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Introduction

The aim of this M.Phil thesis is to present my research throughout the past academic year.
My topics of interest ranged over a fairly wide variety of subjects. I started with the study of
automorphic forms from an analytic point of view by applying spectral methods to the Laplace
operator on Riemann hyperbolic surfaces. I finished with a focus on modular knots and their
linking numbers and how the latter are related to the theory of well-known analytic functions.
My research took many more directions, and I would rather avoid stretching the extensive list
of applications, papers and books that attracted my attention. I decided to present here some
of the topics I favored and parts of my research that proved or could prove fruitful. There is a
significant disadvantage to proceeding in this fashion. The discussion might look rambling as
the topics covered are well diversified.

The structure of the thesis is pretty standard. We start with a brief overview of general
theory about automorphic forms and include or reference all the additional results we need in
the next sections.

The first of these sections is about Farey fractions. After a straightforward introduction
and usual considerations about Farey sets, we discuss their distribution. We give an alternative
proof that the Farey fractions are equidistributed by means of nice arithmetic identities. Then,
we present a paper on correlation measures for Farey fractions [3] and sketch the arguments
that lead to two interesting theorems. To conclude the section, we show how one can recover the
uniform distribution of Farey fractions using methods borrowed from the theory of automorphic
forms. This emphasizes well how powerful and natural this approach can be.

The next section is dedicated to multiplier systems. We explain how they are used to
generalize automorphic forms to the non-integral weights case and give two famous examples
of such forms. Finally, we construct a series whose analytic properties could yield interesting
information about the image structure of a given multiplier system. Our approach is inspired
from techniques worked out in [19].

In the final section, we briefly outline Ghys’ result that linking numbers of modular knots

are given by the Rademacher function. We dwell on these two notions beforehand.

Some familiarity with analytic number theory, automorphic forms and spectral methods is
assumed. The reader should also feel confortable with elementary number theory. No extra
knowledge is required. The listed topics should cover most of our discussions and suffice to go
through the present thesis. The interested reader will find appropriate complementary material
in the references listed at the end of the thesis.

To conclude this introduction, I would like to thank Yiannis Petridis, for being an amaz-
ing supervisor, without whom this thesis would not exist. His assistance, availability, advice,
instructive discussions and encouragements were extremely precious throughout my year of
research.

C.F. Gau$}

Mathematics is the queen of sciences and number theory the queen of mathematics.
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1 Brief overview of general theory

1.1 Hyperbolic geometry and Mobius transformations

This overview takes most of its inspiration from [9], [10] and [11].
Throughout the chapters, the complex upper half-plane {z+iy : z,y € R, y > 0} is denoted
by H. It is left invariant under the action of SLy(R), as

Y
S0h2) = lez +d|?’
b
where v = (Z d) acts on H by
az+b
T rd

Notice that v and —v have the same action on H. The factor group of transformations
PSLy(R) = SLo(R)/{I,—1I}

is called the group of linear fractional transformations or Mébius transformations. These trans-
formations leave invariant another subset of the Riemann sphere, namely the real line RU {oo}.
Mbobius transformations have many nice properties, e.g. they map circles and lines to circles and
lines, they are conformal in the Riemann sphere, and they define isometries for the hyperbolic

metric derived from the Poincaré differential

_ |dz|? _ da® + dy?

2
P T e

z € H.

The corresponding hyperbolic distance between the points z,w in H is explicitly given by

2 — w|?
coshd(z,w) =1+ 2u(z,w), u(z,w) = 505 (w)
The hyperbolic measure is given by du(z) = dxdy/y?. We distinguish between three different
kinds of linear fractional transformations. We say that v € PSLy(R) is parabolic if it has one
fixed point in R U {oco}, hyperbolic if it has two such fixed points and elliptic if it has one fixed
point in H.
Discrete subgroups of SL2(R) play a crucial role in the theory of automorphic forms. The

norm considered is the one inherited from R*,i.e.
VI = a® + 0% + ¢ + d%.

A group ' C SL2(R) is discrete if the sets {y € I' : ||v|| < p} are finite for all p > 0.
We say that I" acts discontinuously on H if the orbits I'z = {yz : v € T'} have no limit
points in H. In particular, the stability group of a point z € H,

I.={yel :yz=12z}

is finite. It is a famous Poincaré theorem that a subgroup I' of SLo(R) is discrete if and only if

I acts discontinuously on H. Discrete subgroups of Mobius transformations are called Fuchsian
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groups. There are many characterisations for such groups. We say that a Fuchsian group I is
of the first kind if every point on the real line R U {oo} is a limit point of an orbit 'z for some
z € H.

A fundamental domain for a group I' C PSLs(R), is a domain F' in H such that distinct
points in F are not equivalent under the action of I' and any orbit of I' contains at least one
point in the closure' of F. There are many ways of constructing fundamental domains. For
instance, the normal polygon P(w) of a Fuchsian group I' C PSLs(R) of the first kind,

Pw)={zeH : d(z,w) <d(z,yw), YVyeTl, v#1I}

is a fundamental domain for I' if w € H is not fixed by any motion in I'\ {I}. We could dedicate
hundreds of pages discussing discrete subgroups and related properties. We assume that the
reader is already familiar with these notions. All the details on that matter can be found in
[11].

The set of orbits I'\H is equipped with the topology that makes the quotient map H — I'\H

2 as a Riemann surface.

continuous. This yields a connected Hausdorff space that can be seen

We say that a Fuchsian group is cofinite if there is a corresponding fundamental domain in
H with finite hyperbolic area. As du is T-invariant, it is easy to show® that this area does not
depend on the choice of a fundamental domain. We denote this area by vol(T'\H).

Clearly vol(I'\H) < oo if there exists a compact fundamental domain for I. However there
are cofinite Fuchsian groups I' with a non-compact fundamental polygon. This implies that
some of the vertices of the polygon lie on R U {oo}. We call these points cuspidal vertices or
cusps. If in addition, I' is of the first kind, we can construct a fundamental polygon all of whose
cuspidal vertices are inequivalent under the action of I'. Cusps are precisely the fixed points of
the parabolic motions of T'.

