exp<27”(Z(')/(Z)N(a))))> k=0
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This last result tells us that there exists a relation between the Elliptic Gamma function of lattice L and
the one of lattice a~'L, as a product where the first entry (the one of w) changes. We want now to “average”
this result in the following, crucial definition:

Definition 3. Given a lattice L, an ideal a and an h = % as before, and a,b € A as in Lemma 1, we define

A
q
Cup(w,z;07 L)

T L) = ——————=
anlnzL) Cap(w,z; l,)N(a)
called the Smoothed Elliptic Gamma function.

Note that this quotient converges to a meromorphic function on C x (U, NU,) for the two Elliptic Gamma
functions at numerator and denominator do (cf. Proposition 1). Moreover since the Elliptic Gamma function
Iy satisfies I, , = l";llj, as can be seen directly from Eq. 1.1 together with Definition 1, we get:

FbA,E*lb(WvZ;L)N(a)
Cye-1p(wiza71L)

Fon(w,z L) =

Remark 5. The notation for I'g j,(w,z; L) helps us see that it depends only on the choice of a, h and oriented
lattice L. We will see in following remarks and in the statement of the Main Conjecture that in some cases
the dependence from h can be omitted.

We want now to evaluate the Smoothed Elliptic Gamma function at particular values w,z € C x (U, NUp).
For how we chose a in Lemma 1, we have that x € U,. Moreover, after choosing (i, V) an oriented basis for
H(a), it’s easy to see that (e, €v) is an oriented basis for H(b) = H(&a), for € preserves orientation. Now
x € U, = Im(u(x)v(x)) > 0 and since €(x) = oc(€)'x we get that

0 < Im(u(x)v(x)) = Im (oc(e)u(e(x))oc(e) v(e(x))) = || oc(e) | Im(ep(x)ev(x))

and since || o¢(€)[|* > 0 we get Im(ep(x)ev(x)) > 0 that proves x € U, too.

Thus we can evaluate I'g ,(w,z; L) at z =x € U, NUp.

Since a is chosen to be relatively prime to N(f) and for how we took g, we get that (N(a),q) = 1. Indeed
we chose g such that (¢) = fNZ so that g|N(f). Moreover call / € Z such that aNZ = () (such an [ exists
for Z is a PID) then [|N(a) and the latter is prime so they must be equal; N(f) relatively prime to a gives

(LN(f)) = 1= (N(a),N(f)) = 1 = (N(a),q) = 1.

N(
This tells us that h = 2 ¢ Z(a Moreover h = & ¢ L, as by definition we need that % = 1x mod L, so that

-Q\}-’“

ZA
¢ + =0 'L
N{o) ~
Remembering what the divisor of I'; ;, was (cf. Remark 1), we want to see that the complex number w = h(X)
lies away from the zeroes and the poles of I'y 5, (w,X; L); since zeroes and poles form a discrete set, it’s enough
to prove that it’s not one of them. Zeroes/poles of I'; ;,(w,X; L) are w = §(x) +n7y(x) for some 8 € L (more
precisely in Cy_(a,b),C_(a,b) but L is enough for this case), n € Z. If h(x) was a zero/pole of I, ;,(w,x; L)

then h(x) = §(x) + ny(x), which would mean h = 8 +ny € L+ Zy C a~ 'L . Analogously zeros/poles of
Cup(w,x;07 L) = Hkl“a7h(w+k17\/,(( )) x;L), cf. Lemma 2, are w = (8 +ny— ﬁ)(x) so if h(x) was one of
those then we’d have (N (0) — k)

nN(a) — Zy
— L eclL+——~/
N(a) N(a)

We can then define the main object of our theory:

h=06+

10



Section 1.2: Complex cubic fields and values of the Elliptic Gamma function

Definition 4. For an oriented lattice L, ideal o, h = A \ith A admissible and a,b as in Lemma 1, define the
unit in C (for we’ve just proven it’s neither a zero nor a pole)

Fa,h<L) = Falh(h(x),X;L) ec”

We will see in the next section how these values don’t depend on £ under certain hypothesis. We now
give a few remarks that will help us to see some easy consequences of the Main Conjecture.

Remark 6. . Ifuc ﬁ;’fx, we have

Coun(L) =Tan(L) (1.4)

Proof. We saw in Remark 3 that for u € ﬁ’;’x, if A is admissible for L, then so is also uA. We claim
that the element a = a; € A defined in Lemma 1 satisfies uay = ay),.

Indeed, by recalling the proof of the Lemma, we need a,; € ker(ud)Nker(e~'ud). If a; € ker(1) =
A(ay) = 0= ul(uay) = A(ay) = 0 too by definition of dual action, so that ua; € ker(uA) and
similarly ua; € ker(¢ 'ul). Moreover uay is primitive for we’re just multiplying for a unit, and
ueo ;fx ensures that the orientation remains the same so that also the condition i) from the Lemma
is satisfied.

We can see, working as we did in the proof of Remark 4, that since u has positive norm, X is an
eigenvector for u. We can now prove the claim:

1—‘t,ta,ub (Mh(X) X507 1L)
rua,ub(uh(x), x;L)N(O)

1—‘C(,uh (L) =Laun (u/’l(X),X;L) =

By definition and for what we just said about a,;; and consequently for ». Now look at the numerator of
Tya,up(uh(x),x; L) using Eq. 1.1. Recall that C;_(a,b) = {6 € L | §(a) > 0, 6(b) < 0} and similarly

Ci (ua,ub) ={8 € L|(u'8)(a) = 8(ua) >0, (u'8)(b) = §(ub) <0}
We can then easily see that there is a correspondence between the two cones given by
Ci_(a,b) JLEN Ci_(ua,ub); O ud

Note also that s, = det(ua,ub,-) = nuA(-). For Lemma 1.i) we have that nud(-) = unA(-) =
udet(a,b,-) = usy, , so that $Yuq up = USYap = Yuaub = UYap- SO

i 9(x)—uh(x)
Numerator of Iy . (h(X),X;L) = H (1 —e ( Yua,ub ™) )) =
S6€Cy—(ua,ub) [ 7 Yua,ub

_ogri( 48 (x)—uh(x) oy 8(X)—h(x)
= H (1 —e 27”( “a b ®) ) ) = I_I (1 — e Zﬂl< ya.b(x) ) )
8€Cy—(ab)/Lap 8eCy—(ab)/ LYy

Which is the numerator of I'; ,(A(x),x;L). Analogously we see that the denominators coincide and
also the numerators and denominators of T . (uh(x),x;a~ L) with those of I ;(h(x),x;a~'L) (by
using that it is a product of Elliptic Gamma functions wrt lattice L by Lemma 2), so that I'g (L) =
Tan(L). O

11
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2. If a € 1 +f with og(a) > 0, then:
Ty 15((a™")L) =Tqn(L) (1.5)

Proof. N(«) = or(a)| oc(a)||* > 0 so multiplication by & preserves orientation on K and x is an
eigenvector for ¢ (as we proved for € and also for u in the previous point). Recall we proved in
Remark 3.4 that if A is admissible for L then a4 is admissible for (&) ~!L. The element a1, €
Hom((«)"'L,Z) given by Lemma 1 satisfies a,-1, = o~ 'a;. Indeed a; € ker(A) = A(ay) =0=
a~'A(a"'ay) = A(ay) = 0 too (always by definition of dual action), so that &~ 'a; € ker(a~'1) and
similarly a~'a; € ker(¢ 'a~!'4). Moreover o~'a; is primitive as an element of Hom((a)~'L,Z)
for a; is primitive in Hom(L,Z) = A; also « preserves orientation by what said above, so that also
condition ii) of the Lemma is satisfied by o~ 'a;. We can now prove the claim; by definitions plus
what we just said about &~ 'a and consequently o~ !b:

G
(o DL®

ra*‘a,a*lb(a_lh(x)a
Fa*‘a,a*‘b(a_lh(x)v

X
Fa,aflh((o‘fl)L) = Fa,aflh(o‘flh(x)v"; (0 L) = "

Look at the numerator of Faflaﬁaflb(oc’lh(x), x; (@ 1)L). As in the previous proof we have
Ci (o la,ab)y={8c(a L |(ad)(a)=8(a 'a)>0, (ad)(b) =5(a 'b) <0}
We can then see that there is a correspondence given by

Ci(a,b) <5 (a'a,a'b); §—a's

Also like in previous proof we get Y1, g1, = &' Y. The numerator of T, (0 Th(x),x; (@ 1)L)

is then equal to

*la,(x*

o ) —a nx)
<1 e ZEI(Vala.alb(x))> _

deCy—(a~la,a71b)/Zy,

—la,a=1p

(o sx)—aax) [ 8(x)—h(x)
- [1 (l —e 2mi{ o1 p ) )> = I1 (1 — e_2m( Tab ™) )>
8€C—(ab)/Zyap 8€Cr—(ab)/LAap

which is the numerator of I'; ,(h(x),x;L). Analogously the denominators coincide, and also numera-
tors and denominators of Iy—1, 5-1,(a~'A(x),x;a7 ! (a~")L) and T, 4 (h(x),x;a~ ' L) (thanks again to
Lemma 2) so that Ty ;-1 (0 ")L) = Ta (L) O

3. Ifa € —1+f with ogr(ct) > 0O, then:

Ty _g-1u((@™")L) =Tqu(—h(x),x:L) (1.6)

Proof. First of all notice that if A is admissible for L, then —o~!A is admissible for (a~!)L. Indeed
’0‘;7” =(a)-11 Lk for % =, lgand —a~! =f lx. Moreover A EN(@)a L= —a'Ae(a)N@)a L=
N(@a () 'L,and A Z0 mod N(a)L= -~ 'A #0 mod (o~ ")N(a)L =N(a)(a~")L.

Notice that the primitive element associated to —o~'A from Lemma 1 is the same as in previous re-

mark, i.e. a_y-1; = o~ 'ay . Indeed the sign doesn’t influence the element a_q-1,, since the condition

12
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ii) of the Lemma, X € Ui depends only on the lattice for which —o~ A is admissible, which is

a2’
(o~ 1)L as it was in last remark.
We get as in previous cases that x is an eigenvector for & that has og () > 0and Y1, 41, = & Vs

Now since by definition:

Lo g 1((07 L) =Ty _g-1(—a 'h(x),x: (@ ")L) =

™
o
L
Q\
=

Fa*‘a,tx*‘b(_ail /’l(X
Fa*‘a,a*‘b(_ailh(x)x; (Orl )L)N(a)

and by the same correspondence
Ci(a,b) &5 ci(ala,a'b); §—a's

of previous remark we get that the numerator of Iy, 1, o1, (— 0 h(x),x; (™ )L) is

u,a_lb

L Sx)+a )
72” AR R
l—e l(ya‘l (X))> =

deCy—(ala,a"1b)/Zy,

’la,lx’lb

i &8t )  §(x)+h(x)
_ H <1€ Zm( a Ty, p (%) )) _ H <182m( Tes® ))
6eCy—(a,b)/ LYy 6€Ci—(a,b)/ Zay

is the numerator of I',, , (—A(x), X; L). Getting similar results for the other factors, we obtain the wanted
result. J

Notice that in this case we’re unable to state a clean expression between units obtained from the
Smoothed Elliptic Gamma functions as we did in the previous two remarks. A better result in this
sense will be obtained in the last Chapter (Remark 24, Eq. 5.36) when we’ll prove that, up to a third
root of unity, trivial in the case a coprime with 6, Tg y(—h(x),x;L) = Tq (L), 50 that

T g 1,((@ L) =Tan(L)™! (1.7)

Remark 7. We may wonder what happens if we chose the other complex embedding at the beginning of
this Section. Write I'q 4(L, 0c) = g (L) for the unit we just constructed. If we switched o¢ with ¢, the
orientation of K would change as we would pull back the usual orientation of R x C wrt x — ( OR (x),O'Tc(x))
instead of x — (Or(x),0¢(x)).

Also x would now be the restriction of Gg, so that the element ay associated to A admissible for L as in
Lemma 1 stays the same: the condition i) is precisely the same, while for condition ii) both the orientation
of Uy, and X add complex conjugate factors that cancel each other.

So ay , b, remain the same and consequently also the &, B from Proposition I in the proof of that result, we
saw that y completed ., B to an oriented basis of K, so that the change of orientation of K makes y change
sign. Recall from Proposition 2 that

Fa,b(w,z;L): H r
SeF/Zy

(W+5(Z) a(z) B(Z)>
Y(z) 7 v(2) v(2)

13
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with a., B, v as above; so, computing it with z =X, w = h(X), we get

Ton(L,0c) = Tap(h(x - 11 r( +)5(X)’Oc(x)7[3(x)>

S¢F /7y

Denote T := (;((;‘)) nd ¢ = ﬁ . If we consider G¢ instead of oc, T and © change into —T and —0, as

y(x
X become its complex conjugate and vy adds the minus sign. The same holds for ;z;‘;( ). Between the

properties of the classical Elliptic Gamma function from Subsection 1.0.2, we saw that I'(—z,—7,—0) =
I'(z,7,0), so that

Fah L G(C H r
ScF/zy

h r( _(|_;S()7(X(X),B(X)>:1—M(L,Gc)

SeF/zy

( >(+)5<> ax) _B(X)> _

So if we exchange the complex embedding with its complex conjugate, also the units we constructed in this
Section change into their complex conjugates.

1.3 The main Conjecture

Let f be a non zero ideal in O different from O, as in previous Section. Let K(f) be the narrow ray class
field of K of conductor f, that is a particular finite abelian extension of K which has the property of being
ramified only at 3.

Notation 1. o I(f):= the group of fractional ideals of K generated by ideals coprime to f;

* P(f):= set of principal fractional ideals (&) generated by o € K such that vp(ot — 1) > vy(f), Vp prime
dividing f;

* P(f)":=P(f) N {or(a) > 0};
« Gl (f) = 1(f)/P(f)*

Recall a fact from class field theory: the group €’I{ (f) is finite and naturally isomorphic to Gal (K (f)/K)
via the Artin map.
Briefly recall that for L/K a Galois extension of number fields, if & C &, is a prime ideal lying over b C Ok
(i.e. BN Ok =1), and e(B/) = 1, i.e. is an unramified extension at b, then 3!* Frob(B/b) € Gal(L/K)
corresponding to the usual Frobenius morphism of Gal(k(®)/x(0)) (this is a finite extension of the finite
residue field x(b), so the Frobenius is the usual morphism that raises an element of k() to the |k (0)|-th
power).
In our case we have moreover that the extension K(f) /K is abelian (K(f) is L in our particular case), so that

31ts full definition comes from Global Class Field theory and would require too many preliminary objects to be given in full detail.
The only property of K(f) that we’ll need is the one recalled.
4The uniqueness comes from the extension being unramified at b.
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Frob(B/b) only depends on b: indeed if we choose another @' lying over b, this will be the conjugate of B
via an element of Gal(K(f)/K), say 0. Now Galois theory gives that

Frob(c(B)/b) = cFrob(B/b)c~" = Frob(B/b)

where the last equality holds for abelianity. This allows us to express the most important direction of the
Artin map; for b prime ideal coprime with f (that gives also e¢(®/6) = 1 by definition of narrow ray class
field):

Tl (f) — Gal(K()/K)
[6] — Frob(b) = Frob(®/b) for any ® C &, prime ideal lying over b

We will denote this morphism lifted from ¢I¢ () to I(f) as o:
¢ € I(f) = oc € Gal(K(f)/K)

Conjecture 3. Let f be an ideal of Ok such that K(f) is totally complex, fix a complex embedding K (f) — C
that extends the fixed embedding oc: K — C of last Section. Let b be an ideal of Ok such that (f,b) = 1;
define the lattice L := {6~

Take a C Ok coprime with 6N (f) and such that N(a) is an odd prime.

Let h= % with A € L admissible and q smallest positive integer in fNZ, i.e. (q) =fNZ.

i) Tan(L) € C* only depends on L and o, and is the image in C via the fixed embedding K (f) — C of a
unit urq € ﬁ;(f)’.

ii) If wis an archimedean place of K(f) lying above the real embedding og of K, then |ug a|lw = 1;

iii) Ve € I(f) the following reciprocity law holds:
oc(urLa) = ue-17
Recall that we say that an archimedean place w lies above or : K — R iff

[ lwl ~1oR ()|

i.e. iff the restriction of w to K is equivalent to the norm over R of the valuation or. The concept of lying
above will be often used in Chapters 3,4.

Remark 8. 1. When a isn’t coprime with 6, we still Conjecture that T'q (L) is algebraic, but in general
we need to raise it to a certain power to get a number that is the image in C* of a unit in K(f) (it
seems by numerical examples that the 12-th power is enough). Also the resulting unit only depends on
L and a up to a root of unity in K(f).

2. Part i) of the Conjecture (non dependence from h) implies that T'g, (f6~1) only depends on b through
its class in the narrow ray class group €1¢ (f). Indeed the ideal b(t) for o € 1+f (= vp(ot —1) >
vp(f), Vp|f prime), or(ct) > 0, i.e. another element in the same class of b modulo P(f)*, gives the
same Iy, by Remark 6.2.

This is consistent with part iii) of the Conjecture: as the Artin map is from (fl; (f), then, if seen
from I(f), it factors through P(f)*. Indeed, by above we get that two ideals ¢,c' congruent modulo
P(f)*, to which correspond the same morphism o; = Oy, give the same unit via the reciprocity law:

Ue—1p g = U1 g-

15



Chapter 1: Values of the Elliptic Gamma function

3. Let T € Gal(K(f)/K) correspond to the unique non-trivial element of the order two subgroup P(f)/P(f)*
of €I (f) via the Artin map.

T ac PH\P(F)Tie acl+f, or(a) <0& —a € —1+f, og(—a) >0
Now Remark 6.3 (working with —a.) tells us
Lo g-14((—=0")L) = Tau(—h(x),%;L) = Tan(h(x),x;L) = Tan(L)

where the second equality holds because part i) of the Conjecture tells us that I'q (L) doesn’t depend
on h. Now part iii) of the Conjecture gives

—1
T(ura) = U_q-lLa = Urq

where the last equality holds for Eq. 1.7 together with the correspondence of point i) of the Conjecture.

16



Chapter 2

Classical Kronecker Limit Formulas

In Chapter 3 we will present a new type of Kronecker Limit Formula created by the authors of [BCG23]
and regarding the Main Conjecture. It will be convenient to review now the two classical Limit Formulas,
together with their proofs. We will follow throughout the article [BFK15] by Kenichi Bannai, Hidekazu
Furusho and Shinichi Kobayashi.

LetI" C C be a lattice and call A the area of its fundamental domain divided by 7.

Definition 5. Fora € Z, zg9,wg € C, s € C define:

(zo+7)" )

K (z0,wo,5) = K} (z0,wo,5;,T) := wao

vel\{—z0}
where o
| vawec
The series defining K; (z0,wo,s) converges for Re(s) > § + 1, but one may give it meaning for general
s € C by analytic continuation. Precisely we have the following

Proposition 3. i) The function K} (z0,wo,s) for s continues meromorphically to a function on the whole
C, with a simple pole only at s = 1, in the case a =0 and wy € T';

ii) The function K} (z0,wo,s) satisfies the functional equation
L(s)K; (z0,w0,8) = ATV T(a+1—5)K; (wo,20,a+ 1 — ) ¥z (W0)

A proof of this proposition will be given only for the case a = 0 in the Section about the first Limit
Formula.
We will use throughout 6(z), the reduced theta function associated to the divisor [0] of C/I", normalized
so that 6’(0) = 1. The existence of this function can be derived by working with the usual ¢ functions of
elliptic curves (see e.g. [Stel3] Chapter 2) but we’ll just take it as a fact. This function can be proven to
satisfy the transformation formula for y € I

2
o+ = atness T+ 1o o

where a(y) = —1if y ¢ 2T and a(y) = 1 otherwise.

17



Chapter 2: Classical Kronecker Limit Formulas

Definition 6. The quotient

z,weC

is called the Kronecker Theta function.

Observe that K} (z,w, s) is defined for all z,w € C but, as a function, it’s not continuous for z,w € I'. To
solve this, we just define K,(z,w,s) as the € -function defined as K,(z,w,s) := K} (z,w,s) for z,w € C\I'
and simply undefined for z,w € T".