Cusps will be denoted by bold letters a, b, c, ..., 00. The stability group I', is cyclic infinite
(easy exercise). It is generated by a parabolic motion v,. The scaling matriz o, € SLy(R) is
such that

1 11
0,00 = A, and 0p Yala =% 0 1]

Conjugating I', by the scaling matrix for the cusp a, we get that

a;lfaaa:B, where BFOO{<(1) l1)> :bEZ}.

Most of the interesting Fuchsian groups are cofinite and of the first kind. We end this section
with a focus on congruence subgroups. Let m be a positive integer, we define the principal

congruence group of level n to be

I'(n) = {’y €SLy(Z) : v= ((1) (1)> mod n}

'With respect to the euclidean topology on the Riemann sphere C U {co}.
2This means that one can consider analytic charts for which T'\H becomes a Riemann surface.
3This is theorem 3.1.1 in [11].
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Any subgroup of the modular group I'(1) = SLy(Z) which contains I'(n) for some n is called a

congruence subgroup of level n. The two other classical examples of congruence subgroups are

To(n) ={y€SL2(Z) : c=0 modn} and Ti(n)={y€To(n):a=d=1 modn},

where v = I All these congruence subgroups are cofinite and of the first kind. They have
c

finitely many cusps that can be explicitly computed by means of elementary number theory.
For example, the number of inequivalent cusps of T'g(n) is given by

h=">" ¢l(a,b)],

ab=n

where ¢ is the Fuler’s totient function and (a,b) is the largest common divisor of a and b.

1.2 Laplace operator and automorphic forms

In the present section, we follow closely the discussion in [9], [10] and [23]. The Laplace operator

derived from the Poincaré differential is given by
A =y* 02+ 0]) = —(2 — 2)°0.0:,

where 0, = (0, —i0,)/2 and 0; = (0, +10,)/2. A straightforward computational exercise shows
that A is SLy(R)-invariant, that is

Alf(v2)] = (Af)(v2),

for all v € SLy(R) and all f € C2(H, C). The determination of the spectrum and eigenfunctions
of A is of prime importance for the sequel. We quote an important result (proposition 1.5 in

[9]) which is easily obtained from the Fourier expansion theorem for periodic functions.

Proposition. Set g = (0 i and consider f, an eigenfunction of A with eigenvalue

A =5(1—5). Assume that f is such that f(Bz) = f(z), for all z € H and that*

f(z) = ole(=iy)],

as y tends to infinity. Then f has the following Fourier expansion,

) =R+ Y, F)Wi(nz),

n€Z\{0}

where fo(y) is a linear combination of the functions y* and y*~* if s # 1/2 and of \/y and
Vylog(y) if s =1/2. Here the function W, is derived from the Bessel function Ky_1 2,

W(z) = 2\/yK,_1/2(2my)e(x).

4We write e(x) = exp(2miz).
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For the rest of the section, I' will be a cofinite discrete subgroup of SLs(R) of the first kind.
A function f : H — C is said to be T'-automorphic if it lives on T'\H, i.e.

f(vz) = f(2), for all v eT.

The set of all such functions is denoted by A(T\H), as it is in [9]. An automorphic function
which is also an eigenfunction of the Laplace operator A is called an automorphic form. The
space of automorphic forms with eigenvalue A = s(1 — s) is denoted by As(I'\H).

Assume now that a is a cusp for I'. Then, if f € A(T'\H), we have

f(0aBz) = f(Ya0az) = f(0az)

for all z € H, so that f(oaz) has the following Fourier expansion,

f(UaZ) = Z fan(y)e(nx)a

n=—oo

where the n-th Fourier coefficient is given by

fan(y) = /0 float)e(—nz)ds,  ne

Automorphic forms whose zero-th Fourier coefficients fao vanish identically at all cusps a

of I" are called cusp forms. The space of such functions is denoted by C(I"'\H), and we set
Cs(T\H) = C(T\H) N A, (T"\H).
By the proposition, we know that any cusp form f € C4(I'\H) expands as

foaz)= S Fam)Wi(n2)

nezZ\{0}

at every cusp a for I'.

1.3 The spectral theorem

Let T' be a Fuchsian group of the first kind and consider the space of smooth and bounded
functions in A(T'\H) whose Laplacian is also bounded. We denote this space by B(T'\H). It is
easy to show that B(I'\H) is dense in L?(I'\H). The next theorem is lemma 4.1 in [9].

Theorem. The Laplacian A is symmetric and non-negative on B(I'\H) with respect to the
inner product

(f.9) = /F | fo

Therefore, by the Friedrichs extension criterion, it has a unique self-adjoint extension to some
subspace H(T'\H) of L>(T\H), that we write again A.

Proof. Using Stokes’ theorem, we get that, for any two functions f and g in B(T'\H),

/PgAfdﬂ(z):,/PVf.Vigdxder/apﬁanfdlv
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where P is a normal polygon with respect to I'. In particular, P is a bounded domain and
OP is a hyperbolic polygon whose sides can be arranged in pairs of I'-equivalent sides. The
differential operator V is the eucidean gradient, V = [0, 0], O, is the outer normal euclidean
derivative and dl is the euclidean length element. Note that

Ondl = Ondl,

where 0, = y0, and dl = y~'dl are the associated hyperbolic operators. One can check that
they are I'-invariant. This implies that

/ganfdlz/ GOnfdl =0
oP oP

as f and g live on I'\H so that integrals along equivalent sides cancel out. Hence,

(Af.g) = —/PVf Vg dady = (f, Ag)

and

Af.fy == [ [97Pdody <0
P
as desired. 0

To understand how important is the spectral resolution of A on L?(I'\H), we introduce
the hyperbolic lattice counting problem following the discussion in [17]. It consists in giving
asymptotics for the function counting points in a given orbit within a certain distance from a
fixed point. More precisely, suppose that I' C PSLy(R) is a Fuchsian group of the first kind
and that z and w are fixed points in the upper half-plane H. We are looking for estimations of
the function p, defined for = > 2 by,

p(z) = Z 1.

yel
du(yz,w)< z—2
For T" the modular group, one can show with elementary methods that p(z) ~ 6z asymptotically.
Actually, we have
p(x) = 62 + O(z¥?), as x tends to oo.