Since K (z,w,s) for z € T is defined by removing the summand that would have a pole, we have

1
lim [Kl (z,w, 1) — } =K (0,w,1) (2.2)
z—0 Z

where notice that K;(z,w, 1) is always defined in a neighbourhood of z = 0 for I is discrete. This actually
(+7)* _ 1

lo+7* — (o+1)?
is indeed the term that would be removed in the case 0 € I'. Anyway for the use we’ll have for this formula,

it’s enough to consider the case a = s = 1 of Eq. 2.2.

works more generally, e.g. for a = s: this would give

which is just % when zo = 0, which

Theorem 1.
w

O(z,w) = exp ( 1

>K1(z,w,1)

A proof of this theorem is not useful for our scopes and is then omitted. The reader can take a look at
[Wei76] Chapter VIII, Section 4(7) or [BK10] Theorem 2.10.

Theorem 2 (Kronecker Limit Formulas). Call ¢ := lim,_.(1+ % +e % —logn) the Euler constant, A
the discriminant of T': A := g% - 27g% where i 1=} yer\ {0} vk, Then:

i)
_ . 1Y 5
ii) Forz¢ T’
2
* _ 2 I _L 2
AK;(0,z,1) = —log|0(2)| +—A 121og|A|

The aim of this Chapter is to prove the two formulas, with some ideas and techniques that will reveal
useful when working with the New Kronecker Limit Formula. Even if these proofs are not the originals by
Kronecker, we will still maintain the main idea: to prove at first the second Limit Formula and then to use it
to prove the first.

2.1 Proof of the second Limit Formula

We want to deduce Theorem 2.ii) from Theorem 1. In particular, it will reveal itself a key instrument in the
proof the following

Proposition 4. 3C € C constant such that —AK;(0,z,1) +C =log|0(z) > — % forall z & T.

18



Section 2.1: Proof of the second Limit Formula

Proof. By Theorem 1 we have

Computing the limits for z — 0, we get

1 w 1 1 w
lim (G)(z,w) — ) = lim {eA <K1 (z,w, 1) — > +- <eA - 1)} =
z—0 Z z—0 4 Z

. 1 w ol /@ « w
:lg}(l)e/x (Kl(z,w,l) Z>+}LOA ZX (eA _1):K1(O,W7l)+K

where we used Eq. 2.2 and two common facts: that lim,_,( e% =1 and that lim,_, % (e%7 — 1) =1.
yy

On the other hand, by definition ®(z,w) = ee((z)g(W)) so that

. . O(z+w) 1\ _ 1 imz9(1+w)—9(z)0(W)_
lﬂ@“”%>““@@%wzywwéo 002 =

Now, since 6’(0) = 1, we have 8(z) ~ z around 0 so we can reduce

1 0ktw)—8w) 1,
“ewimT o Tawm’ ™

by definition. By putting all together we get

W 9'(w)
K (0,w, 1)+ — = —1log0
Replacing w with z and since g Z = Z we get
K 0.21) =2 (1ogo(s) - = 2.3)
’ 2z A

Now define 5

E(z) :=1log|O(z)|* — i

A

In order to compute 3‘3(;) and ag) let’s recall a few facts about holomorphic functions: f: U — C for
U C C is holomorphic iff Vzg € U we can write f(z) = ¥,>0an(z —20)" (i.e. f is locally analytic). If

that is the case, f: U LcYcis locally around each zy € U of the form f(z) = ¥,0@ (z—20)" s0

that we see that it only depends on Z and not on z; moreover by looking at the coefficients we easily see

that 2 5 fx) = 5 9 f(z). By applying this to the functions defining Z, which are all holomorphic, we see that

gz log 9( ) = 0 (we can say it without worrying about branches of logarithm, just because the numerator of
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Chapter 2: Classical Kronecker Limit Formulas

that partial derivative is a%G(z) which is already 0) and in the same way get a% log0(z) = 0. From Eq. 2.3
and a% log0(z) = 0 we get

= Kf (07 <, 1)
On the other hand

9Z(z) Jlogh(z) dlogbz) dz I . < _
R S S R B AR

where for the second equality we used a%% = l%f(z) with f(z) =log6(z) and a% logf(z) =0

=K{(0,z,1)

again thanks to Eq. 2.3.
We now plan to use the formulas from Lemma A.1 in [BKT10] (recall A is the area of the fundamental
domain of I" divided by x):

1

1
aWKa(vaas) = _X (Ka+1(Z7W,S) —ZKa(Z,W,S)); awKa(Z,W,S) = Z (Kafl(Z,W,S— 1) —ZKa(Z,W,S))

The first easily implies that

0
ASK3(0.2,1) = K[ (0,5,1) =0 = —K{(0,2,1)

While from the second we get

d o
AjZKS(OaZa 1) = Kil (O,Z,O) -0= 7KT(07Z3 1)
To prove K*(0,z,0) = —K;(0,z,1) we cannot directly use the formula defining Kj; (z,w,s), for we are not
in the domain for s in which that explicit formula holds. Take an s such that Re(s) > %1 +1(=Re(l+s)>
% + 1), so that by Definition 5

. o1 exp ve—zy
K" (0,z,5)= Y y—zsxzw)= )y 7[75‘]
ye\{0} 171 yer\{0} i
. l exp Yozy
Ki(0,z,14s) = Z %Xz(y): Z %
yetriop 171 vty Y71

Now, A is real so that ﬁ%ﬂ is purely imaginary = its complex conjugate has simply the opposite sign in the
exponent, so we get
—Yz+zy
K (0,5,1+5) = W
vervoy Y
by re-indexing ¥ := —y
Yz—zy
exp | &5
-y 22T 0
yergoy Y17
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Section 2.1: Proof of the second Limit Formula

Now, since the equality works for Re(s) large enough and since we know that analytic continuation of
K (z,w,s) is holomorphic in the case we need (away from a = 0), we get that two holomorphic functions on a
connected domain C\I" that agree for Re(s) large enough must agree everywhere. In particular K*, (0,z,0) =

—K;(0,z,1).
So from 5 3
AZKS((LL 1) = *KT(O’Z, 1)5 A£K5(07Z7 1) = 7Kik(0,z, 1)
IE(2) I2(zx) -
=K;7(0,z,1 =K;(0,z,1
aZ 1( s )a az 1( s )
we get that

P . AL .
EE E(z) +AK;(0,z, 1)} =0= oz {H(Z)“‘AKO(O’ZJ)}

so that Z(z) + AK(0,z,1) =log|6(z)|> — % +AK;(0,z,1) is constant equal to C.

Now we want to determine C.
Notation 2. Denote z, # 0 for n > 1 to indicate z, € 1T'/T'\ {0}.

Lemma 3 (Distribution relation).

2logn
Z Kg(ovzml):_ Ag
Zn7é0

where the sum runs over all n- torsion points z, of C /T except zero, i.e. points P that aren’t in T but such
that nP € T (precisely P € 1T/T"\ {0}).

Proof. First of all we claim that the following holds

Z Xzn (7) =

melrr

2 .
{n, if y € nl; 2.4)

0, otherwise.

To prove this, call G := I'/nI" and G := Hom(G,C*) its group of characters. Since |I'/nI’| = n?, it’s enough
to show that

Claim: !T/T' 5 G; z, - xs,-

Indeed we know that for characters

|G| = |T'/nl] =n?, ify=eg, ie yecnl;
Y x(n)= .
0, otherwise.

Xzn €6

Proving the claim would then yield that ¥ _1p Xz, (v) =X,. c¢ Xz (7). hence Eq. 2.4.
Proof: Consider the map

1 1 W —wz
o T/nlx =U)T — -Z/Z; (z,w) — -
we use it to prove an additive version of the claim, precisely:
1 ~ 1
w: ~T'/T s Hom, (F/nF,fZ/Z); s (o 2n) 2.5)
n n
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Chapter 2: Classical Kronecker Limit Formulas

This would get 2I'/T" = G = Hom.(G,C*); z, ~ J,, simply by passing from additive to multiplicative
homomorphisms, by applying the exponential map.
Injectivity of Eq 2.5: let z, be an element mapped to 0, i.e. Yw € I'/nI’, (y(z,))(w) = (w,z,) = 0; by looking
at its definition, this implies that z,w = z,w = z,w € R Vw, which can happen iff z, = 0.
Given that y is a map between finite groups, injectivity would allow us to conclude that Eq. 2.5 is an iso-
morphism if we prove that the cardinalities of domain and codomain are the same (this will give bijectivity;
we also need that ¥ is an homomorphism, but that is clearly seen). Since |%F/ ['| = n?, we need to prove
that |Hom (T'/nT, %Z/Z)| = n? as well. Let oy, be generators of T, i.e. such that T = & Z®w, Z;
being an homomorphism, we have that the image of y is determined by the images of the two generators,
so it suffices to count the possible choices for those. Call z; := y(®, ); since we work in I'/nI", we have that
n®; = 0, so that, since y is an homomorphism, we need to impose that 0 = y(nw,) = ny(®;) = nz, i.e.
that zj € 17 /Z. The same is true for the image z> of @,. So we have n = |1 Z /Z| choices for both @; and
@ for a total of n> which is then the cardinality of the group Hom  (T'/n[, % Z]7).
This concludes the proof that y is an isomorphism, which then gives Eq. 2.4. |
Therefore we have

" 1
Z K5(0,2n,5) 22 Z MstZn _n Z Zmzs%@t ) Z

o eTr el 0} ret(o) yet (o) WS

Z xZn

by definition of K (0,z,,s), exchanging the sums and since 0 € I". Now, since Eq. 2.4 tells us that Y, x,(7)
kills all y’s but those in nI’,

-l vy

2 eioy 7

1 2
|st%1n —n )3 "

yenl'\{0}

1

)y

o AT

by changing variable and calling ¥ = %}/, and since yo(w) = 1Vw,

1 1 1 1
= T X0V = 5 K5(0,0,5
yervoy Y1 rerz\m} ) = 0.02)

Where the last equality holds by definition for Re(s) >> 1, hence Vs € C by analytic continuation as saw in
previous proof. Thus we obtained

1 N | 1 y 1 1 .
= Y KO(O,zn,s):ﬁKO(O,O,s)éﬁ Y K5(0,z4,5) = (W‘#)KO(O’O’S)

" mwelrr 70
Now we need to use Equation (31) from [Wei76] Chapter VIII Section 13:

[(5)Ky(x,X0,5) =Lo(T, x,x0,a,5) + AT "SI (A72T 71 xg,x,a,a+ 1 —5)x(—x)—
Ts Ts—a—l (26)
—e—y(—x)+eA T ——
s s—a—1
where € = 1 ifa=0,x € 'and 0 otherwise; &' = 1 if a = 0,x0 € I"and 0 otherwise; I.(T’,...) := [ 6, (¢,x,x0) dt
(this resembles a similar one that we’ll encounter in the next Section before the proof of the first L1m1t For-
mula); A is the same value as before and y is the character we called Y, (even if Weil’s notation doesn’t
write it explicitly, it does depend on xg). [Wei76] also tells us that L. is entire, so it doesn’t have poles. We
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Section 2.1: Proof of the second Limit Formula

want to compute the residue of K;;(0,0,s) at s = 1 by using Eq. 2.6: notice that I'(1) = 1 and in our case
a=0=x=x9= €=¢€ = 1. The last two summands in the RHS of 2.6 (the only two that can have poles,
since I is entire) become

s s—a—1 s s—1

T ! 4—a—1 - —1
ssx(.ﬂ+£A = San+A -

s—a—1
The first term has no pole at s = 1, while the second does with residue AITO = %. So, locally around s = 1,

we can write

K;(0,0,5) = +o(1)

A(s—1)
so that we have by above
1 N 1 1 N 1 1 1 1 1
n2 ;()KO (0,24,5) = <n23 - n2>KO (0,0,s) = (nzs - 112> m + (}125 - 1’12>0(1)
Zn
11

in a neighbourhood of s = 1, where (nj — n7> O(1) tends to O for s — 1. Then, by taking on both sides limits
for s — 1 and using de 1’Hopital rule (in the second equality of the second line):

1 1

1 . 1 . . .
’Tzzz;;'oKo (0,2,,1) = }E)I}EZZ#:OKO (0,2,,8) = }gr} <nZs — ,12>K0 (0,0,5) =

L1
1 y— 10 /1 10 1
= lim22 o=~ 2 L
A o1 " A&s(nzs) —1 A&s((n2)5>

C1gehos” | 1/ 2logn  2logn
B o A n? - An?

s=1

A Ods

so that, multiplying by n? both sides, we get the result of the lemma. O

Choose n > 1; Vz, € %F/ I'\ {0}, we have that z, € I" (or else it would be 0 in the quotient); we’re then
in the conditions of Proposition 4. Since the number of z, € 1I'/T"\ {0} is n® — 1, we get
_ |Zn|2

== ¥, (1oglo@l - B axi0.2,1)) =

270
§ : 2.7

=Y <log|6(z,,)|2 - |ZIZ> —2logn
2070

where we used the Distribution Relation, Lemma 3, for the second equality.

We now want to explicitly compute the sum left in Eq. 2.7 in terms of A.

Proposition 5.

1 o/
JloelP =~ ¥ (1oeloGP - )

227#0

where zp runs over non trivial 2-torsion points of C /T. A is defined by writing the equation of the elliptic
curve C /T as

y2 =453 —gx—gi=4(x—e)(x—er)(x—e3) = A = (e —62)2(61 —6‘3)2(63 —62)2
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Chapter 2: Classical Kronecker Limit Formulas

Proof. Note
(x—er)(x—ex)(x—e3) = [] (x— @(z2)) 2.8)
2370
where g is the Weierstrass- function. To see this, recall (see e.g. [Stel3] Theorem 2.9) that the Weierstrass-
 function and its derivative satisfy the equation @/ (x) = 4°(x) — g249(x) — g3 with the same g»,g3 as

ours (defined in Theorem 2). Moreover, recall that &/ i 1s an odd elhptlc functlon, so it must be zero when
computed against 2-torsion points. This tells us that (£(z2), £/ (z2)) = (£(z2),0), with z, non-trivial torsion
points are solutions of the Weierstrass equation of the elliptic curve C /T, so that Eq. 2.8 holds.'

If we write I' = Z @) + Z @, we can wlog assume thanks to Eq. 2.8 that e; = @2(5-), e2 = (%), e3 =
p(%) From Ex 12, page 20 of [Ste13] we have?

0(z+w)B(z—w)0(x) 20(w) > = p(w) — p(z), wegT

where 0 is the reduced theta function we defined in last Section. We will use this formula thrice, taking as
w the three non trivial 2-torsion points, which satisfy condition w ¢ I'. This yields

o(232)o(252)e(F) o(3) =e(F)-0(3) —er-e
o(an+G)o(F)e(*52) 0(3) - #(3)-#(*5%) e
(

(o 2)0()0(%5%) "0() "= o{2) - o(25%) =

2
Remember that we had Eq. 2.1: 0(z+7) = a(y)exp (¥ + %)9(1) where y € Tand o(y) = —1if y ¢ 2T
and a(y) = 1 otherwise.

AN =(e1—ex) (e —e3)*(e3—er)* = 9((01 ; @)769(%)766(%>76'

(2 ;“’Z)ze(a)] +%)29(w2+%)2=®

Now using Eq. 2.1 (the square for the exponentials simply cancels the 2 in the denominator):

2

e(wl—an>2:6(w1+a>z _@)2: (il)zexp(_ (01 + )@ wz@)e(lerwz)Z

2 2 A * A 2

~ex (_ w1@)6<wl+wz)2
PAT7a 2

And similarly

o(an+G) =ew (% +2)0(3)

I'The equality can be proven also in the completely opposite direction: by recalling the definition of sum on the elliptic curve (the
operation that gives it structure as a commutative group), one can see by drawing a picture that the zeros of the Weierstrass equation
(e1,0) are 0 when summed with themselves, i.e. they’re the non trivial 2-torsion points.

2The reference presents this formula in the form “c(z +w)o(z — w)o(z) 20(w) ™2 = @(w) — #(z)”; we can rephrase it with
the reduced theta function instead of ¢ thanks to [BK10], which constructs explicitly 6 and affirms that “The function 6(z) is the
Weierstrass-o function o'(z) up to a simple exponential factor”; this factor is made explicit at page 11 of the cited paper.
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Section 2.1: Proof of the second Limit Formula

6<m+ﬂ)2:exp<w1@+@)9(ﬂ)z

2 A A 2
so that
(O oA 4 —O|+ 00 + 00 + O, + ;N
@=0(=57) o(3) o(F) e A )=
o(B2) (%) "o(2) g (ST
- 2 2 2 P A

A formula for A’ is obtained by conjugating:

= an—&-wz)*“ (g -4 (g)*‘*. (a)zﬁwwlﬁmth@)_
A_G( 2 0 2) o7) o A -
—4 —4 —4 — = = o=
R —1
:6(0)1‘;@2) 9(%) 9(%) .exp< e(m ) m(aa/f)l)+w1w1+a>za>z>

as w;®; and @, @, are real numbers. We now need to multiply A and A’ to get |A |2 from the statement.

Clearly the terms 6(z>) ~* and their conjugates make together (|6(z)|?) %, we need to be more careful with
the exp term:

exp (Re(@201) HIm(@n) o P ooy o (Re(onmn) “Im(om) tlo oty
A A B

:exp<(2Re<wﬁl)+lwllz+\wz|2>+|w1|2+|wz|2) (|w1+wz\2 |w1\2+|wz|2)

A
o (IR ) ([ T

So that, putting all together, we get a formula for |A|?:

WP =TT (o) e (-20)

227#0

Now, taking logarithm and dividing by 4, get
1
Zlog|A’\2 (Zlog@ 1> — ool )
22#0

which is the wanted formula. Note that this doesn’t depend on the choice of the branch of logarithm as we’re

working with positive real numbers.
O

We can finally prove Theorem 2.i7)
Proof of Second Limit Formula. By direct computation, we see from proof of Theorem 2.9 in [Stel3], that

A =2*A. Using Eq. 2.7 with n = 2 and previous proposition, get

1 |22 1/ 1
= log| L—)m 2 :7(771 N2 =21 2):
€= gy | I, (1ot~ 5) ~tog2] = 5 froaia® 21
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Chapter 2: Classical Kronecker Limit Formulas

] | 1
—— (1og|A'] +81 2):ff1 BIAPR = — —log|A]?
= (log &' +8log2) = —— log2%[A'* = — log 4|

Remembering how C was taken in Proposition 4, we get

|z 1 2

log|0(z)|* — — = —AK(0,z,1) — — log|A

0g|8(2)* — - = ~AKj(0,2,1) — 5 log 4]

That concludes the proof of the second Limit Formula. O

2.2  Proof of the first Limit Formula

We pass now to the proof of the first Limit Formula, which will use the second one that was proved in last
Section. We will also prove here a special case of Proposition 3, i.e. when a = 0, and to do so we will
first define a couple of new objects, that we already encountered in a similar form during the proof of the
Distribution relation, Lemma 3.

Definition 7. * For fixed zg,wg € C, I a lattice and A like always, we define for t > 0:
* * t 20 + 2
0 (I7Z07W0) = Z exp <_ A,)/|>%W0(,Y)7
Y

where Y* denotes the sum over y € T\ {—z0} if z0 € I

1(zo,wo,s) ::/1 0% (1,20, wo )" dt

Note that I(zp,wp,s) resembles a Mellin transform and it is in fact a part of the integral defining it.
Moreover, it’s easy to see that the integral defining it converges Vs € C, as 0 is of exponential decrease
while #*~! of polynomial growth for |s| — co.

We already saw in the proof of Lemma 3 the following formula (now adapted to our current notation):

. 0, i}
AT (5)Kj (20, wo,5) = 1(20,W0,5) — %Xzo (wo) +1(wo, 20, 1 =)z, (wo) + - ivol 2.9
where 0, = 1 if x € I" and 0 otherwise.
A proof of this can be found in the already cited [Wei76] Chapter VIII Section 13; the idea is to write I'(s)
as the Mellin transform of e, split the integral into two parts: fol, Ji" and use the functional equation for
0* (also in [Wei76], equation (30), Chapter VIII Section 13).