The easiest known way to generalize this result to more complicated groups, such as congruence
subgroups, is to use spectral methods. This is illustrated in the following theorem (theorem 12.1
in [9]).

Theorem. As x tends to infinity, we have,

p(m) = Z 2W1/2wuj(z)ufj(w)xsj + 0(12/3)’
s;€(1/2,1] Ps; +1)

where j labels the spectral’ parameters s; of A on L*(T\H) that lie in (1/2,1] and u; € A, (T'\H)
are the corresponding square integrable eigenfunctions.

5The eigenvalue is Aj = s;(1 —s;). Note that eigenvalues with double or higher multiplicity are repeated.
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Hence, the determination of the small eigenvalues of A provides asymptotics for hyperbolic

lattice counting functions!

Before giving an outline of the proof, we describe the structure of the spectrum or of a

Fuchsian group T'.

Definition. Let A € C. The corresponding resolvent associated to A on H (I"\H) is the operator
Ry = (A+X\)~L. The point X is regular if Ry is a bounded operator defined on the whole space
H(T'\H). The spectrum of I" is

or ={A € C : X\ not regular}.

— 5d
The spectrum decomposes as or = of U op.

e The discrete spectrum Ul‘i is the collection of points A for which R) is defined on a set not
dense in H(I'"\H);

e The continuous spectrum of. is the collection of points A for which R is unbounded.

Notice that o and of are not necessarily disjoint!

The discrete spectrum a{f can be written as {0 < Ay < Ay < ---} and is countable (not
necessarily finite). On the other hand, if I" has m > 1 cusps, of = [1/4,00) and each of these
spectral points appear with multiplicity m. See [15] p.206 for a proof and a more detailed
discussion.

The complete set of eigenfunctions associated to A = s(1 — s) € of, i.e.,, R(s) =1/2 or

equivalently A > 1/4, is given by analytic continuations of the Fisenstein series Eqa(z, $).

Definition. Let a be a cusp for I'. The corresponding Eisenstein series is defined for R(s) > 1
by
Ea(z,8) = Z [S(Ua_l'yz)]s

~yELL\I

It is in A(T\H) as a function of z, but not in L?(I"\H).

It is well-known (chapter 6 in [9]) that these series extend meromorphically to C and that
its poles are contained in the union of the half-plane f(s) < 1/2 and the interval (1/2,1].

We are now ready to sketch the proof of the previous theorem.

Outline of proof. The idea is to look at the spectral expansion of a particular automorphic

kernel. A point-pair invariant kernel k is defined on H? so that
k(z,w) = k[u(z,w)],

i.e. k depends only on the hyperbolic distance between its two arguments. Such a kernel yields

an automorphic kernel K given by the series

K(z,w) = Z k(z,~yw).

vel
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If k decreases rapidly enough, this series converges absolutely. The control over the growth of k
is best expressed in terms of regularity assumptions on the Selberg/Harish-Chandra transform
h of k defined by

<

—
<

S
|

/:o E(u)(u —v)~Y2du

% [(sinh g) 2}

h(t) = / = et g(r)r.

— 00

)
—~
=
S~—
I

From now on, we will say that k is regular, if h is even, holomorphic in the strip [St| < 1/2+,

for some € > 0 and .

(It + 1)+

En passant, a regular kernel k defines an invariant integral operator L given by®

h(t) < in the strip.

Lf(z) = /H (2 w) f(w)dp(w).

Generalising the spectral theorem provided at the end of the present section, one can get a

spectral expansion for K. If k is regular, we have that”

K(zw)= S hlt)u; ()5 (w) +Zﬁ [ B Ea(z1/2 + i) Ba(w, 1/2 + ir)dr,

1/2<s;<1 a

where s; = 1/2 +it;, t; € C. The sum converges absolutely and uniformly on compacta.
Using the Bessel and Cauchy-Schwarz inequalities as well as estimations on the growth of
Eisenstein series, one can show (see chapter 7 in [9] for details) that for any regular kernel k,

we have

Ko = 3 e+ 0| [ e v,
1/2<s;<1 0

where H is any decreasing majorant of |h| and the implied constant depends on T', z and w.

Now, the most natural approach would be to consider the kernel k for which k(u) = 1 if
u < (x —2)/4 and k = 0 elsewhere. However, this does not yield satisfactory results. As in
[9], we rather take k(u) =1if 0 <wu < (z—2)/4, k(u) =0if u > (z +y — 2)/4 and k linear
continuous on [(z —2)/4, (x +y —2)/4]. Here y = y(z) is to be chosen later to in order optimize
the error term. For now, we only require that x > 2y > 2. Clearly, p(z) < 2K(z,w) and if
1/2<s; <1,

ht;) = W?T(; : - )2) 9 + Oy + a*/?).

Also, if t > 0, R(s) =1/2 and

h(t) < |s|°/ [min(|s], zy~") + log ] 2/2,

6We omit here the discussion on the regularity assumptions on the admissible test functions f.
"This is theorem 7.4 in [9]
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where the implied constant is absolute. Therefore, we get the following upper bound for p,

T(s; —1/2
pa) <2Kw) = Y 22 E I e 4 Oy + a2,
s;€(1/2,1] [(sj+1)

The optimal choice for y is when y = zy~ /2, that is for y = 22/3. A similar lower bound is
obtained by applying the above result with x replaced by = — y. Putting these two bounds
together, we get the desired estimation on p.

As A is non-negative, all its eigenvalues are non-negative. Its first non-zero eigenvalue will
be denoted by A1 (T'\H). The min-maz principle applies here. We have

fF\H |vf|2dM

AM\H) =  inf DL
HOVED = B e | FPdpe

where £(I'\H) is the space of all smooth functions f compactly supported in T'\H and orthogonal
to the space of constant functions, i.e. such that fF\H fdp = 0. It can be very hard to compute
the first eigenvalue for particular groups. It is less complicated to give non-trivial lower bounds.
For example, we can show that A;(T'\H) > 1/4 if the corresponding eigenfunction vanishes on

the boundary of a normal polygon P.