Remark 9. Equation 2.9 gives the meromorphic continuation of Kj(zo,wo,s) and its functional equation
from Proposition 3:
['(5)Kg (20, w0,8) = A" T(1—5)Kg (w0, 20, 1 — ) %z (w0)

L 11)oreven entire (I(-,-,s), A®),

Proof. Since all the functions appearing in Eq. 2.9 are meromorphic (I'(s), , -
and since zeros of I'(s) are polynomials, the expression that we get after dividing both sides of Eq. 2.9 by
I'(s)A* makes K (zo,wo,s) into a meromorphic function on C.
For the functional equation, from Eq. 2.9 we get, switching zop and wy and with 1 — s instead of s, that

wo

_ 0, )
Al sr(l *S)Ké (Wo,Z(), 1 75) = I(W07Z0a 1 *5) - :xwo (ZO) +I(Z0>W075)XWO (ZO) + _iz
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Section 2.2: Proof of the first Limit Formula

Multiply now both sides by x;, (wo) and notice that

Z0Wo — Wo%) ( woZo — 20Wo

Xwo (ZO)XZO (WO) = eXp ( 2 ) = exp(O) =1

A
Get s
AT (1= 9)Kg (w0520, 1 =)z (W0) = I(w0, 20, 1 — ) ey (wo) — %XWO (20) Xz (wo)+
Oy Owg
+1(20,Wo, 5) Xowy (20) Xz (W0) — 5 X (wo) = I(wo,20, 1 = 5) Xz (Wo) — =
610 s *
+ (20, wo,8) = = 2z (Wo) = A°T(5)Kp (20, o, )
again for Eq. 2.9. Dividing both sides for A®* we get the functional equation. O

We finally give the proof of Theorem 2.i).

Proof of First Limit Formula. By Eq. 2.9, since ¥o(0) =1 and 0 € ' = §) = 1 (so we’ll omit these terms)

1 1 1 AIT(s)
ASIT (AK* 0,0 —7)2100 410,01 —5) 4 — -
(S) 0(7 7S) s—1 (7 ’S) S+(, ’ s)+s71 s—1
1 AT (s) — 1
=1(0,0,5s)— —+1(0,0,1 —5) - —————
(0.0.5) = = +1(0,0,1—5) = ==
Taking lim,_,; get (since A° =1, T'(1) =0! = 1)
1
lim (AKg;(o,o,s) - —1) =1(0,0,1) — 1 +1(0,0,0) — logA + ¢ (2.10)
s— —
where we used de I’Hopital rule to see that
d pAs—1 s—17v
A571F s)—1 <d7A )F(S) +A I (S) ] ,
lim () =1 _ i A = limlogA A*'T(s) +A*~'T"(s) =
s—1 s—1 s—1 1 s—1
=logA-1+1-T'(1) =logA —c
for I'(1) = —c where c is the Euler constant (defined in the statement of Theorem 2).

On the other hand, taking zo =0 € ', wo =z ¢ I, s = 1, always for Eq. 2.9

1
AK;(0,2,1) = ATT(1)K;(0,2,1) = 10,2,1) = 1 %0(2) +1(2,0,0)%0(2) +0 =
=1(0,z,1)—1+1(z,0,0)

@2.11)

as Xo(z) = 1. Note lim,_,01(0,z,1) = 1(0,0, 1) as it is continuous.
It will reveal useful to define for z # 0

* ” t|z‘2 s—1
P09 = 10.9) - [ exp (=) ar
1
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Chapter 2: Classical Kronecker Limit Formulas

which satisfies lim,_,o/*(z,0,0) = 1(0,0,0). Indeed by inserting in the definition just written those of I and
6*, remembering the definition of Y* and noticing that, since z — 0 and 0 € I", we can safely assume that
z ¢ I' in a neighbourhood of 0, so that we don’t have anything to exclude, we have that

I'(z,0,5) = /;ots‘l {Z exp (- M) A—exp (- tjz)] dt =

yer

2
-/ sl[ ¥ exp( -1 )]dt
0#£yell

Now if we take the limit for z — O the summand in the last integral corresponds to 6*(¢,0,0) so that
lim,_,01*(z,0,s) = 1(0,0,s), Vs and in particular for s = 0, which was what we needed.
Rewrite I'(s) — % in the following way:
71? ldt_|_/7 71‘& ldt
s

_ _/ 7t s— ldt 2
T (2.12)

s—1 il 1 |Z|2 x_
[‘26 t dl+/ dt + — |:(A> 1:|

as fOA 5 ldt = (‘Zl ) It is a known property of the Euler’s constant that —c = lim,_,o (T'(s) — %) So,

22

1

A
taking s — 0 on both sides of Eq. 2.12, we get that LHS — —c, while for RHS we just have to notice that

limy_,o L Kli ) 1} log (‘Zl ) to get the equality

H2 5
= Hze - dt+/ ) dt—i—log(lZ') (2.13)
So, starting from Eq. 2.11,
AKS(O,Z,I):I(O,z,l)—H—I(z,0,0):I(O,z,l)—1+l*(z,0,0)+/ exp(—%)f&it:@
1

2
by using Eq. 2.13 after the change of variable r := ﬁt =dt = %dr that makes

0 2 00
/ exp(——rm )r’ldr:/ze”t’ldt
1 A Iz~

A

122 2
2]

® = 1(0,2,1) — 1 +1"(2,0,0) —c—/ Yo -t tar—tog (K1)
0
Therefore, using lim,_,0I*(z,0,0) = 1(0,0,0):

lim (AKO*(O,z,l)+log\z|2) — lim (I(O,z,l)— 1 +I*(z,o,0)—c—/ Y et — D dr+
z—0 z—0 0
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Section 2.2: Proof of the first Limit Formula

A
||

We can conclude: start from Eq. 2.10

+log <|z|2- )) —1(0,0,1) — 1 +1(0,0,0) —c — 0+ log A

1
lim (AK;;(QO,s) - —) = 1(0,0,1) — 1+1(0,0,0) — logA + ¢ =
s—1 1

=1(0,0,1) = 1+1(0,0,0) — ¢+ logA — 2logA +2c = lim (AKg(o,z, 1) +10g|z|2) ~2logA +2¢ =
—

2
since by second Limit Formula we have AK;(0,z,1) = —log|6(z)|* + % — 5 log|A]?

, 2> 1 2 ! 2
=1 1 — — —log|A]” | —2logA+2c =logl +0— —log|A|” —2logA +2c =
z%(0g|6(z)|2+ +~ D og|A| 0gA+2c=1logl+ o og|A| 0gA+2c
1 2
——1log|A|” —2logA +2¢
12
as desired, where we used that z ~ 0(z) to get lim,_ % =1 O
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Chapter 3

A Limit Formula for Hecke L-functions
of complex cubic fields

We will soon present the New Kronecker’s Limit Formula. Before doing that, we will review the theory of
partial zeta functions and Hecke L-functions, by defining them and proving some important characteriza-
tions. The New KLF

G 4(0,0) = log [T (fo ) 3.1)

will be presented in Section 3.3, along with the definition of the Smoothed partial zeta function Cf‘a (b,s). One
may object that it’s not so easy to find at first glance the similarities between this formula and the classical
KLFs, Theorem 2 of the previous Chapter. To that concern, in Section 3.4 we will derive from the classical
Limit Formulas, a version of KLF that holds for imaginary quadratic fields, which resembles the New KLF
Eq. 3.1 and was probably what motivated the authors of [BCG23] to formulate the latter.

3.1 Partial Zeta functions

Partial zeta functions are part of the language we need to state the New Kronecker Limit Formula for complex
cubic fields.

Fix a class C in €I (f) consisting of elements (), where b is a fixed fractional ideal generated by ideals
coprime with f, while (o) varies over the & € K such that vp(ot — 1) > vp(f), Vp|f primes and og(ct) > 0.
Call o the element in Gal(K (f)/K) that corresponds to C via the Artin map.

Definition 8.
Cf(C,S) = Cf(G,S) = ZN(C)_S7 RG(S) >1

ceC
where the sum runs over all integral ideals ¢ in the ideal class C, is the partial zeta function of C.
Notice that this definition resembles the one of the Dedekind zeta function, with the particularity that
here we sum only on ideals that satisfy some condition depending on f. One can see that, if we sum é’f’s for

all possible such {’s, we get indeed the Dedekind zeta function. This is the reason behind the name of partial
zeta function.
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Chapter 3: A Limit Formula for Hecke L-functions of complex cubic fields

Remark 10. [fwe write C = [b] for an integral ideal b of O and call L := b=, we want a more explicit way
to describe the integral ideals in the class C, i.e. those which appear in the sum defining Cf(C ,8):

{aC Ok |lacC={op| ue (1+L)+/ﬁ;)*fx}

where (14 L)" are the elements of (1 + L) with real norm > 0.

Proof. Consider the map
®: (1+L)" - {aC Ok |acC}
M= b
We want to prove that this map is bijective (after some quotient).
The map is surjective. Let a € RHS; a € C means that a =6, Ju € K such that vp(u — 1) > vp(f), Vp primes
dividing f, and og(¢t) > 0. These conditions tells us first that g € 1+ L and then, since og(i) > 0, that

actually p € (1+L)™". So a comes from an element y € (1+L)" via ®, proving surjectivity.

We claim that ker® = ﬁ;’fx, so that the map becomes injective when we quotient by it. The claim is

equivalent to proving that by = by’ iff u, p’ € (1+ L)+ differbyau ﬁ;‘fx. If W' =pu, uc ﬁ;’fx =

by = buu = by’ because two ideals that differ by a unit are the same ideal. Conversely, if byt = by’ then the
elements (t, 4’ must differ by a unit u € 5. Moreover, since p,u’ € (1+L)", thenue O N(1+L)*T =
ﬁ;’fx and we’re done.

O

We can then see the partial zeta function as associated to an integral ideal b coprime with f as

G(C,s5) = Gi(0,5) =N(0) ™ Y Nw

;L€(1+L)+/ﬁ;fX

always for Re(s) > 1, where we pulled out the norm of b since the norm is multiplicative. We denote

C(1k,L,s) = )y N(u)™

ue(1+L)+/ﬁ;fX

Remark 11.

C(1K7L7S)=;< Y ! + y Sgn(#R))

HE(HL)/ﬁ;’fX V() ue(1+L)/ﬁ;=fX IN(u)[*

Where notice that this sum is on classes of (1+ L) instead of (1+L)" like before. Indeed:

RHS:;<“ Y + Y + Y i

sen(ue)>0 VD L ant)<o NP4 entig)s0 IV

1 1

—1 1 1
+ )= L . _1LHS
R N(uw) ok N N
kf # kf
sgn(ug)>0

We aim to express this sum as linear combination of Hecke L-functions, which will be defined in the
next Section.
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Section 3.2: Hecke L-functions

3.2 Hecke L-functions

Let x be a character of €I (f), i.e. a group homomorphism x: €I¢ (f) — C*. Since €I (f) = I(f)/P(f)",
it makes sense to consider the restriction of ¥ to P(f)/P(f)™; since the zero class must be mapped to 1¢, we
have only two possibility for x ([(a)]) for (&) € P(f) \ P(f) "

2([(@)]) =—1 = x restricted to P(f)/P(f)* has order 2;
2([(@)]) =1 = x restricted to P(f)/P(f)" has order 1.

We say x is odd in the first case, and even in the second.
For x a character of €'l (f) and Re(s) > 1 define an L-function':

x(a) x(p) \ !
Le(x,s) == .= 1— p 3.2)
A ac% N(o) (p71f)_1=1( N(p) )
(a,f)=1 P prime

where the expression as Euler product appears similar to the more famous one for the Dedekind zeta function

1 1
L Vo g

acok

and is proved similarly, see e.g. [Neu99] pag 515.
This Lf( X,s) satisfies a functional equation with I factors:

C(x,s) = Ir(s)lc(s) if x even;
2=\ Pp(s+ )le(s)  if 2 odd.

where I'g (s) = 77:_%1“(%) and e (s) =Tr(s)Ir(s+1) =2(27) *T(s). See [Sch88] for a more specific take
on the subject.

Thanks to this functional equation, it can be proven that I'(y,s)L;(x,s) is always entire, apart from the case
X = Xo the trivial character, in which it has a pole at s = 1 and is holomorphic elsewhere. Note that Lf( X0,5)
is the Dedekind zeta function with the extra condition for ideals to be coprime with f, denote it { Kf

CK,f = Z 1

ac ok, (6,f)=1 N(a)*

Assume ) # o even. Since the completed L-function I'(%, )L (%) is entire, then L¢(,s) has at least a
double zero at s = 0, because I'r(s),I'c(s) both have a simple pole at s = 0 (for the I" function has simple
poles at non negative integers).

Take now x = xo; then Li(xo,s) = Cx ;(s) = Ck (s) [Ty)(1 —N(p) ™) where Cx is the usual Dedekind zeta
function and the last equality is obtained from the Euler product of the Dedekind zeta function written above.
Now, Lf(x(),s) has analytic continuation to all of C with exactly one simple pole at s = 1 (it’s a particular
property of Hecke L-functions, see [Neu99] page 524). Since f # Ok, also in this case Lf(lo,S) must have a
zero of at least multiplicity 2 at s = 0 for L¢(xo,)I'(%,s) is holomorphic at 0 and I'(%, 5) has again a double
pole at O (as xp is even).

Summarizing, for all } even (both equal and not equal to the trivial character) we have that Lf(x ,s) has a

!

zero of multiplicity > 2 at s = 0, so that Lf( X,0) =0 for all y even.

IHistorically L-functions were defined as Euler product and later the writing as Dirichlet series was proven, thus following a similar
construction to the one of Dedekind zeta function, see for example Tate’s book [Tat84].
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Chapter 3: A Limit Formula for Hecke L-functions of complex cubic fields

3.2.1 Meromorphic continuation of partial L-functions

The vanishing of L",( X,0) for x even gives the following expression for partial zeta functions:

Lemma 4.

1 d sgn(Ur)
§'(1x,L,0) = 2ds <u( ) N(IJ)|‘Y>‘SO

e(1+L)/ 6’;‘;

Remark 12. This expression may appear strange, as we defined (1x,L,s) only for Re(s) > 1, and not just
by choice, but because its definition is well-posed (i.e. the series absolute converges) only in that region.
The expression of Lemma 4 is to be intended for analytic continuations. In particular: the series on the RHS
of Lemma 4 cannot be differentiated and evaluated at s = 0; one needs to consider the series for Re(s) > 1,
differentiate it there, extend its derivative by analytic continuation and evaluate this new function at s = 0.
This remark will be useful for some proofs inside the proof of the New Kronecker’s Limit Formula (Chapter
5).

Proof. We want to use the formula proved in Remark 11. In particular, we need to show that the derivative
of the first sum in that formula is 0 when evaluated at s = 0.

First rewrite that sum as {

L Wwr- X Wwr

ue(1+L>/f/;ij He(1+L)/ 0y ¢

where notice that in the second sum we only quotient by & f This holds for the existence of the short exact

sequence
0— {1} — (1+L)/6’+ X = (14+L)/ 0 =0

The crucial condition here is that the second term of the sequence is {1} and not {£1}. This holds since in
Section 1.2 we assumed that there are no units of negative norm, so that —1 ¢ 1+-f, in particular —1 ¢ 1+ L.
We claim that this sum can be expressed as linear combination of L-functions Lf( X,s) with x even: call

ar,...,q some integral ideals representing the classes in €Ik (f) = I(f) /P(f) (which are known to be a finite
number), then
Claim: [1]
x()) 1
Le(x,s) = — (3.3)
f Z N(a,)* Hfaz oz, NP
Proof: By definition we have Lf(x, s)=Y (@f)= Y and each a in this sum is in the same class as one of

the aj, 1 < j <tin €lk(f); call [a;] such class. So

o= x@) _§ x(a)
Lf(X’ ) (a§:1 N(a)s Z 4N(a)5

Now a € [a;] = a =a;(u), some (i) € P(f). That x is even means by definition that ((it)) = 1 and by
multiplicativity of the character, this yields x (a) = x(a;). So

I

=Z 1@) ¥ N6~ = Y 26)G (o)) G4

J=laclaj] acfa;] J=1
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Section 3.2: Hecke L-functions

by the first definition we gave in this Chapter. Later on, in Section 3.1, we saw partial zeta functions
associated to an integral ideal as

Gllojls) = Gilajs) =N@))™ ¥ Nu) "=

+ /X
He(1+L) /ffK_f
as in this case L = fa;l

=N(aj)" Y N(u)™ :N(aj>‘s Z IN(u)| ™
c(1+fa;hy+/ ot e(1+fa;! /(jxf

J K,f

that, together with Eq. 3.4, gives the claim. ]

Claim: [2] V1 < j <t, we have:

cha.,-],s):zv(a.,-)—f )} :Zx ) Li(x,9)

e(1+fa;! /ﬁxf

where we’re summing over the characters y: €lg(f) — C* and ¢ := | €Ik (f)|.
Proof: Thanks to Claim 1, we have that

Y x(e)'Li(x,5) Zx Z a;) G ([ai],
X

i=1 i

M«.

Y 2 )G (lail, Z, i)Y x(aia; )
g - g (3.5)

where we can exchange sums because the one over i is finite and we use multiplicativity of the characters.
Now, since for G finite abelian group and G = Hom(G,C*), we have for g € G that

G| ifg=eg;
¥ 2o {|| g=¢o

Il
—_

126 otherwise.
with G = %k (f), since gja; " € Flk(f), we get that
€l =t ifi=j;
R j 56
- (f) 0 otherwise.
XECIk

Note that LHS of Eq. 3.6 is precisely the inner sum in the RHS of Eq.3.5, so that the outer sum on the RHS
of Eq. 3.5 has only one non-zero summand, for i = j, giving us

Zxa] "Li(x,5) = 1G([aj],9)

and the claim holds. ]
Note that the characters of ¢k (f) correspond to the even characters of ¢/ (f), so that Vy : €Ik (f) — C*
character, we have L%( X,0) = 0 by this correspondence, together with considerations done at the beginning
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Chapter 3: A Limit Formula for Hecke L-functions of complex cubic fields

of the Section.
Differentiating both sides of Claim 2 and evaluating at s = 0 gives

LY ) L) d
ds<t T )

RS R IR

pe(i+fa;! )/ﬁ;f

s=0

—(-svep= Y )| (Ve LY v
( )|+ (v )

ne(1+fa; /07 5=0 s ne(i+fa; /0%

s=0

d —S
:O—H'ds( Y N ()] )
ue(1+fa;')/ﬁ;>f

so that actually the first sum in the formula of Remark 11 doesn’t influence the derivative in s = 0. The result
of this lemma is then immediate. O

s=0

This result will be useful in the proof of the New Kronecker Limit Formula that we will state in the next
Section (but will be proved only in Chapter 5).

3.3 A New Kronecker Limit Formula

Consider a,0,f ideals of Ok as they were taken in Chapter 1, that is: f,b non zero ideals such that (f,b) = 1 and
moreover f # Ok; a relatively prime to N(f) and such that N(a) is an odd prime. Let C be a class in ¢/ (f);
we’ve seen that the partial zeta function associated to C is {(C,s) = YeecN(¢c) ™, Re(s) > 1 for ¢ integral
ideals in the class C; we’ve also seen how to associate the partial zeta function to an integral ideal b of O,
by considering the one for the class C = [6]. This allows us to give the following

Definition 9. For a,0,f as above 2, we define the smoothed partial zeta function as:
gf,a(bas) = Cf(abzs) _N(O)Cf(bwy)a RC(S) >1

The next theorem is strongly reminiscent of the Limit Formulas expressing the derivative at s = 0 of
Hecke L-functions of imaginary quadratic fields in terms of logarithms and absolute values of elliptic units.

Theorem 3 (New Kronecker’s Limit Formula). The modulus of Fq,h(fb_l) defined in Chapter 1 doesn’t
depend on h and

G (6,0) =log Ca (o)

Note that dependence of Iy ,(f6~!) on a and L is seen by the presence of a and f,b respectively on the left
hand side of the formula.
A complete proof of this theorem can be found in Chapter 4 of [BCG23]; we will prove most of it in Chapter
5.

21t actually suffices that they’re ideals of Ok such that a and b are coprime with f, to be coherent with the notations of Section 3.1.
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Section 3.4: A Kronecker Limit Formula for imaginary quadratic fields

Remark 13. Assume the Main Conjecture 3 holds. Denote v the complex embedding of K(f) extending
oc: K = C fixed in its statement; we have

§4(6,0) =logluralv

Indeed the Conjecture tells us that Tq ,(fo~') € C* corresponds via the embedding v: K (f) < C to the unit
ura €0 I?(f)' Moreover since v is complex, the archimedean place | - |, correspond via v to the archimedean

norm on C, i.e. the complex module.

It is probably far from obvious how Theorem 3 resembles the classical two Limit Formulas as presented
in Chapter 2. In the next Section we aim to present more in detail this resemblance, by looking at a Corollary
that express the Second Limit Formula in the case of K imaginary quadratic field. As often in the study we’re
doing, the new results are motivated by the existence of more known ones for the imaginary quadratic case,
that we try to expand for the complex cubic case we work on.

Corollary 1. For K imaginary quadratic field and f a non zero integral ideal different from Ok, we have
1
& (09,0) = & (6,0) = —@ log |g;(0)|

for [0] € €lk(f) and oy the corresponding element in Gal(K(f)/K) via the Artin map, while q is again the
smallest positive integer in N Z. (The elements Wi and gf(b) will be defined in the next Section).

This corollary presents some similarities with the New Kronecker Limit formula (Theorem 3). We will
now derive this formula from the second Kronecker Limit Formula, Theorem 2.ii) proved in Section 2.1.

3.4 A Kronecker Limit Formula for imaginary quadratic fields

This Section simply aims to the proof of Corollary 1; its notation will be consistent with the one developed
for partial zeta functions in the first Section of this Chapter, as well as with the notations of Chapter 2 about
the proof of classical KLF’s.

Let K/ Q be an imaginary quadratic field (this notation for K is used only throughout this Section; later K
will return the complex cubic field of the rest of the thesis).

Fix f an integral ideal and choose [0] € €lk(f) := I(f)/P(f).

Call w; := |ﬁ;§7f\ ={ae 0 :a=1 modf}|.

Remark 14. Note that we used in the statement of the Corollary 1 and in this Section so far only classes
in €l (f) instead of in €1 (f). For the imaginary quadratic case the two notations are equivalent. Indeed
recall that we defined in Section 1.3: P(f)":=P(f)N{or(a) > 0} where or was the real embedding of that
complex cubic field. We’re now in a case in which there is no such real embedding, so that P(f)™ = P(f)
and consequently €l (f) = €1 (f). This will create some small differences with the previously established
theory that will be pointed out each time.

Recall the definition of the partial zeta function associated to a class [b0] € €l (f), cf. previous remark, is
(we write a C O to indicate that we sum only over integral ideals):

G(ls) = ¥ NG, Re(s) > 1
el

Let’s see a property that relates partial zeta functions to the Eisenstein-Kronecker series of Chapter 2.
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Chapter 3: A Limit Formula for Hecke L-functions of complex cubic fields

Proposition 6.

1 i} o
Cf([b],s):WKo(ho,s,fb Y 3.7

where K (z0,wo,s;f0") was defined for Re(s) > 1+ % at the beginning of Chapter 2 as

(Zo+7)"

K (z0,wo,s;T) := Ly,
(0 0 ) }|Z0+}/|2s% 0

vel\{—zo

(7)

Proof. We prove Eq. 3.7 for Re(s) >> 1 where both functions converge absolutely; then the claim would
follow by analytic continuation as done multiple times in Chapter 2.
Similarly to what we did in Remark 10

1
GE9=5er X up -

Ae(Hfb*‘)/ﬁ;f

where for the first equality we used a bijection (1 +fb’1)/ﬁ;f = {ac[b] |a C Ok}; A — Ab which is the

same as the bijection proved in Remark 10 just adapted to our case €Ik (f) = €L (f)

1 1

1
= =———K;(1,0,s55f6" ")
s Z 2s ANt
wNOP B TAPT w
just by looking at the definitions of w¢ and K (z0, wo, s:f 6=!) above. O

Notation 3. From now on, for the rest of this Section let’s simply write C;(8,s) := i([8],s) for a class
[8] € CIk(f)-

We want to use the functional equation of K (zo, wo, s;T"), proved for the case a = 0 in Remark 9. To do
so, denote A(zo, wo,s;f0") := T'(s)A*K; (20, wo,5;f0~ ") (where recall that A is the area of the fundamental
domain of {6~! divided by 7). The functional equation from Remark 9 then becomes

Alz0, 0,830~ 1) = A(wo, 20, 1 — 53§~ 1) stz (wo)

where x,,(z) = exp [M] ,Vz,w € C. Second Kronecker Limit Formula, Theorem 2.ii) tells us that for a

z ¢ 6! (this will be the case as we will consider z = 1 in the following, and 6 is taken coprime with f):

* -1 2 |Z\2 1
= AK;(0,z,s;fb )’ =—log|0()|"+ = ——

A(O,z,s;fb_l) - 4 B

log|A|*

s=1

where the first equality holds since I'(s)A* |s:1 = A. Now, the functional equation gives

= A(z,0,1 — ;67 1)

s=1

1= A(z,0,s5;f07 1)

s=1 s=0

A(0,z,5;/67")

as ¥o(z) = 1 and where the second equality holds by changing variable; combining the last two chains of
equalities we obtain

2
AGO.si0 )| = oo+ B

1 2
o ) Elog |Al (3.8)
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Putting together the definition of A and Eq. 3.7 we get

1 . I A(LO,s:f07")
C(bas>:7](*(]707s9fb l): )
f wiN(®) " wiN(®)*  L(s)A*
Recall that I'(s) has a simple pole at s = 0 with residue 1, so that ﬁ = 5+ 0O(s?) near s = 0. This implies
b, =|———A(1,0,55 s+ —————A(1,0,s;/6" ) O(s =
§<”So[ww@ms( SO Ay MOS0
g9 = — Lt Ao = (“toglonp+ L Liogjap
o s=0 wiN@)Ay =0 w-l A 12

where we used Eq. 3.8 for the last equality.

Recall what we aim to prove is Cf’(b, 0)= —611% log|[g;(6)| and what we currently have is

Cf’(b,O) = Wif( —log|0(1)*+ 1 — & log|A[?), so that we’re left to prove
LA |g:(0)| = —1lo |e(1)\2+l LA |A]? (3.9)
6 1o2l8i(®)] = ~log 11708 -

Remark 15. Dependence from {5, even if implicit, is present on the right hand side of Eq. 3.9: indeed A
depends on the area of the fundamental domain of {6~', A is the discriminant of the lattice {o~" (defined in
Theorem 2) and the theta function 0 as defined in Chapter 2, is associated to the divisor [0] of C /f6~!. All
those dependencies are omitted from the notation to ease the reading, but one should keep in mind that they
exist.

It’s now convenient to finally define the function gf(b) that appears in the left hand side of Eq. 3.9 as
well as in Corollary 1. We need first to recall classical elliptic functions associated to a lattice L.

Definition 10. e Foralattice L, 7 € C, the Weierstrass-o function is defined as:

G(Z):G(Z,L) =7 H <1Z)€‘i+%(§/)2

weL\ {0} w

e For L,z as above, the Weierstrass-{ function is defined

()=t =TE20 T Ly y (i)

dz o(z) z weln(oy \ETW W w

* Given a lattice L, it’s a classical exercise in elliptic function theory to prove that exists an R-linear
function () =N(;L): LR — C, such that {(z+w;L) = {(z;L) +n(w;L) for 7€ Cand w € L
(note that the definition is given directly only from L and then extended to LQ R by R-linearity).

Remark 16. For the following two definitions, we will follow the notation of [Tat84]. To be completely
consistent with this notation, it’s best to say that Tate defines Wi (that for us is the cardinality of ﬁ; f) as

the cardinality of the set {{ € u(K) : { =1 mod f}. The two definitions are equivalent in the case of K
quadratic imaginary field as Dirichlet’s unit Theorem tells us that Oy = p(K) x 70T~ = u(K) for we
have an extension of degree 2, completely imaginary.
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Chapter 3: A Limit Formula for Hecke L-functions of complex cubic fields

Recall that we defined g to be the smallest positive integer in fNZ.
Definition 11. * We define for z € C and L a lattice:
G(zL) = e M (7, L) A(L)
where A(L) is the usual discriminant associated to a lattice as defined in Theorem 2;
* For each class [0] € Clk(f) we define g;([8]) = g;(0) := G(1,f6~ 1) where we can use the second

notation for one can prove that the definition doesn’t depend on the element of the class (see Appendix
A for a proof). The element g([0]) is called Siegel-Ramachandra invariant.

With these definition we can reformulate the LHS of Eq. 3.9 as —6iqlog|g':(b)| = —Llog|G(1,fo 1)l
Let’s analyze it:

1 1 |
~glog|G(1,E )| =~ logle MU (16 !) Ao =

1 fp—l
= — < (10g |0 |t log o (1:76~")"2| + log A6 ) =

now we omit to write the lattice as it is always 6! both here and in the RHS of Eq. 3.9 (cf. Remark 15)
—6 12 1 1
= —log|e |+ —log|a(1)| + — log |A] = Re(n(1)) —2log|o(1)] — < log]4|

So we currently have

1 1
5o ozlgi(6)] =Re(n(1)) - 2log|o(1)] - g log | (3.10)

We want to investigate further the properties of the 6 function appearing in Eq. 3.9 (and in all Chapter 2). The
next results can be found in [BK10]. At page 11 of the cited paper, the function 0 is explicitly constructed to
satisfy the conditions of Chapter 2, and it can be explicitly expressed as 6(z) =exp [ — %zzz] 6(z). The value

e is explicitly defined in the paper, but we only care for a relation that it satisfies: 1(z) = ;—&- e5z. One
can check that this 1 function is the same as the one from Definition 10 by confronting the transformation
formula for the o-function at the beginning of page 11 of [BK10] and the claim of exercise 18, Chapter 2 of
[Stel3].

These two formulas, adapted to our case z = 1, yield ¢5 = n(1) — % =

0(1) =exp [— @ +21A} o(1)

This allows us to write the term log|6(1)|? in the right hand side of Eq. 3.9 as

log|9(1)\2 = logexp ( @ +% — 17(21)+2;> Jr10g|c5(1)|2 = —Re(n(l))Jr%Jrlog\O'(l)\z

Finally, by looking again at the whole RHS of Eq. 3.9 we have

1 1 1 1 1
—log\9(1)|2+g—ﬁlog|A|2 ZRG(TI(U)—X—10g|0(1)|2+g—§10g|A|z =

1 1
=Re(n(1)) - 2log|o(1)] ~2- 5 log|A| = —@logIgf(b)l

thanks to Eq. 3.10. We have then proved Eq. 3.9, hence Corollary 1.
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Section 3.4: A Kronecker Limit Formula for imaginary quadratic fields

Remark 17. The KLF for quadratic imaginary field we just proved, appears in [Tat84] (Ch. IV, proof of
Prop. 3.9) as (adapted to our notation)

, |
& ([6],0) = —mlogk’f(bﬂ (3.11)

We see that it differs from our formula by a factor 2: our formula has a 6 at denominator instead of Tate’s
12. Tate doesn’t include a full proof of his formula, but he states it relying on other references. I believe that
both formulas are correct, and the reason for the discrepancy comes from an inner notation used implicitly
by Tate when citing the paper [Sta80] by Stark. In Section 3, Eq. (11) of Stark’s article appears a 2 factor
more in the definition of G respect to ours; that, I think, explains the difference in the result. To further
support our formula, I want to cite a paper by Ramachandra [Ram64], cited by Tate himself when giving the
formula Eq. 3.11, which presents in computations in Section 3 (around pages 111-112) a factor 6 compatible
with ours.

We will use our formula (with the factor 6) also in the Appendix, when proving Stark’s conjecture for imagi-
nary quadratic fields.
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Chapter 4

Stark’s Conjecture

The Main Conjecture 3 we gave in Chapter 1 is particularly relevant for its relation with the famous Stark’s
Conjecture. The first two Sections of this Chapter aim to give to the reader who isn’t familiar with this
result, a brief overview of the aspects more relevant for us, in particular the case of the Conjecture regarding
Abelian extension, treated in Section 4.2. All references in this Chapter are to Tate’s book [Tat84], unless
otherwise mentioned. The first two Sections adopt the notation of Tate’s book, to help the reader who intend
on study the reference and confront it with the next pages. We’ll switch back to our main notation in Section
4.3; the reader will be guided in this change by Remark 20.

In Section 4.3 we will explain in detail the similarities between the Main Conjecture and Stark’s Conjecture;
in particular we will derive thanks to the New KLF an explicit formula that relates the units of the two
Conjectures:

N@-oq _ f
Stark B

4.1 General case

Let k be a number field of finite degree over Q and let K be a finite Galois extension of & with Galois group
denoted G. It’s a good idea for the reader to keep track of what this elements are in our case (that of Chapter
1) due to the change of notation: k is our complex cubic field K, while the Galois extension K just mentioned
is the narrow ray class field K(f). Our case (always from Chapter 1) however has the stronger hypothesis of
the extension being abelian, that we don’t assume now; that’s why in this Section we will only sketch the
results, that will be expressed more in detail in the next two Sections that concentrate on the abelian case.
Let x: G — C be a character and choose a representation that realizes that character, say p: G — GL(V)'.
Choose S a finite set of places of &, that contains all the archimedean places (those are in finite number since
we chose k to be an extension of Q of finite degree) and denote Sk the set of places of K that lie over a place
of k that belongs to S. We define the Artin L-function associated to S, x for Re(s) > 1 as:

V%>4

I'The realization of a character is basically the inverse process to the one that associates to a representation p: G — GL(V) a
character xp as ¥ (g) := Tr(p(g)) € C. We will refer at the realization as either V or p.

[0
P
Ls(s,x) := I |d 1—
S( X) o Ct( N(p)—s
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Chapter 4: Stark’s Conjecture

where ) is an arbitrary place of K that lies over p, and oy is an element in Gq) /Igv where Gi’ and I% are
respectively the decomposition group and the inertia subgroup of P over k. (Recall that G% ={oceG|
o(P) =9} Igv ={oc€G|o(a)=a mod¥ Va e Ok}). Tate proved in his book that the Artin L-function
doesn’t depend on the choice of the realization V but only on the character that make the realization, so
the notation is consistent. Lg(s, ) can be analytically extended to a meromorphic function on the whole
complex plane®. This extension allows us to write in a neighbourhood of s = 0:

Ls(s,x) = c(x)s"¥ +0(s" @)

with r(x) > 03
We now need to define Stark’s regulator, the last element needed in the statement of the Conjecture. Define:

X:{ Z new | ny, € Z, Z nW:O}

weSk weSk
(Note that the sum is finite as both S and the extension K /k are finite, hence so is also Sk.)
U={xeK"|x|w=1Vw¢ Sk} are the Sk-unities of K

Then the map
A:U—-RRzX; urs Z log |ul,,w
weSk

is easily seen to be well defined, as the classical formula from [Neu99] (Chapter III, Theorem 1.3) tells us
that [T |uly = 1 where the product runs over all places of K; u € U imposes that also [],,cs, [ulw = 1 as
the valuation is 1 for all other places, in particular 0 = log ([Tyesy [tlw) = Lyes, 10g|uly, so the map is
indeed well defined. Moreover, it can be proved that A induces isomorphisms RQ7zU = R®@zX, CRzU =
C ®zX compatibles with the natural actions of G on U and X (which come from the action of G on Sk that
permutes places w dividing v, for all v € S). So Q ®zU and Q®zX are Q-isomorphic as G-representation (or
equivalently as Q[G]-modules); call f: Q®zX — Q®zU such an isomorphism and, by abuse of notation,
denote by f also its complexified, f: C®zX = C®zU. The composition A o f is then an automorphism of
C®zX and by functoriality we get

Homg(V*,C®zX) Bely, Homg(V*,C®zX); ¢ —Aofoo

where V* is the contragredient of V' (in this case this is simply the dual representation, as G is finite). Finally
we can define Stark’s regulator as

R(x.f) =det((Aof)y)

This doesn’t depend on the realization V of j, but does depend on f. We can now state

Conjecture 4 (Stark’s Conjecture). Call A(y, f) := RC<

A(X?f)a :A(Xavf)

where the character y* is defined as x* := oo )y: G— C — Cand A(x, f)* simply denotes the action of
o € Aut(C)on Ay, f) € C.

%xj)[) € C. ThenVa € Aut(C), we have the relation:

2The analytic extension was conjectured by Artin to be entire if % doesn’t contain the trivial character in its writing as combination
of monomial irreducible characters, in the sense of Brauer’s theorem, see Chapter 0.5.

3Its value can be written more explicitly in different ways; e.g. on Tate’s Chapter 1, proposition 3.4 is proven that r(y) =
dim¢ Homg (V*,C®zX), where X is defined in the following lines.
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Section 4.2: Abelian case

We conclude this Section with a list of facts, which proofs can be found in Tate’s book.

Remark 18. » We said that Stark’s regulator depends on f and one may ask if the truthfulness of Stark’s
Conjecture may also depend on this choice. To that concern, it is proved that, if the Conjecture holds
for one particular choice of isomorphism f: C®zX — C®zU, then it holds for all possible choices
(Ch. 1, Prop. 6.2).

o Truthfulness of Stark’s Conjecture doesn’t depend on the choice of S, i.e. if it holds for a suitable S
(finite and containing all archimedean places), then it holds for all other such S’s (Ch. 1, Prop. 7.3).

o To prove truthfulness of Stark’s Conjecture, one may reduce to the case K/ Q finite Galois extension;
indeed if the Conjecture holds for all such extensions, then it holds for all finite Galois extensions K /k
with k number field of finite degree over Q (Ch.1, Prop 7.2). Moreover it’s enough to prove it for all
irreducible characters of dimension 1, for if it holds in this case, then it holds for all characters of G.
(This second part comes from the already cited Brauer’s Theorem.)

 If r(x) = 0 (the minimal exponent in the expansion of Ls(s, x) near s = 0), the Conjecture is true (Ch.
3, Thm. 1.3).

o If r(x) = 1, the Conjecture is equivalent to the existence of some units in K (Ch. 3, Prop. 2.1).

4.2 Abelian case

We consider now the case in which the extension K /k is abelian, which means that its Galois group G :=
Gal(K /k) is abelian (the hypothesis of K /k being Galois, necessary for this definition, must hold here like
in the general case). Call u(K) the group of roots of unity in K and e := |(K)|. Assume the set of places
on k, always called S satisfies:

a) S contains all archimedean places of k and the places that are ramified in K
b) S contains at least a place that splits completely in K;
o Is| > 2.

Recall that, if we call Sk the set of places of K that divide some place of k contained in S, we’ve defined:
U={xeK”*||x|y=1Vw¢ Sk}, the Sk- unities of K. Moreover we define:

U;é’;k = {u eU | K(u%) is an abelian extension of k}

Choose v a place of § which splits completely in K (that exists since S satisfies assumption b)) and call w
one of its lifts to K. Define, if |S| > 3

Ut .= {u el ||uy= 1Vw”(v}

and, if S = {v,v'},
u® .= {u eU | |u|gy = |ul,y Vo € G, W' lift of V' to K}

We can now state a version of Stark’s Conjecture for abelian extensions:
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Chapter 4: Stark’s Conjecture

Conjecture 5. Let K /k be an abelian extension. If S satisfies the hypothesis a) — ¢) above and if v is a place
of S that splits completely in K, and w a lift of v to K, then there exist a unit € € U;él;k AU such that

log|e°|,, = —e('(0,0), Vo €G “4.n
or equivalently such that

1 ~
L'(0,x)=~- Y, x(o)logle®|,, Vx €G
€ 5eG
Recall the notation €° indicates the action of G on K which is on the left. Recall the function L here is
the Artin L-function defined in last Section (dependence on S is present even if omitted from the notation).
Similarly the zeta function { (s, o) = {sx(s,0) is defined as

suls,o)= ), N@™

ags,aelo]

where [0] is the class of ideals that correspond to ¢ under the Artin map. The equivalence between the two
expressions in Conjecture 5 is clear.

Remark 19. Every other € that satisfies the given conditions differs from the initial one only by a root of
unity in K.

Proof. In the case |S| > 3, the condition € € U () already gives us the valuation for all places of K that lie
above a place different from v (those valuations are all = 1, just by looking at the definition of U(") when
|S| > 3); moreover Eq. 4.1 gives us the valuation for a certain place w above v, that automatically fixes
valuation for all other places above v (the action of G = Gal(K /k) is transitive on the places: a 6 € G sends
wto ow := |0 (-)|y). The valuation of € is then fixed for all places of K, so that another element that satisfy
the conditions of the Conjecture must differ from the initial one only by a root of unity in K.