Proposition. Suppose that f € A;(T\H), for some parameter s, is a solution to the Dirichlet

problem

Af=-Af=s(s—1)f inP
f=0 on OP,

where P is a normal polygon for T'. Then, A > 1/4.
Proof. Clearly
~(afg) = [958 = [ 10, sy,
P P

and using partial integration, we have that, for all z,

/f2y—2dy= 2/f(5yf)y‘1dy
so that after integrating over x, we get by Cauchy-Schwarz inequality that

[ Pdu<a [ @ptdsay
P P

Putting these two inequalities together yields

AN(f ) = —4{Af f) 2 (f, )
as desired. 0O

The distribution of eigenvalues has been extensively studied. Though, the following conjec-

ture has been left unproved for over forty years.

Selberg’s eigenvalue conjecture. We have
M (D\H) > 1/4

whenever I' is a congruence subgroup.
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This is the best estimate possible on A; for congruence subgroups. Indeed, the continuous
spectrum of T'(n) begins at 1/4.If true, this sharp inequality would have many applications to
classical number theory. This conjecture is equivalent to the Riemann hypothesis for the Selberg
zeta-function (defined in section 4.5), Zp, when I' is a congruence subgroup. Indeed, one can
show that the non-trivial zeros of Zr are precisely the points 1/2 4+ i\/m7 where \ ranges
over the discrete spectrum of I'. If true, the conjecture would therefore yield the best error
term in the prime geodesic theorem (see section 4.5).

The conjecture can be interpreted in many other ways; it is a consequence of the more
general Ramanujan conjecture and is closely related to properties of expanding graphs.

Currently, the best known lower bound is 975/4096 ~ 0.238. It was obtained in 2002 by Kim
and Sarnak (see appendix 2 in [12]), where bounds on parameters of automorphic cusp forms
on GL3/Q are explicitly related to lower bounds on A; (I'\H).

We can infer from the theory of integral operators, the following discrete resolution of A in
C(T'\H). See theorem 4.7 in [9] for example.

Spectral theorem. The automorphic Laplacian A has pure point spectrum in C(I'\H), i.e.
C(T\H) is spanned by cusp forms. The eigenspaces are finite dimensional. For any complete

system of cusp forms {u;};, every f € C(T\H) expands as
F() =) (Fug) u(2),
J
converging in the norm topology. If, in addition, f € B(T'\H), then the series converges abso-

lutely and locally uniformly.

The eigenspaces corresponding to points in the continuous spectrum are fairly easy to de-
termine. As we have seen, the eigenfunctions are just Eisenstein series. However, a complete

system of cusp forms {u;}, can be very hard to construct.
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2 Farey sequence

2.1 Farey sets and growth of size

Definition. The Farey sequence (Fq) o>1 is an increasing sequence of finite sets of rational
numbers lying in (0, 1] defined for all @ > 1 by

Fo=1{p/a:1<p<q¢,q¢=<Q, (p.q) =1},
where (p, ¢) stands for the greatest common divisor of p and gq.

Hence, the greatest element of each set Fg is the integer 1. The first seven Farey sets are

given by
Fio= {1} |F1l =1,
Foo= {51} 1P| = 2,
Fs = {5551} |Fs| =4,
Fo = {52511} |l = 6,
Foo= {1950 s5inl) |F5| = 10,
Fo = {spmasnsnbnel) |Fo| = 12,
Froo= Genoheshonhnnnnanlt Fl=18

For @ > 2, the set Fgis the union of Fg_; with the set

{p/Q : 1<p<Q, (p,Q) =1}

The latter set has cardinality (@), where ¢ is the usual Euler’s totient function. As a
consequence, |Fg| = |Fg-_1|+ »(Q) and since |F;| = 1, we deduce that®

Q
Fol = ¢lq).

To understand the distribution of Farey fractions, we need to study the asymptotic behavior
of |Fg| as @ tends to infinity. We do this this by using a straightforward application of the
Wiener-Ikehara tauberian theorem. This result has proved very useful to get growth estimations

9. Unfortunately this technique does not provide any upper bound on

of arithmetic functions
the corresponding error term. However, as it is a standard and efficient tool in analytic number
theory, we will cover the elegant arguments leading to the determination of the asymptotic

growth of |Fg|. The generalized version of the theorem we will use is as follows.

Wiener-Ikehara theorem. Given a sequence of non negative real numbers a,, n > 1, and a

real number b > 0, consider the corresponding Dirichlet series f defined as

) =S n

8Some mathematicians use a different convention and include 0 to the Farey sets. Using this definition, the

cardinality of each set would be shifted by 1. We decide to discard the value 0, as it has no arithmetic inverse.
9For example, it provides the most direct way to prove the prime number theorem.
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and assume that f converges absolutely for R(s) > b, has a meromorphic continuation on
R(s) > b with a simple pole at s = b with residue R and is holomorphic elsewhere. Then

Zan ~ Rz’ /b

n<z
as x tends to infinity.

In order to apply the previous theorem for our purposes, we need the following identity that

can be found in [16] for example.

Proposition 2.1. The Dirichlet series

:Siwm)

converges absolutely for R(s) > 2, defining a holomorphic function in that region. Moreover,

for the same values of s, we have

_ 1)

where € is the well-know Riemann zeta function.

Proof. Clearly ¢(n) < n and the series f converges absolutely in the region R(s) > 2 as it is

dominated by ((s — 1). Fixing now s in the same region, we get that

(o)) = (Z n) ( s‘jﬁﬂ) -y ( > <P(m)) .
n=1 m=1 £=1 \mn={
oo o0 g
- 3 (Sem) A= f-ce-
{=1 \ ml|¢ =1
where we used the well known arithmetic identity >, , ¢(m) = £. O

Putting the last two results together, we get the desired estimation.

Theorem 2.2. As QQ tends to infinity, we have

Proof. Since ¢ does not vanish!? on #(s) = 1, and has a simple pole at s = 1 with residue 1 and
no other poles on that line, the Dirichlet series f defined in the previous proposition extends
meromorphically on R(s) > 2. It has a simple pole at s = 2 with residue 1/{(2). Moreover, the
extended function f is holomorphic on R(s) = 2, s # 2. The Wiener-Tkehara theorem implies

that
2

Q
Fol ~ > e(q)

and the proof follows from the famous equality ((2) = m2/6.
O

10 Accurate determinations of zero-free regions for ¢ have been extensively investigated. However, the Riemann

conjecture has not been proved yet. The interested reader will find in [24] more information about these matters,
as well as short proof of the stated property.
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There is an interesting probalistic interpretation of this result. If one defines pg to be the

probability that two integers, chosen randomly in the set {1,2,...,Q}, are coprime, then
lim pg = 6/7% = 0.607927102- - - .
Q—o0

There are better estimations on the growth of |Fg|, i.e., involving an explicit error term,
but they require a lot more technical machinery. For example, one can prove, using a Korobov-

Vinogradov exponential sum estimates, that the following sharp improvement holds,
Fol _ 3

(log Q)2/3(log log Q)*/*
@ =t Q ’

as @ tends to infinity. See [25] for a proof.

2.2 Distribution

Let’s now focus on the distribution of these fractions. We want to prove that they appear
uniformly at infinity, i.e. that, given 0 < a <b <1,

Hr e Fg :a<r<b}
|Fel

(b—a)
as @ tends to infinity. A natural and direct approach is to apply Weyl’s criterion for the

uniform distribution of a sequence. The statement is as follows.

Weyl’s criterion. Let (u,)n>1 be a sequence of real numbers contained in [0,1]. The following

three conditions are equivalent,

o the sequence is equidistributed, i.e., for all 0 < a < b < 1, we have

{n <N :a<wu, <b}
N

(b—a)

as N tends to infinity;

e forallm=1,2,...,

e for any continuous function g : [0,1] — C,

. anzv g9(un) . !
lim 77/0 g(t)dt.

N—00 N
Here, we use the standard notation e(x) = 2™, To prove that Farey fractions are equidis-
tributed, we would like to check that the second condition in Weyl’s criterion holds. Therefore

we introduce a particular type of exponential sums.
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Definition. Let m and ¢ be two positive integers. The corresponding Ramanujan sum is
denoted by ¢,(m) and defined by

mp
cq(m) = Z e () .
1<p<q N 1
(p,9)=1
Therefore we need to investigate the asymptotic behavior of the sums

Z e(mr) = Z cq(m).

reFq q<Q

As we have already introduced and used the Wiener-lTkehara theorem, it is tempting to study

the analyticity of the generating function for Ramanujan sums given by the Dirichlet series

guls) = 3 ),

qS

g=1
We need the next lemma.

Lemma 2.3. Let m and n be positive integers. Then

) n dfalm
Zcq(m) = { 0

otherwise.
qln
Proof. For q a positive integer, let {; = e(1/¢). The g complex roots of the polynomial z? — 1
are precisely given by 175(1753, . ,53*1. The root £, is called primitive because its integral

powers generate all the roots of the polynomial. It is an easy exercise to deduce that the set of
all the primitive roots is given by {£¥ : (p,q) = 1}. Therefore,

mp m

am= 3 (") = ¥ @
1<p<q q 1<p<q
(p,q)=1 (p,q)=1

is the sum of the m-th powers of the primitive ¢-th roots of unity. On the other hand, the
collection of the integral powers of &, i.e. £, a = 1,...,n, coincides exactly with the collection

of the primitive roots of all the divisors of n. As a consequence,

n

Zcq(m) = Zfﬂw,

aln a=1

since both sums are equal to the sum of the m-th powers of the primitive n-th roots of unity.
If n divides m, then £ = 1 and the right hand side of the preceding equation equals n. If n
does not divide m, then summing the geometric series implies that

Zcq(m) [e (%) - 1] =e (%) [e(m) —1] =0,

qln

and the conclusion follows since e(m/n) # 1. O
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There are plenty of other beautiful arithmetic identities involving Ramanujan sums. The
interested reader is invited to take a look at [7], chapter XVII. For our purposes, the previous
lemma is all we need. We are now ready to factor nicely the Dirichlet series g,,. Details can be
found in [24].

Proposition 2.4. Let m be a positive integer. The series g, is analytic on R(s) > 1, and

satisfies, on the same region, the identity,

O'l_s(m)

Im\S) = ———< >
® =)
where'! the function o1_s(m) is the sum of the (1 — s)-th powers of the divisors of m.

Proof. 1t is a straightforward rearrangement of the terms arising from the product of the series
¢ and g,,. We have

(S)anls) = (Z n) (Z “")) = (T elm | &
n=1 q=1 q =1 \nq=¢
- 1 14
= Do 2clm) | =D =o1-s(m),
=1 \ ql¢ £m
using previous lemma. O

Theorem 2.5. The sequence of Farey fractions is equidistributed.

Proof. Fix m > 1 an integer. From the last proposition, we see that g,, extends to an holomor-
phic function on the whole of the region f(s) > 1 because ¢ does not vanish on this region. We

deduce from the Wiener-Tkehara theorem that
Z CQ(m) = O(Q>7
q<Q
as @ tends to infinity, which clearly implies that
ZT‘G]‘—Q @(mr) N 71—2 ZQSQ Cq (m)
| 7ol 3Q?

as () tends to infinity. The conclusion follows from Weyl’s criterion. O

— 0,

2.3 Correlations of Farey fractions

From our estimations, we see that actually

ZTG]“Q e(m?”)
7ol

as Q) tends to infinity. This sharp bound is better than the one needed in order to verify the

=0(1/Q),

second condition in Weyl’s criterion. This is an encouraging result and it suggests to investigate
further the distribution of Farey fractions. Our goal in the upcoming section is to discuss such
features and present recent studies concerning spacing statistics of the Farey fractions. We will
do so by giving an outline of the results in Florin Boca and Alexandru Zaharescu’s paper about

correlation measures [3]. We first recall some notions and explain our notation.

HNot to be confused with ’bold’ o!
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Notation. Let I C R be a closed interval. Then I = [a,b] for some real numbers a < b. We
denote by £(I) =b—a its length and by

I1+7= U[a+n,b+n]
ne”Z
the collection of its Z-translated intervals. More generally, if © > 1 is an integer and A C R*,
we write
A+zt = | (A+n),
nezr
where A+n={acR':a—nc A}.