In the case S = {v,»'} we must pay more attention as the definition of U ) changes. The condition € € U
already fixes its valuation (= 1) for all places apart from those above v and v'; Eq. 4.1 gives us like before the
valuation of € for all places above v (again by transitivity of the action of G on the places above v). We’re left
to wonder about the valuation of € for the places above v'; we know, by condition € € U (") with its definition
in this case, together with transitivity of G on the set of places above 1/, that the norm of € is the same for
all the places above v'. To conclude we use again the formula from [Neu99] (Chapter 111, Theorem 1.3)

veek*  J] kls=1
w place of K

In our case we get for € that
-1 -1
[T /el = (ITlel: TT fels) = (11}
w'|v wly wivy! wlv

Now since ||, is the same for all places above V', let’s say there are £ of them, we get explicitly a valuation
also for places w'|v':

mw=(nwm)}

wlv

Having a fixed valuation of € for all places of K, we have that € is determined up to root of unity also in this
case. O
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A proof of Stark’s Conjecture for abelian extensions of imaginary quadratic number fields is presented
in the appendix A.

4.3 Relation with the Main Conjecture

We now want to see how the Main Conjecture 3 we stated in Section 1.3 is related to Stark’s Conjecture. To
see it, we need first of all to adapt the setting of last Section to the one of Chapter 1; our extension was indeed
a particular case of abelian extension: a narrow ray class extension. Recall that f, as defined in Section 1.2,
is a prime integral ideal different from the whole Ok. Let ef be the number of roots of unity in K(f) and fix a
complex place v of K(f) above the fixed complex place of K, og, chosen at the beginning of Chapter 1. We
first state Stark’s Conjecture as it is stated in the article [BCG23] and see how this is equivalent to the version
from [Tat84] we gave in last Section (in the particular case of the narrow ray class extension K (f) /K).

Conjecture 6 (Stark’s Conjecture). Jugs € K(f)* unit such that:
o Ifwis a place of K(f) that does not divide oc, then |usiri|w = 1;
-+ Vp € Gal(K(7)/K),
Cf’(on) = —elflog ‘”gzark‘v 4.2)

/e
. K(f)(ug,afk)/K is an abelian extension.

Remark 20. This statement is equivalent to Conjecture 5 of previous Section for a particular choice of S.
First of all note that e; = e as they both represent |L(K(f))| in this case.

Choose S = {or, 0, 0c,f}; we claim that this choice satisfies the conditions of last Section. Indeed the first
three are the archimedean places of K, that must belong to S; also f, the only ideal that is ramified in K (f) by
properties of narrow ray class field, must belong to S for it to respect condition a). Note that also condition
b) is respected since complex places always split completely. Clearly |S| > 2.

We have ugy,y € U because if w is a place w & Sk, then it cannot divide o¢ which belongs to S, so by the
first condition of Conjecture 6 we get |usari|w = 1.

e First condition is equivalent to “ugy € U (oc) » (see definition in previous Section) for we’re in the
case |S| > 3;

o Let’s prove that second condition is equivalent to Tate’s: “log|e®|,, = —e{'(0,0),
Yo € G”, which in the current notation becomes “log|uf, .|, = —¢;C'(0,p), Vp € Gal(K(f)/K)".
Proving the equivalence simply boils down to proving the equality between Tate’s zeta function { (s, p)
and the (i (p,s) that we defined in Chapter 3. This is just a matter of notation, indeed

Tae's S(s.p)= Y, N@™ ! Glp,s)= YN@™
S)=1 ceC
f)/K)=p

s

(@,

The equality ! holds as the condition (a,S) = 1 is equivalent to asking that a is an integral ideal
coprime to f, since f is an element of S, and the other elements of S don’t impose further condition
being archimedean places; so this imposes a as an integral element of I(f). (a,K(f)/K) = p means
that a belongs to the class in %l} (f) corresponding to p via the Artin map, that we call C. Then the
two sums are really the same.

—~
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* The final condition is equivalent by definition to “usg; € Ul‘;l(’f) /K

So we have the wanted equivalence.

Note that the Conjecture specifies the valuation of ug,k for every place of K(f); indeed it gives valuation
=1 for places that don’t divide o¢ and then give the explicit value for v, a chosen place above o¢. To
conclude, it’s enough to remember that the Galois group G = Gal(K(f)/K) acts transitively on the places
above o, so that Eq. 4.2 implicitly tells us the valuation for all places above o¢. This gives us that uggk is
uniquely determined up to root of unity. This ambiguity can be removed using the ideal a.

Proposition 7. If a is coprime to 6f (not only to f), then the element 6 — N(a) € Z[Gal(K(f)/K)], the free
module over the group Gal (K (f)/K), kills roots of unity in K(f), so that ugg;kN(a) becomes a well defined unit

in K(f).

Proof. First recall that oy is the element of the Galois group associated to the class of the ideal a via the
Artin map. That og — N(a) € Z[Gal(K(f)/K)] is then clear since o € Gal(K(f)/K) and the norm is an inte-
ger times the identity morphism. We plan to use a result from [Tat84] (Chapter IV, Lemma 1.1). It tells us
that if S is a set of places of K, that contains archimedean places, those which ramify in K (f) and those which
divide e = | (K(f))|, then the annihilator of the Z[G]-module p(K(f)) is generated over Z by the elements
op — N(p) for p running over the prime ideals not contained in S. It is convenient to start by analyzing the
number e.

If K(f) contains a p-th root of unity with p a prime coprime to f, then the ramification degree over Q of a
prime above p is at least p — 1. Indeed, call € the p-th root of unity contained in K(f); consider the chain
of extensions of fields Q C Q(&) C K(f). It’s known that, when adjoining a p-th root of unity, the ideal
(p) becomes totally ramified, in particular its ramification degree is the same as the degree of the extension
Q(e)/Q,i.e. p— 1. Consider now an ideal of K (f) lying over the only ideal of Q(€) over (p): by multiplica-
tivity, its ramification degree over (p) is at least p — 1.

Call p a prime ideal of K that lies over (p) C Q; moreover call P a prime ideal of K(f) lying over p.
What we proved so far is that e(3/(p)) > p— 1. Given the definition of K(f) and the fact that f is co-
prime with p (and so also with p), we get that e(*3/p) = 1, so that, again by multiplicativity of the ram-
ification degree, e(p/(p)) > p—1. Now, since [K : Q] = 3, and since p is a prime of K, we have that
p—1<e(p/(p)) <I[K:Q] =3, so that p must be less or equal to 3 (as p =4 isn’t a prime), i.e. K(f) can
only contain 2,3-th roots of unity. This tells us that the only prime numbers coprime with f that can divide e
are 2 and 3.

A good candidate for S for the extension K(f)/K is S = {or,0c,06¢,f} U {p|2} U{q|3}* as it contains
archimedeans, the only place that ramifies and those who may divide e.

Since the ideal a of the claim is coprime to 6f, then it’s neither f nor a place above 2 or 3, and clearly it cannot
be one of the archimedean places; then a is a prime ideal of K not in S, so that the result from Tate tells us
that og — N(a) is among the generators of the annihilator of (K (f)) and in particular belongs to it. So the
element oq — N(a) € Z[Gal (K (f)/K)] kills roots of unity in K(f). O

We are ready to write explicitly a relation between the unit ug, of Stark’s Conjecture and u; g of our
Main Conjecture. Recall that the unit u; g is explicitly determined by the condition of being the preimage
viav: K(f) <= C of I'g (L) € C*, and is then well defined.

42 and 3 are places of Q, but here we need to consider places of K lying over them.
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The well defined unit usmk MO of K (f) also satisfies

V@)

& (6,0) = o L ioglul®® 4.3)

Indeed
G a(b,5) = Gi(ab,s) — N(a) (6, 5) = & (6,0) = & (ab,0) — N(a) & (6,0)

and since ugk satisfies Eq. 4.2 for all p € Gal(K(f)/K), in particular for 6,5 and oy,

!/ ! 1 S, 1
§(66,0) = & (045,0) = —e—flog ug® |, = —f10g|u5tarb|1
/ / N
N(a)Cf(b,O) :N(G)Cf(‘fbvo) = _(f)l g|uSta.rk v= _*fl g|”5tark b|v

which gives us the wanted formula:

ogop—N (@)

& (6,0) = G7(00,0) — N(@)§(6,0) = elfmg PG,

The relation between Stark’s Conjecture 6 and the Main Conjecture 3 comes now thanks to the “New Kro-
necker’s Limit Formula”, Theorem 3, seen at the end of last Chapter (or better from Remark 13): this tells us
that, if the Main Conjecture holds, the LHS of Eq. 4.3 is equal to log |uz g|, so that, if both Conjectures hold,
we obtain a relation between our unit and Stark’s:

g N 0)) 7(0’071\’(0))658‘?1

Of
log|ug.alv = Cf/,a(bvo) log ‘uStdrk b‘v © |uraly = s )

for a chosen place v above o¢, hence for all places above o¢ for considerations like before. Moreover usg,k,
—(og—N(®)ope; !

and consequently ug,, . ot , have norm equal to 1 for all places of K(f) not above o¢ by the first

condition of Conjecture 6; the same holds for uy g too: indeed condition “uy g € 0 I?(f)” gives that the norm

of urq is 1 for all finite places (the non archimedeans), while property ii) of the Main Conjecture fixes the

—(og—N(0))ope;
valuation of uy g equal to 1 for the places over og. We then have that uy o and ug, , 0 f differ by a
root of unity, that is killed by raising everything to the ef-th power, giving

N@-og _ % f G_
Usark = ULa :<Gb*'”L~,0> :(”bfb",a> ~a

where we used property iii) of the Main Conjecture for the third equality.

The relation
N(Q)— ef
Stark f a

deeply connects the two units (in the case that both Conjectures are true), and becomes a consistent discovery

N(a)—

that supports Stark’s prediction of ug, i % being a ef-power in K(f).

STaking ef—th root is well defined up to ef—th root of unity, but the norm |- |, doesn’t depend on this choice.
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Chapter 4: Stark’s Conjecture

The Main Conjecture proposes itself as a candidate to be a key step in the proof of Stark’s Conjecture for
abelian extensions of complex cubic fields. The article [BCG23] presents many numerical examples that
support the truthfulness of the Main Conjecture.

The last thing that we aim to do, is to prove the New Kronecker’s Limit Formula, which main purpose we’ve
just seen. This will be the topic of the next and final chapter.
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Chapter 5

Proof of the New Kronecker’s Limit
Formula

In this Chapter we will prove the New KLF, Theorem 3 from Section 3.3. To do so, we will follow the
main article [BCG23] in which this formula first appeared. The purpose of this Chapter is to explain how
,starting from the derivative of the smoothed partial zeta function Cf a(8,5), we can arrive to the logarithm of

the Smoothed Elliptic Gamma function I'g  (f b‘l) from Section 1.2. These two elements are really different
as was clear from their definitions: the first more analytic, while the second more algebraic.

The following proof will be really long and tedious in some passages; some other parts will be skipped as
they just provide technical results that don’t have use in our scopes. Some parts will present long computa-
tion, that I believe are important to see why the functions of Chapter 1 are defined in a certain way.

We will begin with a plan of the proof to help the reader to concentrate on the parts that they’re more curious
about.

We can schematize the proof as a chain of equalities:

_ dty dt
& (6,0) = /E%hfblo \F//Ffatl,t,hb) ‘t
3
:ﬁ(umwum) = log|Tus(fo ")

In Section 5.1 we will briefly define the Eisenstein series Ey and the smoothed Eisenstein series Ey q, as
well as the closed oriented geodesic (€), where € is the same unit from Chapter 1. We’ll then prove a result
that, together with Lemma 4 of Subsection 3.2.1, will yield the first equality.

In Section 5.2 we will define the function F; 4 (t1,¢,h,b) and relate it to the smoothed Eisenstein series.

In Section 5.3 we’ll start to go towards the Elliptic Gamma function by rewriting Ffﬂ(n,t,h,b) as a series
and regroup the terms of that series to define I, _ (k) and I_ (k). Also in this Section we will compute all
integrals so they won’t appear in the last one.

In Section 5.4, we’ll basically conclude. This Section will present the most direct computations. Here most
of the results from Chapter 1 will be directly used or mentioned.

Finally in Section 5.5 we will do some final considerations, and prove a result that we used without proof in
Remarks 6.3 and 8.
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Chapter 5: Proof of the New Kronecker’s Limit Formula

5.1 First equality

Recall some notations from Chapter 1. We fix a lattice L = {6~ and write A = Hom(L,Z); for K = Q,R,C
define Vk = A® K. By fixing a basis of L, we get an isomorphism L = 7. We fixed a complex embedding
oc: K — C and an orientation of K compatible with o¢. Finally, we fixed an ideal a and an element
h=21/q € L®Q. Write a for the element provided by Lemma 1 and b = €a, with € a generator of ﬁ;”fx (in
particular &g |ec|*> = 1) with eg € (0,1).

The next definitions will be given very briefly as the specifics would only be needed in technical proofs that
are of no use for this thesis. A curious reader should read more in detail Section 4.2 of [BCG23].

Recall we called X := % the space in which x, the restriction of oc to L lived. The group G :=
GL(V)" = GL3(R)" acts naturally on X. Denote Q the quadratic form on Vi defined by Q(x) := x? +x3 +
x3; its isometry group H = SO(Q) = SO(3) is a maximal compact subgroup of G. Denote then Z° = R
the connected component of the center of G. Write

S:=G/H and S:=8/7°

Moreover define 'y (h) := {g € GL(L) | gh=h mod L}.

Now, we want to define the closed geodesic (). Since h = A /g €b~! (as A € L and ¢ is the minimum integer
in f), we have that (¢ — 1)h € f6~! = L, so &€ € ' (h) (¢ can be seen as an element of GL(L) as discussed in
Section 1.2). For any #; > 0, define a metric H;, € S by

H, (v):=t;20or(v)? +1|oc(v)]?, veEW
and call H;, the corresponding element in S. Then the assignment
1: Roo = SxX; 11— (Hyy, (X))
induces a map (recall g = or(€) > 0)
t: Roo/(ep |n€Z)y — (SxX)/Ty(h)

Its image is a closed oriented geodesic in (S x X)/T'; (k) that we denote (g).

For v € Vi, we define a differential form y(v) € Q!(S x X); its explicit definition isn’t important for our
purposes and would require many additional construction; however it can be proven an explicit formula for
its pull-back via 1 that we will take as a definition:

2

* 7[1

vy(v)=e O-R(V)2,,]‘GC(V)\2II,1 or(v) L (5.1)

It can be proven that y(v) satisfies g*y(gv) = y(v) for all g € G; we will take this as a fact.
Definition 12. * Define fort > 0:

Oy, (h,L) ::lz v(tA) € Q1S xX)
€h+L

e Then set 4
. _—
Ey(hLs):= / Oy (h L) € Q1§ xX)
0
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Section 5.1: First equality

Note that the integral defining Ey (%, L, s) converges for any s € C; this follows by splitting the integration
domains into intervals (0, 1) and (1, ) and applying Poisson summation formula. Moreover by the property
of y(v) stated above, the differential forms Ey (h,L,s) and @y, (h,L) are invariant under I'; (%), so that

Oy, (h,L) € Q1(S x X)) = Q1(S x X/Ty (h))

Ey(h,L,s) € Q' (S x X)W = 0!(S x X/T'y (h))

We use the Eisenstein series and the closed geodesic to prove a key result for the proof of the first equality.

vt = ér<s>r(“‘;1) y  senloel)

ve(lJrL)/ﬁ;":X VO

Lemma 5.

Proof. Eq. 5.1 evidently remains invariant if we replace (v,t) with (ev, €ty ), as €g|ec|> = 1. Moreover, as
h=1 mod L, when we write explicitly the definition of Ey and then of ®,, we can write v € 1+ L instead
of v € h+ L as index of the sum. Moreover, by pulling back via 1, the integration on the closed geodesic
(€) C (S x X) /Ty (h) becomes the integration on the interval (fo€g,to) C R~ for any 7y € R, explicitly

d i
/ Ey(h,Lys) = / " Ey(hLys)
J(€) f0€eR

By plugging in definitions (the pull-back allows us to use Eq. 5.1)

e - , dt) 5.dt
/ Ew(l’l,L7S) :/ / Z e711 ZIZGJR(Vyflltz‘GC(‘)‘zttfl G]R(V)ill&v* =
<8> toer 40 vel+L tl t

_ / / el 22 6p(v —tlﬂ\oc(v)\?thtssﬂ@ﬂ
nt
ve(1+L) /ﬁ* x !

We obtain the second equality by rescaling the external integral (the one in #1). Since the expression for
1*y(v) remains invariant by replacing (v,#;) with (€v, &gt ), and since € is a generator of 6"+’fX by regroup-
ing expressions that correspond to the same v € (1+L)/ O X Kf (i.e. the €"v for all n € Z) we can extend the

integral from ftooeR to the whole R~ ¢ (by uniting all integrals of the shape f forall n € Z).

n+1

Now, to compute the integral, operate the change of variables u := ¢, I, we= t1t2 which gives

/m/me_uch(V)z_wlGC(v)lz(MZW_1)1/3(MW)S+1/31W =
o Jo

3 uw

_ [T —op pesdU /°° “wloe), sdw ) _ 1
3(/06 s B) [ [7emioctP,pd) L (D). 3)

2or(v)? and w = w| oc (v)|? give

i is/2-1/2 1 (i 1 s+1
dii = *W(T*])cr: r
O / 2[or ()] 2|cR<v>|1+s./oe ! T 2o\ 2
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Chapter 5: Proof of the New Kronecker’s Limit Formula

dw 1
@=] o |2°2|G<c( = Tocp )

by definition of I'-function as Mellin transform. Putting all together

_ ot 1 st ! 5) =
/<€>Ew(thvS)— L o )6|GR(V)|1+SF< 2 )|cc(v)|2Sr()

v€(1+L)/ﬁ;r’fX

- ér@)r(h;l) Y Or(v) !

v€(1+L)/ﬁ;’fX |or(v)] (GR(V) | GC(V)|2)S

which is the claim of the proof. O

Definition 13. For an auxiliary integral ideal o as in Section 1.2 define the smoothed-a versions of the

previous functions:
Oy, a(h,L) := Oy, (h,a 'L) — N(a)®y, (h,L)

Eya(h,L,s):=Ey(h,a 'L s) —N(a)Ey(h,L,s)
We can now prove the first equality by combining the results from Lemmas 4 and 5.

Proposition 8.

Cfa(b 0)= / Eya(h,fo',0)

Proof. First recall that

Ca(0,s) := Gplab,s) — N(a)G(0,5)

This definition is given for Re(s) > 1, the function is then extended by analytic continuation. Note that
throughout this proof, many equalities are to be understood as equalities of functions extended outside their
regions of definition by analytic continuation. Recall Remark 12 for a better insight.

Using Lemma 5, we get that the Right Hand Side of Proposition 8 can be rewritten as: (use throughout
L:=f"h

3

\/;/<£> Eya(h,L,0) = ﬁ[ . El,,(h,a—lL,O) —N(a) Eq/(l’l,L,O):| —

<&>

}él‘(1> {F(S) ( ; oz Tlg\;l((:l)ﬁTs) —N() 2;‘ ot Sl;g\?(%ﬂTz ﬂ o

ue(l+a-1L ue(l+L

:[1m) y sgn(uR)_Mr(s) y sgn(Hr)

ue(l—»—a*‘L)/ﬁ;'fX V() 2 ue(1+L)/6’;"fX IN(u)[* 5=0

1
Il
*

as T'(1/2) = /7. We now plan to use Lemma 4, which said that

1 d sgn(UR)
§'(1k,L,0) = 2ds <u ( L NW)P)LO -

e(1+L) /(ﬁ’;‘fX
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Section 5.2: Second equality

where recall that we have G;(6,5) = N(0) {1, f 6~!,s). Recall that partial zeta functions have (like Dedekind
zeta functions) zeroes of order > (r+s — 1) (where r is the number of real embeddings of the field
K and s' the number of pairs of complex conjugate embeddings) at s = 0, so that {(1 K,L,s)’ 0=0.