Definitions. Let ¥ > 1 be an integer and consider F = (F},),>1 an increasing sequence of
finite subsets F,, C [0,1], n > 1. The v-level correlation measure of the sequence F is defined
on the set of boxes B C RV~! by

RY(F,B) = lim R% (B),

n— oo

provided that the limit exists, where, for all finite subsets F' contained in [0, 1], we set

1 S B .
rp(8) = {0t e P g g for i 2 = e d - ) € 2.
The 2-level correlation measure is most usually referred to as the pair correlation measure.

Suppose that there is a measurable function g, (F) : R“"! - R; z + g, (F,Z) such that
R'(F.B) = [ g(F.2)ia,
B

for all boxes B C R¥~L. Then g, (F) is called the v-level correlation function of F. Also, ga(F)
is rather called pair correlation function.

The rest of this section is dedicated to explaining results in [3] about the correlation measures
and functions of the Farey sequence F = (Fg)g>1. Although the proofs in the paper are
elementary, they are lengthy and technically heavy. Therefore, we only sketch the proof of the
main result here and detail its structure. Complete arguments can be found in [3].

Fix a box B in R*~!. A natural approach to estimate RY(F, B) is to approximate R;—Q (B)
using a smoothing argument. Denote by x g the charasteristic function of the set B, and consider
the function

cQ(B) : RN = Z0; 2 c(B,2) = ) x5 (IFol(@+7)).
eru—l
Now, as |Fg| — o0 as Q — o0, and B is bounded, we know that c¢g(B) has image in {0,1} for

Q@ large enough. Actually, it is easy to see that, for these precise values of @,

[Fel

1 ifze L 4zv 1!
cq(B; ) = )
0 otherwise.
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As a consequence,

v : 1
R (]—',B):ngnoo@ > B (r1—ra . — 1),

T1,72,...,ry €EFQ

riF#r; for i#j
As the numbers r; are all distinct, (ry — ro,...,7r,—1 — r,) has no zero coordinates, and
stays away from the origin. As a consequence we restrict our attention to boxes B that do not
contain the origin. Hence, xp can be uniformly approximated from above and below by smooth

functions Hgp e and Hp 4., € > 0 with the following properties,
e Hpy o and Hp 4 are compactly supported in sets of the type (0, A)*~1, A > 0;
° HB,b,e <xB < HB,(L,€7 and

lim sup [xB(Z)— Hpp(Z)]=0 and lim sup [Hp..(Z)—xs(Z)] =0.

€20 zegr-1 €20 zerr-1

So, if Hg e = Hppe or Hp 4., the function

fo(Hpe,®) = > Hp(|Fol(®+T7))
rezv—1
tends uniformly in € RV™! to co(B,Z) as € tends to zero. Therefore, it turns out that it is
enough to study the asymptotic behavior of the quantities
S§(H) = ﬁ S folH (r—ray. Tyl — 1)
Qlyy rarrveFo
riry it

The whole point in smoothing xp is that we have now enough regularity to apply efficient
analysis tools. We want to express Sclé (B,H) in a way that would reveal the distribution of
Farey fractions. It is obvious that if we replace H by its Fourier expansion, exponential sums
would appear. Rearranging the terms, we can get Ramanujan sums which are easy to handle
and exhibit the structure of Farey fractions. Doing this carefully, and using the identity!?
cq(n) = 3_4i(qn) #(a/d)d, where p is the usual Mobius function, we get equation (2.11) in [3].
We will reproduce the statement hereunder, as in our opinion, this is the key identity leading to
the two main theorems in the paper. It is an easy enough expression to handle and it discloses

explicitly the arithmetic nature of the Farey fractions.

Proposition 2.6. For Q > 1 an integer, set Q671 ={1,2,...,Q}"" 1. Assume that H is a
smooth function with support in (0, A)*=1, A > 0. Writing M(z) = > <z (), we have that

s = o 5 aian(2) s ([ o)

dey
where
Q
u (H7d) = Z a(d1(17d11€1+d21€2,‘..,dlél“r"'*‘rdu—léufl) Z dVM (d ’
lezv—1 dyldili++dy, 1€, 1 v
and
! ﬁ( r ) i) H(z)e(~7 - 5)dz
ar = — , ) = T)e(—ZT - y)dx.
[Folv=t " \|Fql Rv-1

12This identity results from lemma 2.3 after a Mdbius inversion.
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To clarify the expression, we introduce a map T to reorder the indices involved in the above

summation. The action of T is as follows,
T(w1, 29,y Ty—1) = (T + @2+ + 2y 1,02+ + Ty 1, Ty 2+ Ty 1,0, 1)

Inverting this map and using Poisson summation formula, we get after a lot of tedious and

brute force calculations theorem 1 in [3]. Here is its statement.

Theorem 2.7. All v-level correlation measures of the Farey sequence F = (Fg)o>1 exist.
Moreover, for any box B C (0,A)*~1,

RY(F,B) =2 3 vol [Qa,“ N7} (TB)} .
a,bezr "
(aisbi)=1,1<i<v—1

In the above finite sum,

3 b1 byfl
Ta7b(x7y):2( ),

y(ay —biz)" T ylay—1y — by_1)

and

3
abA:{(z,y)6R2:0<x§y§1,y22A,O<aiy—b,-x§1,1§i§y—1}.
b, T

This result is impressive as it is not often the case that a sequence of interest has a workable
correlation measure!
We can say even more about the case v = 2. The reason for this is that the expansion in

proposition 1.6. simplifies nicely. We easily compute that

a2, (i) e 3 0w ()

1
7al di<Q tex da|drt

1
= @ Z dldQM (ﬁ) M <C?2> Zae[dl,dz]'

d1,d2<Q LET

St (H)

Applying more or less the same technical machinery, one can get theorem 2 in [3].

Theorem 2.8. The pair correlation function of the Farey sequence F = (Fg)g>1 1S given by

2

g2(F,z) = foz > o(k)log (g:) :

1<k<m2z/3

The function is such that
1
g(F,z) =140 (a:) ,
as x tends to infinity.