§=
Thanks to that, by deriving the product and evaluating at s = 0, we get that Cf’(b,O) = {'(1x,f51,0) so
that & (6,0) = {'(1x,a”'f671,0) = N(a){'(1x. o, 0)

Claim: For both lattices L = a~!{6=1 and L = 6!, we have

sgn(Ug) d sgn(Ur)
< e NGO J Ly a5\ e INWI* /|,

+, X >+, X
1+1)/6 ¢ 1L)/0

This claim, together with Eq. 5.2, gives us that the chain of equalities above continue as
* = C/(1K707] fbil 70) _N(a)c/(llﬁf57] 70> = Cf/a(bvo)

thus concluding the proof. It remains to prove the claim.

Proof: Call ¢ (s) the analytic continuation of the function ¥ sen(ig)

g . . .
#G(HL)/W;‘{ NP and write its Taylor series as

ag+ays+.... We know that ap = ¢(0) = 0 for considerations done in Chapter 3, and a; = (%(b(s)) |S:0.
On the other hand, we know that T'(s) = s~! +O(1) so that T'(s)¢(s) = 0-5~! 4+aj + O(s); evaluating at zero

we obtain
(ro0)|_, == (00)|

which is exactly what we needed (as recall that also for the equality in the claim we were implicitly working
with analytic continuations). | O

5.2 Second equality

Before introducing the function Ff,a (t1,,h,0), we want to make some considerations on how to work when
integrating on the closed geodesic (). We will state some results from [BCG23] which proofs need the
bundle structure that we didn’t define. However these results give fairly explicit formulas that we’ll need in
the following.

For t; > 0 define metrics Hy s, ,Heppy, € S (recall a was defined in Lemma 1 and b = €a):

Hay (v) = 17%a()* + 1| 0c(V)]P, Hegpi (v) = 17 &30(v)* +11| oc(v)?
for v € V. The first one yields the map
lgy: Roog— SxX; 1+ (Haz, (X))

where H,;, corresponds to H,;, € S in the quotient S=S / go. One can see that, contrary to the map 1 of
previous Section, this map doesn’t have compact image in (S x X)/I"; (k). However, as t; — o, the image
of 1) approaches the closed geodesic defined by 1. More precisely:

Lemma 6 ([BCG23], Lemma 4.3). Let o € Q' ((S x X) /Ty (h)). Then

g noo . o,
/ oc:/ "o = lim La) @
(e) t1€eR h—eJt eg
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Chapter 5: Proof of the New Kronecker’s Limit Formula

Note that the first equality we already knew (and we used it in the proof of Lemma 5). We will be
interested in using this result with & = Ey (h,L,s).
We pull-back via 14, to get another couple of important technical functions:

Definition 14. * For positive real numbers t,ty, define @,(t1,t,h,L) by

dh

U Oy (h,L) = Oq(ty,t,h,L)— 1

Definitions of ®y, (h,L) and 1., allow us to write explicitly

Oulti,t L) = ¥ WO (t)ans YOW)as = —t; 'a(v)e 1 @ nlocmP
veh+L

* Similarly, define ®,q(t1,t,h,L) by
« dt
1@y a(h,L) = @a,a(tl,t,h,L)t—l

we have explicitly ®,q(t1,t,h,L) = @4(t1,t,h,a~'L) — N(a)®,(t1,t,h,L).
* The exact same definitions can be given for erb instead of a.

We give without proof another technical result that will allow us to exchange series and integrals without
worrying about convergence.

Lemma 7 ([BCG23], Lemma 4.4). For any s € C, the Mellin transform

* dt
| 1@uatr e
0 t
decreases rapidly as t| — 0. In particular the form l<*a>E.,,,a(h,L, s) is rapidly decreasing as t; — 0.

Definition 15. F; o (t1,7,h,0) 1= @gya(t1 0, f071) — @ga(ty,,h,f0 1)

Proposition 9. The function Ffa(h b) belongs to L' (R>0, o ) and:

dn d
| Evalie 0 = [ [ Ronnn S
(&) !

Proof. The integrability claim deeply relies on Lemma 7 as well as on Lemma 4.6 of [BCG23]. We will
concentrate on proving explicitly the equality.

Lemma 6 tells us with @ = Ey (h,f6~!,0) € Q!((S x X) /Ty (h)) that, after operating the change of variables
T := t; &g, where 1 is the variable from Lemma 6,

1 . Tieg! 1
/@)Ew,a(h,fb* 0= Jim [ i Byl ,0) =

= lim
Tl —ro0

Tieg! i 4 U _1
/ l<u>Ew7q(/’l,f5 ,0)*/7" l<a>Ew,a(h,ff’ 0| =
0

Ty
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Section 5.2: Second equality

for any Tp > 0. Now, thanks to Lemma 7, we may let 7o — 0 so that we can continue as

Tl —»00

. hi gﬂgl * -1 h * -1
— lim /0 Uy Evalh,f,0) - /0 Uy Epa(hit,0)| =®
Consider now just what’s between square brackets: plugging in definition of Ey g, the first integral can be

rewritten as
T]Sﬂil i B 'Tlsﬂil oo B dt
/() i Ey alhfe ‘70)=/0 t /0 Oy a(hifi )| =

by recalling Definition 14

Tigy' oo ndiydt T dr dt
:/ 8 / ®a,ﬂ(t17t7h7fb 717 */‘ / ®a0 t28]R ,tvh fb ) 2
0 0

after operating a change of variable , := f; €g. By obtaining a similar expression for the second integral (this
time we’re already integrating on jgl so we don’t need changes of variables) and adding the two, we get

T
= lim [/ ‘/ Oua(tieg Lehfo ) — Oua(t1,t,h,fo~ ))d“dtl _

T] —r

_/ / aa l‘]S]R ,l‘,/’l fo— ) @(La(l‘],t,/’l,fbil))?*

Claim: @, o(t1€5 ", 2,h,f071) = Ogepalti,t, h,fo~1)

Proving this claim would mean that the term inside the above integral is Fia (t1,¢,h,0), thus concluding the
proof.

Proof: Using N(¢) = 1 and b = €a we see that ‘VO(E_lv)a.tlngl = YO(v)gups, with w0 defined in Def. 14.
Indeed (recall the action of € is by multiplication, cf. Chapter 1):

0/—1 _ -1 -1 8 t a e vzft g*l o 871\/ 2 o
V(e V)a’lleﬂil——gﬂgtl a(e 'v)e &N (67 v)*—neg |oc(e™ v)|* —

= —17 \egea(v)e "t Terealt)P-nlerloc(e) ] oe W) —

_ _tl—lE]Rb(v)e—tl_z[S]R%b(‘/)]z_tl'1"‘fc(")‘2 = WO(V)SRbJ]

Note that € stabilizes the coset 4+ L. Indeed, as said in last Section, # € 6~!, so that we can write v € h+ L as
V= ﬁ—l—% with f €f, b,b’ €b. So, since € — 1 €f, callit f/, then gv—v = f’ (;/ +1) fb;g,ﬂ’ €L=fp""
by properties of ideals (f'b, f'fb' €fase.g. f' €fand b, fb' € Ok; for the same reason bb’ € b; moreover
f'b+ f' fb' € f as both summands are in f). So #+ L is fixed by €.

We can finally prove the claim

Oua(tieg ' 1,1, f67") = Ou(t1eg " 1, ha 10 1) = N(0)®, (e 1,1, f6") =

= Y Ve N Y W), =

veh+a-1 fbfl v€h+fb71

57



Chapter 5: Proof of the New Kronecker’s Limit Formula

Now since € fixes &4 {6~ (and one can show also 24 a~'f6~!) we can multiply v by ¢! and the sum
remains the same, only re-indexed

= Z Wo(teilv)a,tlé‘nil —N(C() Z wo(tgilv)aﬁtlgﬂil -

veh+a—1§67"! veh+fb!
since l//o(e’lv)a’tleﬂy =Y (V)epiry
— Z WO(IV)SRb,Il —N(C() Z WO(IV)SRI),II —
veh+a=1fo! veh+fb!

= ®8Rh(t1 atah7071 fbil) _N(a)(")th(t] ;t7h7fb71) = GSR/?,C((” 7tahafb71)
proving the claim and ending the proof. ] O

5.3 Third equality

In this Section we start to relate Ff_a(tl ,t,h,0) to the Elliptic Gamma functions. First of all we want to rewrite
it in a more convenient way. Define

=NE) (V)b — ¥ (V)
Proposition 10. Always with L ={b~!, we have

Fo(t,t,h0) = Y faalti,tv)= Y Y faalti,t;h+w+ky)

veh+L weL/Zy kel

Proof. The second equality is just a matter of re-indexing and regrouping carefully. The first one is less
trivial and requires a detailed explanation. Recall definitions 15, 14.

F‘f’a(thtahvb) = ®81Rb,a(tl7t7h7fb71) _®a,a(tlvt7h7fb71) = ®£Rb(t]at7h7ailfbil)_
—N(@)@gyp (11,2, h,f67 1) — @y (11,1, h,a 1§07 1) + N(0)®,(t1,2,h,f67 1) =

= Y (Ve VW) -N@ - L (Ve — ¥ (Ve ) = ®
weht+a~! fbfl v€h+fbfl

Now recall we proved in the proof of Lemma 2 in Section 1.2 thata™'L = L+ ﬁ Z with vy the third element

of the oriented basis we chose for L = f6~!. This allows us to write w € h+a" 'L as w = v+ j% for
v € h+ L and some j € Z. More precisely we need to choose j an integer in [0, N(a) — 1] to avoid repetitions.
We can then rewrite

N(a) Ly -
= ve;rL [126 (VIO (l<v+.]m>)gﬂkb7[1 —y° (t(v—i—jm))a’[])_
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Section 5.3: Third equality

_N(a).(wo(tv)eRth_wo(tv)a’tl)] = Y faalti,t,v)

veEh+L

by its definition, proving the proposition. O

Lemma 8 ([BCG23], Lemma 4.7).

dt dt
//Ffatl,t,hb) !

Basically this lemma simply tells us that we can exchange the outer sum in Proposition 10 with the two
integrals. To do so, one needs to make some considerations on integrability. We skip this proof that can be
found in [BCG23].

We’re now directly headed towards the proof of the New Kronecker’s Limit Formula 3. We start by changing
the variables on the RHS of Lemma 8: call
2.-1,-2 -1 dt 1 dt dvdu

t,t T, vi=t 't > —— =
1 ’ 1 1t 3uv

/ / <Zfaa tl,t,h+w+k,},)>dt1 dt

weL/Zy k€l

w:=zy(x)|”

Note that u, v are real positive, since ¢,#; were. So for all w € L/ Z Y, we have

//(Zfaatl,t,h+w+ky)>di1it 3// (Zf#auvh+w+ky)>dudv (53)
k€Z

keZ

simply by substituting £ (u,v,h+w+ ky) defined as

N(@)—1 y Y
L # s Y. L4 _
ﬂa(”aVvW) T ];0 (W (u’v’w+jN(a))eRb,t1 4 (M7V7W+]N(a))a,ll>

—N(a) (W#(u,v, W)epb — lp#(u,v, w)a,”) (5.4)
with y* (u,v,w)ay, and y* (u,v,w)g,, defined as:

w(x) |?

7(x)

# . —vZa(w)? —Tu
ll/ u,v,w 1= —va\w)e e
( )atl ( ) " , (55)

(%)

-1

22 2 _
W (1,9, W) e, 1= —vERb(w)e VRN T

Let’s see that this substitution actually works; before we had (recalling o¢(w) = w(x) by definition of x):

WO(W)a,tl = —ll_la(w)e_tfza(vv’)ze—t1\w(x)\z

Since 1 € R+, we have that a(tw) = ra(w), x(tw) = tx(w), so that
YO (W)as, = 17 'ra(w)e 1 0O

20002 —u I w(x)
= —va(w)e ") e 4T o I v (u, v, W) 0
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Chapter 5: Proof of the New Kronecker’s Limit Formula

And a similar result is obtained for y* (u,v,W)egp,s, and for w4 j % instead of w. We can then conclude

that
Saa(ti,t,h+w+ky)

so that Eq. 5.3 holds Vw € L/ Z.

= frauvh+wtky), Ywe L/ Zy, VkeZ

Recall the formula for Poisson summation, which gives for & € C, ¢ € R>:

Z efn'c k+a

keZ

doesn’t depend on k):

\[ Z —7k? c+2miko (56)
keZ
?((:)) |2 _ (k+Re (V;:;)) +Im (’;((:)))2 and the latter

Ze_ﬂu*1|k+%|2 T 1Im( Z —mu~ k+Re(%))2 _
k€ keZ
using Eq. 5.6 with ¢ =, o = Re (22)
_ \/»efm,, 1Im( )2 Z 77rk2u+2mkRe( ))) (5.7)

keZ

Now we want to work with } ;<7 fjﬁ a(u,v,h+w+ky) and rearrange it thanks to Eq. 5.7. Let’s first of all do
some considerations based on facts from Section 1.2. By definition of ¥, straight before Lemma 2, we recall
that y(a) = y(b) = 0; moreover in the proof of Lemma 2 we saw that A = ny for some positive integer n, so
that h = A /q is a rational multiple of 7. In particular i(a) = h(b) = 0.

When plugging in the definition of f#a in the sum we want to compute, we obtain inside the formula for
v (u,v,h+w—+ky)ay, aterm a(h+w+ky) (see Eq. 5.5); by linearity, together with the previous considera-
tions, this simply equals a(w). In the same way also a(h+w+ (k+ j/N(a))y) = a(w) and the same replacing
a with egb. We then have by plugging in definitions of y* (Eq. 5.5) in Eq. 5.4 and thanks to considerations
above (denote N := N(a)):

A | G 1
Y faaluvhwtky) = Z{ )3 [(—V(‘?Rb(W)e‘vzgﬂéb(W)ze o | e | )_
kez kez L j=0
_(—va(w)e—ﬂa(w)z —Tu |<h+z‘))(x)+k+1v’ )] _N. [(_VERb(W)e_v28H2{b<W> = —1|(h+w (x) +k‘ )
_(_va(w)e’vz“<w)2e’”“71| St *k’ )} } =®
Denote o
A:=—va(w)e™” aw) - p.= —vepb(w)e ™" 262 b(w)2
So that 2
N—1 . (I1+w (x) ! (hw)(x)
®:Z{Z[(B—A) 15 +k+N|} ~N-(B—A)e " |5 }:
kez \ j=0
—N- (B_A) ) Z {e*ﬂ:u’1|%+k|2 B lN*le 71|(Iz+w (x)+k+! } } .
keZ =
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We now want to apply Eq. 5.7: recall that / is a rational multiple of }/, so that Im ( (h;&))(x)) =1Im (‘;,((:)) ).

The second sum needs to be analyzed individually, note that } 7, Z (k + £ ) Yiez % SO we can write

lN 1 ‘ h+w (htw)(x) (h+w)(x) (htw) (x

Z Z e Jrka}v‘ Z o (%) ‘ == Z 6771- N2 ’N 1) +k‘

keZ keZ keZ

2

By calling «' := N*u = u'~! = u~!/N? and using Eq. 5.7:

1 \/7 —u N~ 2Im("’(’”(”))“‘)) y efnkzuNerZn'ikRe(7]\](}’;(:'))(‘)) _

keZ

_ \/ﬁe—nmum(%)z Z e—n(zvk>2u+2m1vkke(<h+y(w);>)(x))
kez

So, by putting this expression in the formula above (and using Eq. 5.7 for the first sum):

w 2 . w . w
«— —N(B _A)ul/ze—mr‘ m (2 y oMUt 2TikRe (L) y e—n(Nk)2u+2meRe(<h+y<x>)(">) _
keZ keZ
x)2, - ; (4 w)(x)
_ —N(va(w)eivza(w)z —V£Rb(w) _y S]Rb( 1/2 Z —7( k2u+lm( )) u l)mekRe( J;Ex) ) (5.8)
keZ
Nik

We want to simplify as soon as possible this horrible expression, but we can appreciate how it contains two
clearly separated parts wrt the variables u, v, which will reveal really useful in computing the integral. Recall
that Eq. 5.8 is just a rewriting of the integrand in Eq. 5.3. Note that by changing variable x := yv

/ yefyzvzdv = sgn(y)/ e Fdx= sgn(y)?
0 0

This easy computation helps us evaluate the integral in v. Explicitly

/Ow(va(w)efvz“(”’)z —verb(w)e™” 2egb(w) )% = /Owa(w) —aw)? gy /Ow SRb(w)ew%ﬂz%h(W)zdv =
— sgn(a()) Y —sen(b(w) % = Y (sen(aw)) - sgn(b(w) )

We didn’t consider the sign of eg, which is always positive by construction so sgn(erb(w)) = sgn(b(w)).
Then the only non-zero terms in Eq. 5.3 are those with sgn(a(w)) # sgn(b(w)). To ease up notation, we
give the following

Definition 16. s Ci :=Ci (ab)={8€L|5(a)
C_,:=C_ (ab)7{6€L|5( )<0,8(0b)>0
and C_ :=C_4(a,b) of Chapter 1.

>0, 6(b) <0},
}a

are the closures of the cones Cy_ := Cy_(a,b)

o Forallw € L/ 7Y, define x(w) := (sgn(a(w)) —sgn(b(w)))/2 with the convention sgn(0) = 0.
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Chapter 5: Proof of the New Kronecker’s Limit Formula

Note that x has support in C,_UC_; in particular, the only terms from Eq. 5.3 which are not zero
come fromw € (LN (C+_UC_4))/Zy.
We can then rewrite the sum from Lemma 8 as I (h) +I_ (h) where

: (htw)®) oo 2 w®))? 1
]+_(h)=—ﬁN Z X(W) ZekaRe( 7 )/ e n(k u+Im(y(x>) u )ul/sztu (5.9)

3 ewncyzy b 70
; (h+w)(x) (2 w(x) 2,471 d
1_+(h)=—?N ), x(W)ZeZ“Re( ) /0 o urim (555 )772 (5.10)
we(LNC—_1)/Zy keZ
NIk

obtained simply by putting together all we said so far and pulling out from the integral all the terms that
don’t depend from «.' From now on we lose the notation LNC _, resp. LNC__ in all sums to write simply
C, _,resp. C_ as all the cones are already contained in L.

We conclude the Section by computing the above integrals (which are equal).

Notation 4. Denote e(z) := e**=

Definition 17. For a,b positive real numbers, define the McDonald-Bessel function

Ky(a,b) = /oo e—(azt-‘rbz/t)ts?
0

Note that
/°° o TRy % _ Kl/z(n1/2|k|, 7'/2ly))
0 u
We will need some of its properties (see [Lan87], Chapter 20.3): Property “K2” tells us K;(a,b) = (g)sKs(ab);
Property “K5” gives K| 5(c) = \/ge’z". Uniting the two, we get

y 1/2 y 1/2 7'[; _ 1 _ !
Kipalm Pk i) = [ Kt = 3] e 7 = e

With y = Im ( W(X)) we get

(x)
. (h+w)(x) oo w(x) )2 - i () (x) s
TikRe (W) / efn(kzl“rlm ( 7 ) uh) du — mikRe (W) ieizn,klm ( o ) =
A Wl k|
Dividing in cases regarding the sign of kIm (%) eR

12wk [Re (555) +im ()] i erm (290 > 0

= {W° [Re (24206 i (2] 7 =
2 k R n+w)(X —I w(x )
ﬁe R/ T G ) i kIm (V;((:))) <0

I'The infinite sums indexed by k converge absolutely since the condition x € U, NUp from Chapter 1 guarantees the function
w— |Im(w(x)/y(x)| grows at least linearly in the cones C+_, C_;. The negative exponent gives rapid decrease, hence absolute
convergence. It is then legit to exchange series and integral as we did.
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Section 5.4: Fourth equality

recalling that Im (W(X> ) =1Im( (W;M(x) ) and Notation 4

Recall that x € U, N Uy, so that Im( (< )>) < 0and Im( ( ))) > (0 (Notations as in Chapter 1). Soifwe C,_
w(a) > 0,w(b) <0=w= jo+IB with j > 0,1 <OsothatIm(@) :Im(w) :jIm(@)—F

7(x) Y(x 7(x)
lIm(ﬁ(( ))) < 0. Analogously, if w € C_; then Im( (( ))) > 0.