To conclude this section, we mention equivalent formulations of the Riemann hypothesis in
terms of distribution properties of the Farey fractions. Set r(Q, k) to be the k-th element in
Fq, 1 <k < |Fg| when the elements are increasingly ordered. Define

d(Q7 k) = T(Q7 k) -

=i
|Fall
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F1G. 1 : GRAPH OF THE PAIR CORRELATION FUNCTION ¢g3(F) OF THE FAREY SEQUENCE

The decay'® of d(Q, k) measures how strong is the uniform distribution of the Farey sequence.
Indeed, d(Q, k) is the absolute difference of the k-th term of the Q-th Farey set and the k-th
number of the set containing |Fg| points evenly distributed in [0,1]. The mathematicians

Franel and Landau proved that the Riemann conjecture is equivalent to the estimation
> dQ k) < QY
k<|Fol
for all € > 0, as Q) tends to infinity, which is itself equivalent to
9 1
Z d(Q, k)" < o
k<|Fql

for all € > 0, as ) tends to infinity.

2.4 Good’s result

The aim of this section is to show how one can deduce distribution properties about Farey
fractions following a different approach, using results arising from the theory of automorphic
forms and spectral methods.

Throughout the section, we will assume that I' C SLy(R) is a cofinite discrete group. The
bold letters a, b, ... will refer to cusps for I.

Definition. Let I and J be two closed intervals contained in [0, 1]. Given x > 0, we define the
integer

a#b(‘[a va)

to be the number of double cosets I'aoayoy Ty in T such that

v(o0) € I +Z, —vHo0) €T+ Z and 0 # |c| <z,

L3Intentionally vague.



2 FAREY SEQUENCE 23

a b
f = .
or 7y (c d)

As y(c0) = a/e, and vy~ 1(c0) = —d/c whenever ¢ # 0, and since B = 0, '['40a, We see that
both
v(o0) mod 1, and 7 (o0) mod 1

do not depend on the choice of the double coset representative ~.

Good’s result p.119 in [6] transposed to the parabolic case yields the following theorem.

Theorem 2.9. Suppose I,J C [0,1] are given closed intervals. Then, as x tends to infinity,

we have
(e J)x?

a#b(LJ;UC)Nm~

The corollary stated in [6] is actually much more general. But as it stands in [6], the
notation is slightly confusing and since we only need to deal with cusps, we decided to simplify
the statement.

Sketch of proof. To prove this theorem, Good considers generalized Kloosterman sums (equa-
tion 5.10 p.43 in [6]) that turn into usual Kloosterman sums in the parabolic case. Following

Good’s definition, we write for three integers m,n and v > 1,

aSu(m,n,v) =Y e [my(00) —nyH(o0)] =) e (“m+d") 7

C
v v

where 7 runs through a complete set of representatives 7 for I's,\o 5 'T'op, /T'so such that |c| = v.

For instance, if I' = SLy(7Z) is the modular group and a = b = oo, using theorem 2.10, one can

show that d
00Soo(m,n,v) = S(m,n,v) = Z e (W) .

C
1<a<c=v
ad=1 mod ¢

The key result in order to prove the stated theorem is the following asymptotic spectral decom-

position,
Z S, (m n I/) — M 42 Z szsjB(3/2 §i — 1/2)0[7(7”)04 (TL) + O(x4/3)
V<$a b s 10y WVOI(F\H) 1/2< . »2] Jja jb )

as = tends to infinity, where B is the Beta function, defined by

I'(z)l'(y)

B(l‘,y) = F(a:er)’

and for j > 0, the complex coefficients «ja(n), n € Z are uniquely determined as follows.
The Laplacian in L?(I'\H) has a non-empty discrete spectrum {s;(1 —s;) : j > 0} and a
corresponding maximal system {e; : j > 0} of square integrable orthonormal eigenfunctions

ej. The spectral expansion of e; determines the numbers a;ja(n). We have

ejloa(z)] = Z aja(n)Ua(z, s;,1),

nez
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where U, (z, s,n) are known special functions (see equation 4.7 p.28 in [6]).
Theorem 2.9. then follows from Weyl’s criterion applied to the given expansion of
Zygw aSb(ma n, V)'
Now, the idea is to look at I' = SLy(Z) to get some information about Farey fractions.

The group SL2(Z) has only one cusp at infinity, that we denote co. As 0o is the identity

S (R

we seek some information about

transformation and as

B\SLy(Z)/B

in order to compute explicitly o#oo-
This information can be obtained from [9], theorem 2.7. The next theorem is a simplified

version of it.
Theorem 2.10. Assume I' = SLy(Z). Then

FOO\P/FOO =T U [j U Foowd,croca

c=1 d modc

Qd,c bd,c
d
of the top two entries aq. and bg.. Moreover, ag,. mod c is also independent of that choice.

where wq . = € SLy(Z). The union is disjoint and does not depend on the choice

Definition. If r € Fg, then r = p/q with (p,¢) = 1 and 1 < ¢ < Q. Then there exists a
unique 1 < p* < ¢ such that pp* = 1 mod q. We define the arithmetic inverse of r to be
r* =p*/q € Fg.

It is easy to check that the function Fg — Fg; r— r* is an involution. We are now ready
to prove our result.

Theorem 2.11. Let I and J be two closed intervals contained in [0,1]. Then,

30(1)e(J Q2
‘{TEIQCTEI,T‘*EJHNi()(Q) ,
as @ tends to infinity, or equivalently,

HreFg:rel, relJ}
|Fol

(i),

as @ tends to infinity.
Proof. The decomposition theorem allows us to compute o # explicitly. We have

Qaq

¢ d
coFtoo(l,J;x) = H(c,d mod ¢) :¢,d€Z, (¢,d)=1,1<c<uz, "EI+Z,€J+Z}

C C

H(c,d) i, d€Z,(c,d)=1,1<c<z 1<d<ecg, ZEI,?EJH,
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where a is the unique integer such that 1 < a < ¢ and a = aq. mod c. This is well defined

since both d and agq,. are determined modulo c¢. On the other hand,

ad =1 mod c, so that (E)’k = <d) .

c c
From all this, we deduce that, given @ > 1 an integer,
oo, J;Q)={reFq :rel, r e J}.