We can then rewrite /. _,/_ dividing the cases k positive and negative. Since N divides 0, we can consider
the sum only on k > 1, N { k and put in the summand both k and —k; this way we get explicitly that: for

weC,, “kim (44) >o<:>k<0”andforwec_+,“k1m( M) >0 k> 07,

Thus substituting in Equations 5.9, 5.10:

In next Section we will further develop these expressions, going towards a formula that uses Elliptic Gamma
Functions.

5.4 Fourth equality

We pick up straight from Equations 5.11, 5.12.
Note that e(z) = e(—z). Moreover, in the inverse process to the one we did in Eq. 5.8, we go back to writing

Yot vt (K) = i1 (F(K) — f(NK)), obtaining for I, () (denote & := "10),

Iy (h) = ? 72 xw) Y [— %(e(k5)+e(—kd>)) —&-Zyk(e(NkCD)—i—e(—de)))] =

weCy_/Zy k>1
? Y xw Z{ e(—k®) +e(— k@))—l—llc(e(—deJ)—&-e(—NkCI)))]
weCi_/Zy k>1

Now thanks to Taylor series, we know

y oy OB

=1 =1 l—e(—®)

And analogously for the other terms, this way we get

Y |- %(e(—kcb) +e(—k®)) + % (e(—Nk®) + e(—Nk®))
k>1
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Chapter 5: Proof of the New Kronecker’s Limit Formula

o
1 —e(—D)
=log(1 —e(—®@))N +log(1 — e(—®@))N —log(1 — e(—N®)) —log(l — e(—NP)) =

1
e(—P) g —e(—N®)

1
+log =
l—e

= —Nlog (ND)

leogl

o <1—e<—<1>>>N<1—e<—<1>>>N] » ‘<1—e<—<1>>>N :
= log =10
(1—e(—N®))(1 — e(—ND)) (1—e(-N®))
so that () (x)
VT (e NP
L-(h)="% Y x(wlog e (5.13)
3 elrymy — e(—N T
and analogously
1— (hw)(X)\\N |2
weC_4/Zy e(N 7(%) )

Now, use the fact that ¥ is odd (clear from Def. 16) and replace w with —w (note that if w € C,_ then
—w € C_; and vice versa, by computing against @ and b). So we sum in I, over w € C_; /Z7 and then
use —w instead of w (and vice versa for I__):

_(—h®)+wX) \\N 2
T (I—e(—55))
L=-YF Y gwlog g (5.15)
weC_4/Zy —e( /N () )
o — ZhE)HWE) VN 2
T (1—e( )
Lo (h) = —% Y x(w)log - (5.16)
c —e(- )
weCy—/Zy (v/N)(x)
Remark 21. Let 1x denote the indicator function of a set X. Then
1 1 1 1
Xle, =lc, - slenne t 5 le. nn: Xle . =-1lc,— Sle o tale omw 61D

Proof. Recall H(a), H(b) are the kernel of a € A, resp. b, inside L, i.e. the elements of L that are 0 when
computed against a, resp. b. The result is then just a direct computation, see briefly the first equality: if
w € C4_, the cases are:

IS
BN
-
Il
(e}
|

* w(a) =0,w(b) <0=weCi_NH(a)\H(b) = x(w) = —5

« w(a)>0,w(b) <0=>weCy_ \(Ha)UH(b) = x(w) =N —1=1-1.04+1.0=RHS(w).

The equality for w € C_ is done in the same way. O

Eq. 5.17 will help us to write explicitly x(w) when summing /;_ (k) and I_4 (h). We will divide the
sum in two part. First we’ll sum on the vectors w lying on the boundary of the cone C._ UC_, (i.e.
considering the contribution of the second and third term in both equalities in 5.17) and then on C_ UC_
(i.e. considering the first term). The result will be:
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Proposition 11.

3 Lop(h(0.xa” 'O | 6" (20,0)
— (I I =1 : —log| -+ 1
yale ) =loe T Gig D | g™, o) o9
where GSN), 0, T,z0 will be defined in the proof.
Proof. By substituting Equations 5.15, 5.16 we get
—h(x)+w(X) \\N |2
3 (I—e( 7(x) )
ﬁ(l-k—(h) +1—+(h)) = |: 72 Z(W) log (1 — e( —h(x)+w(x) )) +
weC—i /Ly (v/N)(x)
(1 —e(—CRP )N 2
+ 72 X(W) log (1 - e(_ 7h(x)+W<X) )) :| =
weCi— /Ly (v/N)(x)
Indicate o H(x) ()
- ‘(1—6(;(x>wx ))N Loy ‘(1—6(— );,(X)WX ))N
-+ = —h(x)+w(x) ’ T —h(x)+w(x
(1 - e ) (1= el )
Thanks to Eq. 5.17:
2 1 2 1 2
=—|- Y log¥~, — 5 ) log¥~ + 5 ) log¥~  —
weC_ /Zy we(C_+NH(b))/Zy we(C—+NH(a))/Zy
1 1
- ECZ log¥? _ — 5 ) log®?_ + 3 ) log‘l‘i} =
weCy— /LY we(Cy—NH(b))/Zy we(Cy-NH(a))/ Zy
simplifying the denominators with the 2-powers in the argument of the logarithm
:@+@:: [ Y logwr,- Y} log‘Pi} + { Y log¥_ .+
weC_1/Zy weCy_/Zy we(C_ynNH(b))/Zy (5.19)
+ Z logW,_ — Z log¥_, — Z log‘P+}
we(C+_NH(b))/Zy we(C_+NH(a))/Zy we(C+_NH(a))/Zy

Claim: [1]

@ = —log 79(51\[) (z0,0)
BéN) (z0,—7)

Proof: We will define in this part the missing elements that appear in the statement.
Pick oo € H(b) such that a(a) > 0 and LNH(b) = Z a+ Zy. Then (¥, o) is an oriented basis of H(b) and

o(x)

80 T:= 2 has negative imaginary part. Similarly choose B € H(a) such that B(b) >0 and LNH(a) =

ZB+7Zy,0:= [;((:)) has positive imaginary part since (f,7) is an oriented basis of H(a). (We make all these
considerations without proofs for we actually already proved them in the construction done in the proof of

Proposition 1.)
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Chapter 5: Proof of the New Kronecker’s Limit Formula

h(x)

Notation 5. Denote g, := *™2; 7o := ™ = g where n was the positive integer such that A = ny whose
existence was proven in the proof of Lemma 2. Fmally define

Oo(z,—7) = [ (1 —q:q" ) (1 —q; 'q"™")

m>0
and similarly 6y(z,0).
The contribution coming to the boundary term from C_, NH (b) is:

(1—e (M Slgm W

_q10q7¢-
log| ——2 ~ ~°~
=

m>1 quoquT

Z log

we(C_NH(b))/Zy (1- 6(7(/1\’7){))
w#0

(5.20)

where we omitted the term w = 0 from the sum, for it would cancel out with the corresponding term w = 0
in H(a) (in the last sum of Eq. 5.19) that has opposite sign. We now explain the equality in Eq. 5.20:
w € C_ NH(b) can be written as w = m' ot + Iy with m’ < 0 as w(a) < 0 (we removed the case w = 0) and
o(a) > 0; since we quotient modulo Z ¥, we can assume w = m’a. Then we have

() =) () = ) < s
() =) (™) o (g ™) = o
Consider instead of m’, m := —m’ > 0. Summing over all w € C_ N H(b) is then equivalent to summing

over all m > 0, which gets Eq. 5.20. B
In the same way, the contribute given by C_ NH (D) is:

—h(x)+w(x) \\N m
(l_e(_ ) (I_QZoqfr)N

1- 4dNz CITNT

) log

we(C+_NH(b))/Zy

=Y log

m>0

(5.21)

(1= e(— i)

This time the condition w(a) > 0 = w = mo + 1y, m > 0; we don’t care about Y part thanks to the quotient,

so we get _YV(V,(:)Q =m- (—7) so the sum is indexed by m > 0.

Summing Equations 5.20 and 5.21 we get the total contribution from vectors w € (C+_ UC_, )NH (b)\ {w=
0} which is (re-index Eq. 5.20 as m > 0 writing inside m + 1 instead of m)

1 —1,,m+1\N 1 1 miI\N 1— m N
) (10g‘(qulq,f,+2 +1og‘(qz°q> logH "9 4 ;3 ( qzoqu)
m=>0 1— Nz()q Nt I_CIN«)q m>0 (1—qNZ0q N‘L’)(l_q[VZoq_Nr)
00(20,—7)" ™)
=log|————~—| =1log|0O _
°8 60(Nzo,—NT) 0g |6 (0, 7))
where 9(5 '(e,-1) 1= % and 9( )(z,0) is defined similarly.

As intersecting with H(b) we used —7, we’ll use 6 when intersecting with H(a). Completely similar
computations give that the contribution given to the boundary term by vectors in (C._UC_)NH(a)\{w=

0} (recall w = 0 cancels out with the one in H (b)) give —log \G(EN) (z,0)|, since the coefficient is negative.
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By adding both contributions to the boundary term H(a) and H(b), we get the second summand from Eq.

5.18:
@: —log

0. (z0.0)
6y (z0. 1)

Claim: [2]
2

_ Lup(h(x), x50 L)
D)= tee ’ Fap((x),x: L)Y

Proof: We use the — sign before the sum w € C;_ /Zy in Eq. 5.19 to switch numerator and denominator in
the argument of the logarithm:

—h(x)+w(x) —h(x)+w(x)
(I—e(—5 )Y (I—e(——pmm ) [
@ = ) log —h(x)tw(x) + ) log —h(x) T w(x) =
weC_y /Ly (1—6(W)) weCy— /2y (1—9(—T))N
(1— eZm(i();)(:)w(x) ))N (1- 672711(77;’,,;;)&(’())) 2
= log 271'!( —h(x )+w(x)) ’ —2mi(= h(x +w(X)) -
weC_/Zy (1 —e (y/N)(x) ) weCyi_/Zy (1 —e ¥(x) )N
(M i) o
—log‘ Mvec, jzy(1—e 70 ))> Y e, jzy(1—e 2™ 0w ))‘ B
- ow(x)—h(x ’ x)—h(x) -
Muce /21 =N ) e agll = E0000))

Now, recall we saw in the proof of Lemma 2 that a=!L = L+ %Z, so that the second element in the above
product is T, 5 (h(x), (x);a~ L), we then conclude thanks to the definitions from Chapter 1 (Eq. 1.1)

X), X, -1
— log | (T (h(x),%: L) - T (h(x), ;L) 2 = log F“’bi’“” L)

(Fap (2 (x), % L)V

This gives Claim 2 and finishes the proof. |
O

Remark 22. The proof of this Proposition in the main article [BCG23], page 34, presents a “+” sign
in front of the boundary term, i.e. the one we called @, while we had a “—" sign. The discrepancy is
irrelevant, as next lemma tells us that the boundary term is 0, so its sign doesn’t affect the proof in any way.

I believe though that our signs are correct.

Lemma 9.

6(§ )(ZOa )
6(5 )(ZOa _T)
Proof. Let’s begin with some considerations about the relation between o and —7.

Since b = €a, multiplication by € induces an isomorphism LNH (a) = LN H (b); we can then write the image
of the basis of LNH (a), (B,7), with respect to the basis of LNH (), (¢, 7).

log =0 withN:=N(o)

ef=—-doa+by, ey=—-ca+dy. d,b,c,de€Z st dd—bc=+l (5.22)
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Chapter 5: Proof of the New Kronecker’s Limit Formula

We evaluate these expressions at X, denote g¢ := £(x) € C*

ecB(x) = (B)(x) = —d'a(x) +b'y(x); ecy(x) = (€7)(x) = —ca(x) +dy(x)

Divide everything by y(x), get

B(x) ax) o(x)
£ +b;, €& =-c +d
Ty RRETEY
Now recalling —7 = — i((:)) and 0 = l;((:; , by dividing the first equality by the second we get
BXx) i x| o(x) Tdn+l
— — J— —_ = .2
o =¢C (%) £ a %) +b cy(x) +d (—0)+d (5.23)

Since ¢ and —7 have both positive imaginary part (recall (—a, ), resp. (f8,7) are positively oriented basis
of H(b), resp. H(a)), the matrix of the action that sends —7 to ¢ must have positive determinant, i.e.
d'd—Db'c = +1 (it is actually the usual action of SL,(Z) on 7).

Now, recall once again that in the proof of Lemma 2, we proved thata 'L =L+7Z % This yields, intersecting
with H(a),H (b), that

a_lLﬁH(a):ZﬁJrZ%; a—leH(b):Za+Z% (5.24)

Since multiplication by € preserves a~ 'L (as it is just a unit), then €% € a”'L. From Eq. 5.22, we get
8,% =-—ya+ %y. It then belongs to H (b) as well, hence to a 'LNH(b) = Za + Z L. This implies that
ﬁ € Z, hence that N divides c.

Moreover % =1 mod L, for how A was taken, and € = 1 mod f as it belongs to ﬁ’;‘fx, hence g% =&+
8(% —1) €e+L, for 8(% —1) € L as € preserves L. Moreover e + L =1+L = % + L for above, so that
e% € % + L or equivalently 8% - % eL.

Thus, recalling that A = ny, 3n € Z~ and that y € H(b), also using Eq. 5.22:

P (nd_n)y: n(—ca+dy—y) _ n(ey—y) _ er—A

ELNH(b)=Zo+7Zy
q q q q q

give that =<, ("d;”) € 7Z so that

nc=0 modgq; n(d—1)=0 modg (5.25)

After these pure computational considerations, let’s start to properly analyze the function 6y(z, —7); recall
its definition:

60(z,—7) := [] (1 —qz¢"c) (1 —q; 'q"F") (5.26)

m>0

Directly from that, one can check the three following properties:

60(Z+ 17 _T) = 60(Z7 _T); QO(Z_ T, _T) = _6727'(1'160(1’ _T);

N : 5.27)
60(Nz,—N7) = [ 60l + %,—7) (
=0
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Claim: [1] These transformation properties give that GéN) (z,—71) = 03%1(52’7‘% is periodic wrt the lattice
LZ+7. )
Proof:

90(Z+1,—T)N . 90(2,—T)N

(N)
?) +1,—7) = = s
b (e ) o(N(z+1),=N1) TS o(z+1+4,-7)

boe, =1 _ 6oz —0)" M (z,—1)
M50 6o(z+4,—7)  6o(Nz,—NT) 0

where we used the first and third properties of Eq. 5.27. Similarly, using also the second property:

G(N)(Z—T—’C): 90(Z—‘L'7—7:)N _ (—e*ZEiZ)NBO(Z’._T)N _
0 ’ 60(N(z—1),—N7) Hygoleo(z—r—i—ﬁ,—r)

(—e EWNey(z, -V (—e RN 60(z, — 1)V
1y —e 78y (c+ §,-7) T —e 27t ) [T} Bo(e+ 5, —7)
N j N
= 7(_1) gizm(szz_l;];Ol (ZJFﬁ)) M -1. GéN) (z,—7)
(=D¥N 60(Nz,—NT)

as we have that

2 (VD ) _ omi(— M) venmi _

where the last equality holds since the exponential is 27i- periodic and N is odd, so that N — 1 is even.
From GéN) (z+1,—1)= éN) (z,—7) and GSN) (z—1,—1)= éN) (z,—7) we get that G(SN)(-, —1)is 1,7- peri-
odic, hence the claim. ]
The claim tells us that OéN) (z,—7) is a function on the elliptic curve E; := C /(Z+Z7). Note that 6y(-,—7)
is entire (clear from definition Eq. 5.26) and has simple zeroes at Z+Zt. Indeed the first two properties
of Eq. 5.27 tell us that 6y(-,—7) is periodic in the Z-direction and “quasi-periodic” in the Z t-direction. It
suffices to prove explicitly that 6y(1,—7) = 0 and 6y(t, —7) = 0; the first yields that 6y(-, —7) is zero at all
integers, while the second that 6y(-,—7) is zero at all points /7, [ € Z by induction on / (divide in cases / pos-
itive and negative), hence at all points of Z 4 Z 7. For m = 0 we have (1 —¢;14° ;) = (1 —**) = 0, and that
annihilates all the product, so that 6y(1,—7) = 0. Similarly, for m = 1, we have (1 —gzg_) =(1—-1)=0
and that kills all the product, giving 6y(7,—7) = 0.

So GéN) (z,—7) = (60(z, —4:)’\’)/([[1}’:_01 0v(z+ )vlv —1)) is a meromorphic function on E; with a zero z =0 of

multiplicity N and simple poles z = ﬁ for j integer between 0 and N — 1 (it should be z = —%, but we can
forget the sign by periodicity). Hence its divisor is N[0] — 27;0' [4]-
Define now the function 6" (z, —7) := 6" (c5ma a:((%))is/) Thanks to Claim 1, it’s easy to prove that

é(gN) (z, —7) is periodic wrt the lattice A := (c(—7) +d,d' (—7) +b'). Indeed

6" e+ (c(~7) + ), —7) = 0" (”C((C_(;)% 2, E:g ; Z)

_gM(__Z2 A=)+ _w( = dEOE sy
=% (C(T)er—H’ C(T)+d)_ 0 (C(T)er’ c(r)+d>_ 0 (&=7)
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and similarly ééN) (z+(d(=1)+0b),—1) = ~(§N> (z,—7). Note moreover that since a'd —b'c = +1, A =
Z+1r. '
Claim: [2] The function ééN) (z,—7) is meromorphic on E; = C /(Z+Z ) with divisor also N[0] - Y= [ #].
Proof: Call ¢ :=c¢(—7)+d and a@ := d’(—7) + b'. We use it to reduce the computation to 8y that we know is
entire with only zero z =0 in E;.

é(N)(Z_T)ZG(N)<Z d) 60(;%)’}’: B0(z 8"
P T NE e eG4 8)

(I}

m‘Z

by using the third property of Eq. 5.27 as usual. Now, the numerator gives us the zeroes, which are £ =0 =

z = 0 with multiplicity N. In the same way the denominator gives us the poles which are £ = ﬁ (again there
should be a —, but it’s fine by periodicity), which is equivalent to

. co(—=1)+d . . dj dj
Z;JC(ABJ<CJ)( )+—]—ﬁ] mod Z+7Z71

where we used 5 € Z, proved before. Moreover, since N | ¢, the equality a’d —b'c = 1 tells us that (N,d) = 1
or else a’'d — b'c would be a multiple of the non trivial gcd between ¢ and d. This allows us to conclude that

for j that runs on the integers between 0 and N — 1, so does dj. In particular the simple poles of ééN) (z,—7)
are givenby z= 4, j=0,....N—1.
Then ééN) (z,—7) has the wanted divisor.

]

Claim 2 tells us that éém (z,—7) and BéN) (z,—7) have the same divisors as meromorphic functions on Er.
Uniqueness principle then tells us that

6V (z,—1)=colM(z,—1), FCceC* (5.28)

Claim: [3] C? = 1 and moreover, if (6,N)=1,thenC=1.
Proof: The proof relies on two relations that can be directly checked from Eq. 5.26. If ([,N) = 1

1 & (FW"T) =6 (z,—7) (5.29)
SIEL]IZ
t .
I
StEL T
One can check that z € E; = § + Hl(l 9 ¢ E,, so that 6( )(— SH(I ),f‘c), ~(§N>(% + w,fr) are

functions on E; since 60( )(z, —’L') and 9(§ )( ,—7) are. So we still have

~(§N)<§+S“l(f),_f> _ceéN><§+s+tl(T),—r> Vs,t € 217

with the same constant C as before. By multiplying over all s,z € Z /I7Z (for a total of [* terms), we get,
thanks to Eq. 5.29 and 5.30, that ééN) (z,—7) = c’ B(EN) (z,—7), so that C = C"” for any positive integer [
coprime with N.

Thus since N is odd, taking [ = 2, we get C* =C = C3 = 1.
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Moreover, if (6,N) = 1, taking also [ =3, =C=C*=C=1. [ ]
Given that C is a root of unity, let’s call it { := C. Recalling Eq. 5.23:
(N) 2 o) (N)
0, <c(—1)+d’6) =6 '(z,—7) =06y '(z,—7) (5.31)

so that 9(§N) (7,0)= CGéN) (7 (—ct+4d),—71) calling 7 := (—ct+d)!

Now, z0 = g and thanks to Eq. 5.25, we get

n(d—1)
q

zo(—chrd):—ErJr + =z0 mod Z+7Zt
q

AT
QS

as — ';C, "(d ez Then, since 9( ) is Z+ Z t-periodic, we get:

6" (z0,0) = ¢6" (zo(—ct+d),—7) = {65 (20, 1) (5.32)

with { a third root of unity, trivial when (6,N) = 1. In any case

(N) N)

0

S0 )= 10g| 0| g
0" (20, -7) 0" (20,7)

5.5 Final considerations

Thanks to Lemma 9, Proposition 11 gives us (together with all previous partial results):

dn dt
{f(6,0) = /E% (h,f5~",0) = \F/ / Ffatl,t,hb) “ -

Lo (h(x), x50 671 2 GéN)(ZO7G)
Fup(h(x) 70 DN 6™ (20,—7)

— log|Ta(h(x),x:f6~")|* —0 = log |Tq (76"

(- () + 1)) = tog

gl

by Definitions 3, 4.
We’ve then proved the New Kronecker’s Limit Formula, Theorem 3. We conclude with some final consid-
erations.

Remark 23. We proved the first part of point i) of the Main Conjecture 3. Indeed we have thatlog|Tq ,(f6~1)|> =
f/. a (6,0), and, since the Right Hand Side doesn’t depend on h, neither does the Left Hand Side; in particular

Lo (f6~1) only depends on L and a.
Remark 24. Let’s begin by noticing that

[sec, /zy (1 - e_zm(&yzgw)) (1 - e_z”i(é(;gz;‘t'))
H56C7+/Z’J/ (1 - ezm(ﬁ(;();w)) (1 — ezm(a(;()zgw))
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Chapter 5: Proof of the New Kronecker’s Limit Formula

simply by definition, Eq. 1.1. Notice that 6 € C° < —6 € CS._, as the interiors of the two cones are
symmetric as clear from their definition, Def. 1. Looking at Eq. 5.33 we can then rewrite the terms of the

interiors as:
Maces 2y (1- e—2ﬂf<5$3$W>) (1- e—m(ﬁ%w)
><1—2m =)
(- ) 10
8eCS_/zy (1 27“ )(1 2m )—w
<1_efzm<5<;z;w>)<1_efw<5<;z;v>)

sectyzr (1)) (12 ()

)+w

[Tseco, jzy (1 — MU

The only terms worth considering in Eq. 5.33 are those which lie on the boundary, i.e.:

o d(z)+w e 8(z)—w
Hée(C+7mH<b))/Zy<1*€ 2 8 >>(1,e 21 1@ ))

i 8(2)+w ; 5(2)—w
H56<C7+QH(0))/ZY (1 _e271: ( @) )) (1 — 6271' ( (@) ))

We now plan to use this formula to compute g ,(h(x),X; L)Tq 4(—h(X),X; L), which was something we were
left to do from Chapter 1. By Def. 3:

(5.34)

Cop(—w,zL)Cop(w,z5L) =

Tup (h(x), 50 L)up(~h(x),xa”'L) (1)
[Ta5(h(x),%; L)L (—h(x),x; L)]V (@) _@N(a)

Lo n(h(x),x;L)Tq p(—h(x),x;L) =

we get thanks to Eq. 5.34

i( $X)+h(x) - 8(x)—h(x)
® Hée(C+,ﬁH(b))/Zy(l*6727“( " )>(1—e*2’”( o) )>

+( 8(x)+h(x) . 8(x)—h(x)
[scc_.nr()/2y (1 —e2m< ) )) (1 _ ezm( 7 ))

Now, by classical considerations (see Claim I in proof of Proposition 11) we can write, since we’re quoti-
enting by Zy, § = na. in the numerator and 8 = mf in the denominator, some n,m > 0 (as we need §(a) >0
in the numerator and 6(b) > 0 in the denominator), so that

- ((noy(x)+h(x) - nou(x)—h(x) L 0-h(x)
[Tn>o0 (1 —eizm(T"))) (l —eizm( i) )) (1 — [2’”( i) ))
B (B ) (B )\ o)
Moo (1= CH)) (1227 CP5)) (-2
where we also multiplied by a fraction equal to 1. This allows us to regroup the terms in the following way:

in the numerator the exponent with —h runs over n > 0 (the case n = 0 is the one we just added) so we can
consider in the numerator a product over n > 0 and re-index the exponent with +h (which starts fromn = 1)
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as n+ 1 instead of n. In the same way for the denominator, we multiply over m > 0 but we re-index the
exponent with —h (which starts from m = 1) as m+ 1. This way we obtain

s (D a(x)+h(x) i n0U(x)—h(x)
Moo (] _ 2w )) (1 (Mg ))
= - mB(x)+h(x) ~( (m+1)B(X)—h(x)
Moo (1 B e2m( - )) (1 B 8271'1(77(,() ))

((—(n+Da(x) | —h(x) .(—na(x) | h(x)
=0 (1 _ (T T )> (1 RLIC +y<x>)>

= NN NSy A T
Lo (1 _ 2 *W)> (1 _ (i ))

o1 — a5 "5 (1 —a504"2)  60(20, 1)

" Tlso(1—:q2)(1 — gz g2 60(20,0)

Analogously for @, using additionally that, thanks to Lemma 2,

N(a) N(a)

and third property of Eq. 5.27: 0y(Nz,—NT) = Hjjyzo 6o(z+ %, —1) that holds also for ¢ instead of —7, we
get that

@ = N}ﬁ)l Lap (h(x) +k v(x) ,x;L) Cap ( —h(x)+k 7(x) 7x;L)

(D)= 2ollV20, =NT)

60(Nzo,—No)
We conclude that
00(Nzp,—NT) ( 60(z0,0) )N(G) 60(z0, )N (@)
Can(h(x),x;L)Tan(—h(x),x;L) = . _ Oo(z0,0) 535
(), LT~k %:L) 60(Nzo,—No) \ 6o(z0,—7) 60(z0, —7) V(@) (5-35)

Eq. 5.32 in the proof of Lemma 9 gives that the last quotient of Eq. 5.35 equals to a third root of unity, say
&, trivial when (6,N(a)) = 1.
We’ve obtained that, up to a third root of unity, trivial when the ideal a is coprime with 6, we have

Con(—h(x),x;L) = Tau(L)"" (5.36)

This result was used in Remark 6.3, and later in Remark 8.3. We can consider now those results fully proved.
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Appendix A

Proof of Stark’s Conjecture for abelian
extensions of imaginary quadratic fields

The main article analysed in this thesis [BCG23] proposes a Conjecture that relates to Stark’s Conjecture for
extensions K (f) /K where K is a complex cubic field. Given the importance of narrow ray class fields among
the abelian extensions of a certain field, one may hope that, thanks to the contribution of the main article, a
proof of Stark’s Conjecture will be reached for all the abelian extensions K /K of a complex cubic field K.
As we saw, many of the results created by the authors of [BCG23] try to mimic those established for the case
of abelian extensions of imaginary quadratic fields, a case in which Stark’s Conjecture is actually proved.
Since most of the tools for this proof were already given throughout this thesis, it is convenient to present
now a proof of this result; we will follow [Tat84] (Ch. 4) and [Iye20]. The proof will not be complete as
we’ll need to assume facts from CM! theory and other branches of Algebraic Geometry.

Let K/k be an abelian extension where k is an imaginary quadratic number field. Let S be a set of places
as it was taken in Section 4.2: we ask that it contains all archimedean places as well as places that ramify
in K and a place that splits completely in K. We previously saw as a condition that |S| > 2, but assume for
simplicity that |S| > 3. As saw in Remark 19, the case |S| = 2 would require a different but similar treatment,
because of its particular definition of U ),

Recall the definition of the partial zeta function associated to the set of places S:

g(s7 O') = CS,k(&G) = Z N(a)ﬂ'

(0.,5)=1,a¢[o]

where [o] is the class of ideals that correspond to ¢ under the Artin map. Recall the notations e :=
|L(K)|, G := Gal(K /k). We restate the claim to allow us to work without recalling U(") (in the case |S| > 3)

and U;;’;k:

Conjecture 7. Let K /k be an abelian extension and S a set of places like above. Fix a place v of S that splits
completely in K and one of its lifts w in K, then there exists a unit € € K> such that:

i) €|,y = 1forall places of K, w' { v;

ii) K(€'/¢)/k is an abelian extension;

Complex Multiplication
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Proof of Stark’s Conjecture for abelian extensions of imaginary quadratic fields

i) ¢'(0,0) = —1log|e|,, forall 6 € G.

The Conjecture is usually referred to as St(K/k,S). This notation could be misleading as we saw in
Remark 18 that the Conjecture doesn’t depend on S, however it is kept for historical reasons. What we aim
to prove is:

Theorem 4. If k is a quadratic imaginary number field, then St(K /k,S) is true for all abelian extensions
K/k.

Proof. First of all we want to reduce the claim to the case of narrow ray class field extensions: to do so, a
result form [Tat84] (Ch. 1V, Prop 3.5) says that for a chain of abelian extensions k C L' C L, if St(L/k) is
true than also St(L'/k) is true. A proof of this result would require to introduce too many technical elements

and is therefore skipped.
n
(1)
pesi{e}

Let

where we multiply only the places of S corresponding to prime ideals and not the archimedeans. From a
known result of Class Field Theory we get that for n large enough, K C k(m), where k(m) is the narrow ray
class field of k of conductor m, that recall is an abelian extension of k£ unramified outside the primes that
don’t divide m. One easily sees that an S that satisfy the needed conditions for K (at the beginning of Section
4.2), satisfies the conditions also for k(m) (since the only places that ramify in k(m) are those which lie over
places of k that belong in S by definition of m; the other conditions are trivial). By the result recalled from
Tate at the beginning of the proof, proving the Conjecture for k(m)/k would prove it for K /k; we will then
further assume, without loss of generality, that K = k(m).
Furthermore, recalling that wy := [{{ € u(k) | { =1 mod m}
of m large enough, that wyy = 1.

We now plan on using Kronecker’s second Limit Formula, which was proven in the case of imaginary
quadratic fields in Section 3.4. The definition of the Siegel-Ramachandra invariant in the current case is:

gm([6]) = gm(8) = gm(0p) := G(L;mp ")/

for every class [b] € €lx(m), and where f is the smallest positive integer in mNZ. Recall we can also define
this invariant as associated to an element of the Galois group, say oy € G = Gal(K /k) = Gal(k(m)/k) thanks
to the identification between G and €’ (m) provided by the Artin map. Kronecker’s Limit Formula in the
case of imaginary quadratic number fields, Corollary 1, says that (in our formulation, cf. Remark 17):

, we can assume, by taking # in the definition

1
6me

Es(0p,0) = §s(6,0) = — log|gm ()] (A.D)

We will need some results on gm(0):
a) gm([6]) doesn’t depend on the choice of b € [6]; for that reason we can just write gm(0), gm(0p);
b) gm([6]) € k(m);
¢) gm(8) = gg(gm(1));
d) |gm(0)],» =1 forw tv;
e) The extension k(gm(0)'/%/) /k is abelian.
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Proof of property a). A different element in the class [6] would be Abfor A € (1 +L), L:=mb~! (thanks to
Remark 10 adapted to our current notation; recall we don’t have the + signs in the quadratic imaginary case,
for there is no real embedding, cf. Remark 14). We then need to prove

VA€ (1+L), L:=mb"!,  gn(0) =gm(Ab) ie. G(L;mb ') =G(1;4 mo 1)/

Recall G(z;L) := e %M1&L (7, L)12A(L). A first question to ponder is what happens to the functions
o(z;L),A(L) when we substitute L with 2 'L
Recall A(L) = g3 —27g3 with g; := Yyep oy ¥ . SO A(A~'L) = gh? —27¢5* with e.g.

g= Y 7= Y a'piert Yoyt

Yer~lL\{0} veL\{0} vEL\{0}
Analogously g5 = A5g3, so that we get
AATIL) = g3 =272 = A12g3 — 274123 = A12A(L)

For o(z; L), recall its definition:

o(zl)=z (
yeL\{0} 4

from which one clearly sees that 6(A~'z;A1L) = A~'o(z,L).
Recall moreover one of the properties of the 17 function regarding its relationship with the ¢ function (see
[Sha87] Ch.II, Section 2 Eq.3): for w € L,z € C we have

o(z4wiL) = £ (+5) 6. 1) (A.2)
The claim G(1;L)/ = G(1;A~'L)/ is then equivalent, by definition and properties of A, & above, to:
G(1:L), = G127 L) & e ML G (1; L)AL = e 6MIA D (1,2 L)1 A L)

& eI G(1L) ALY = e OMA D) 2 oA VALY &

by erasing (A ~!)'2/112/ on the RHS and the discriminant from both sides, and moreover applying Eq. A.2
to A := 14+ w,w € L (note that the + sign in Eq. A.2 goes away thanks to the 12th power):

=

o e ML) (1, 1)12f = o 6MATL) [en(w;L)(Hg)o_(l;L)} 12f

o e—6fn(1;L)G(1;L)12f _ e—6fn(I;JL*IL)e6fT](W;L)(2+w)G(l;L)12f

We can now simplify o(1;L)'?/ and we remain with an exponential equation; recalling the complex expo-
nential has period 27i, the equality to check now becomes a congruence modulo 27wi. More precisely our
claim becomes:

—6fn(1;L) = —6fn(1;A7'L) +12fn(w; L) +6wfn(w;L) mod 27i (A3)
We will prove that

— (L) = —fn(LAT'L) +2fn(wiL) +wfn(w;L) mod 27 (A4)
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Proof of Stark’s Conjecture for abelian extensions of imaginary quadratic fields

which is a stronger condition: if this holds, then also Eq. A.3 holds, simply by multiplying both sides by 6.
We use throughout that f is real so it can enter and exit the argument of 17 by R-linearity of the latter.
Moreover since f,w € L we have that:

fmw;L)—wn(f;L) =0 mod 2wi (AS)

This is a generalization of Legendre relation (see [Sha87] Ch. II, Section 2, Eq. 3) that says that if @, @,
are the generators of L, 01 (@y; L) — oy (o;;L) = £27i.
One can prove easily, directly from definition of the Weierstrass-{ function (Def. 10), that for all ® € C

C(@;A7'L) = A{(AosL)
By definition of 1) (always Def. 10), for@ € A~ 'L,z C
N(@; A7) = {(z+ @27 'L) = {(A7'L) = A[{(Az+ Aw; L) — { (AzL)] =
=An(Aw;L)

as Aw € L. Let’s now see how this helps us conclude: first note that f € AL, indeed we now prove
equivalently that A f € L; if we call again ®;, @, the generators of L, note that since f is the least positive
integer in m, it can be chosen as one of the generators, wlog f = w,. Then since w € L, there exist integers
d b’ such that w = fa' + o' = fA = f(1+w) = f+ f2d + fob' = f(1+ fd') + @ (fb') with 1+
fd',fb' € Zsothat fA € L.

The claim (Eq. A.4) with (f;A~'L) = An(Af; L) for what just said, becomes (all congruences are intended
modulo 27i)

—fn(LL) = -AnAf;L)+2fn(w;L) +wfn(w;L) = —n(f;L) —n(fw;L) —wn(f;L)—
—wn(fw;L) +2fn(w;L) +wfn(w;L) = —n(f;L) —wn(f;L) + fn(w;L)

where we substituted A = 1+ w and then simplified the common terms. Moreover by erasing on both sides
of the congruence — fn(1;L) = —n(f;L), our claim becomes

=—-wn(f;L)+ fn(w;L) mod2mi
which is true by Eq. A.5. Then our original claim is also true and the proof of fact a) is finished. O

Properties b),e) come from the theory of Complex Multiplication: since k is a quadratic imaginary number
field, there exist elliptic curves (call E one of them) which have CM by & (i.e. such that End(E) = &) with
O and order in k. We will now just sketch the motivation of these two results, based on some well-known

facts. Recall the notation I'y := {y eSL,(Z)|y= (é ?) mod N}.

Facts 1 (From CM). * Narrow ray class fields such as k(m) are obtained from k by adding the j-
invariant of an elliptic curve E with CM by an order O such that [0y : O] = f (in the case of k(m)),
where f is again the smallest positive integer in mNZ and Oy, is the ring of integers of k.

» Thanks to the proof of property a), one can see that the function G(1;L)! is modular of level L'y, this
implies (taking L =mb~") that gm(8) and gm(8)'/°F are both values of certain modular functions at a
certain point 0 € kNJZ.
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o If f is a modular function of level I'y and 6 € kNS, then f(0) € k(NOy), the narrow ray class field
of conductor the ideal N O}, C Oy. In particular this tells us that the extension k(f(0))/k is abelian.

Property e) above, i.e. abelianity of the extension k(gm(0)'/%/)/k comes by combining the second and
third facts.
For property b): gm([b]) € k(fO%) comes from the third fact. From that, by definition of f and taking
L=mb""!, we have that gm([6]) actually lies in k(m).
Property ¢) comes from a reciprocity law in CM theory that associates to the Siegel-Ramachandra invariant
an elliptic curve and allows to prove the result by working on the latter. However we will take it without
proof.
We won’t prove even property d), as it comes from Algebraic Theory of elliptic units.
Let’s go back to the proof of Stark’s Conjecture, with the help of the properties a) — e).
Claim: gm(1)¢ admits a (6f)-th root contained in k(m), call it «.
Proof: We plan to use a result from [Sta80] (Lemma 6) which says the following: for an extension K/k
abelian, 8 # 0 a number such that oo = 6" € K, if K(6)/K is normal and Gal(K(0)/K) is contained in the
center of Gal(K(8)/k) and if K contains exactly e roots of unity, then ct(¢” is an n-th power in K.
In our case k(m)/k is an abelian extension, we want to use n := 6f and o := gm(1). Note that such o
belongs to k(m) by combining properties b), c) above: gm(1) = o5 !(gm (b)) and since gm(0) € k(m), then so
does gm(1).
In our case § = gm(1)'/%/. Using property e) for the class [1] € €l (m), we get that k(gm(1)"/6/) /k = k(8) /k
is abelian. Thus, since both k(m)/k and k(8)/k are abelian, then so is also k(m)(J)/k, in particular it is also
Galois. This implies that k(m)(8)/k(m) is also Galois, hence normal, and that the center of Gal(k(m)(5)/k)
is the whole group, hence Gal(k(m)(8)/k(m)) is surely contained in it.
We can then apply the Lemma from [Sta80], which tells us that gm (1)(¢®/) admits a (6 f)-th root in k(m). To
conclude we just need to prove that (e,6f) = e, i.e. that e divides 6f. As we saw in the proof of Proposition
7, if k(m) contains a p-th root of unity with p coprime with m, then p is either 2 or 3 (recall in that proof
we had a condition p < 4 which imposed p € {2,3} as 4 isn’t prime; in this case, since we’re in a quadratic
imaginary case, the condition is directly p < 3), in particular p | 6. If k(m) contains a p-th root of unity with
p not coprime with m, then p must divide f. In either case p | 6f so that e | 6f and we’re done. |
This claim allows us to conclude: applying it together with c), and recalling that we can assume wy = 1, we
get from Eq. A.1

Es(05,0) = — log lgm(£)| = — — log o (gm(1))| =

1
6/ wm T6f

1
— o7 08 0y(em (1)) = — ; logl g )
for all oy € G, which proves iii) of Conjecture 7 with € := u. (Recall that Tate doesn’t write explicitly the
dependence that ¢ has on S, but his ’(0, ¢) is precisely our {((0j,0).)

Condition i) corresponds to d) recalling the relation between u and gm(6) via ¢), invariance of the norm
under Galois action and multiplicativity of the norm, while for condition ii) note that K (u'/¢) = k(m) (u'/¢) =
k(m)(gm(1)'/7) is an abelian extension of k thanks to property e).

The case of abelian extension of imaginary quadratic fields is one of the few in which Stark’s Conjecture
has already been proved. We once again invite the curious reader to take a look to Tate’s book on the subject
[Tat84].

2Both articles [Tat84] and [Iye20] that we’re following for this proof say that gy (1)¢ admits a (12f)-th root in k(m), consistently
with their notation (cf. Remark 17).
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Proof of Stark’s Conjecture for abelian extensions of imaginary quadratic fields

We conclude with the hope that the next case of this beautiful conjecture to be proved is that of abelian
extensions of complex cubic fields, maybe with the help of the new Conjecture formulated by the authors of
[BCG23].
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