The conclusion is an immediate application of Good’s result on the surface SLo(Z)\H whose

volume is /3. 0
Corollary 2.12. The sequence of Farey fractions is equidistributed.
Proof. Tt is a direct application of previous theorem with J = [0, 1]. O

A more general interpretation of the result is that the distributions of Farey fractions and

their inverses are uniform and independent.
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3 Multiplier systems

3.1 Definitions and properties

We introduce multiplier systems of complex weight following the discussion in [10]. Concep-
tually, a multiplier system is a factor associated with some modular forms that transform in
a certain way under the action of a given group. It can be viewed as a generalized character,
in the sense that it verifies multiplicative conditions and it involves an extra parameter, the
weight!'4. Equivalently, multiplier systems can be defined independently of modular forms. We
consider this second approach first.

For z # 0,

logz =1In|z| +iarg z, - <argz <,

is the principal branch of the complex logarithm. It is such that z = exp(logz), z # 0. This
branch of logarithm allows us to define complex powers for z # 0. Throughout the remaining
of the section, we write

z® = exp(slog z),

whenever s € C and z # 0.

b
“ d) € SLy(R), we set j,(z) = cz + d. This function is such that

FOI"ZGC,&Hda(
c

Jap(z) = ja(Bz)js(2),
for all a, 8 € SLy(R), and z € H.

Definition. For «, 8 € SL2(R), define
1 .. . . ..
wla, B) = 5 [~ argjas (i) + arg ja(Bi) + arg js (i)]
The choice of ¢ is arbitrary. Indeed,
1 . . . .
wa, f)(2) = 5 [~ arg jas(2) + arg ja(B2) + arg js(2)] = wle, B) (i) = w(a, f)
for all z € H. The reason for this is that |w(a, 8)(2) — w(a, B)(9)] < 1 and w(«, f)(z) is an

integer'®. Actually, as |w(a, 8)(2)] < 3/2, we see that w(«,8) takes values in {—1,0,1}. By
examining numerous cases, we can get useful identities.

Proposition 3.1. Let a,3,v,d € SLa(R). Suppose that 6 € B, i.e., § = (0 )

1
d) , for some

14Warning : for non integral weights, a multiplier system ceases to be strictly multiplicative. However, a

multiplier system of integral weight is just a unitary character satisfying a consistency condition.
15We have

elw(a, B)(2)] = ja(B2)js(2)ap(x) "t =1,

so that w(a, B) : H — Z and since w(a, B) is continuous, it is also constant.
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d e R. Then, w(a, ) =w(B,a), if af = Ba, and

w(ap,y) +w(,f) = wla,By)+w(B,);
w(da,B) = w(a,Bd) =w(a,p);
w(ad,B) = w(a,ib);
wla,B) = wla a, ) +wla,a tsas);
w(a,d) = w(d,a)=0;
wlada™a) = wla,a ta)=0.

There are many more properties involving w(«, 8), but we don’t really need them in the

sequel.

Definition. For any real number m, w,,, the factor system of weight m, is defined by
wm(a, B) = elmw(a, B)],
for all o, B € SL2(R).

Since w(a, B) is an integer, w.,, = Wiz, and wz = 1. For a € SLy(R), the corresponding

slash operator, |, «, acts on functions f : H — C by

fima(2) = Ja(2)7" f(az).
It follows directly from the definition of w,, that
wm (@, B)jas(2)™ = ja(B2)"s(2)™,
which implies that

f|m0¢/3 = wm(a’ﬂ)f\moe\mﬂv Va, 5 € SLQ(R)

Definition. Let I' C SL2(R) be a discrete group containing —I and m a real numberS.
A multiplier system of weight m for T' is a function ¥,, : I' — S such that!” 9,,(-1) =
e(—m/2) and

I (aB) = wi(a, B)Vm () (B),
for all o, 8 €T.

3.2 Automorphic forms of non integral weights

From now on, I' C SLy(R) is a discrete group that contains —I and m is a given real number.
There are plenty of groups I' with no corresponding multiplier systems of weight m. For example
(see [10] p.42), if T" contains no parabolic elements, then I" has a multiplier system of weight m
if and only if m € upZ, where

4
vol(T\H)[n1,n2,...,ne’

ur =

161t is possible to consider multiplier systems for groups not containing —I, but dealing with this extra case
would unnecessarily complicate our discussion.

17The first condition is sometimes omitted in the definition because one can show that the other acceptable
value for ¥y, (—1I), —e(—m/2), is not compatible with the second condition.
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n1,MNa,...,ng are orders of elliptic generators of I, and [ny,na,...,ny| is the least common
multiple of these orders. In fact, when I' contains a free subgroup of finite index, one can
construct a multiplier system for I' by appropriately choosing the values taken by the system
on each of the generators of the free group, and extending it to the whole of the free group.
However in much more general contexts, the existence of multiplier systems of non-integral
weights is a deep fact.

From the preceding discussion, it is easy to see (cfr. proposition 2.1. in [8]) that a multiplier
system of weight m for I', ¥,,, exists if and only if one can find a non-zero meromorphic function
f + H— C for which the slash operators act by

flnL’Y = ﬁm(’}/)f’ v’}/ € F'

We write A(T\H, ¥,,,) for the set of functions f : H — C that transform as above, and
LA(T\H, V) € A(T\H, J,)
the subset of all du-square summable functions. We consider a last crucial set of functions.

Definition. Given a multiplier system ,,, we denote by
M’ITL(F? 79771) C A(F\H, 197n)7
the linear space of automorphic forms for I' with multiplier ¥, of weight m.

As in the integral weight case, automorphic stands for holomorphic in H and at every cusp.
As the action of the slash operator twists the function with a multiplier, we need to explain our
meaning of being holomorphic at a cusp a. If g, is the corresponding scaling matrix, then the

stability group I', is generated by v, and —7,, where

1 1
= 71 = .
VYa = Oaffoa” ", B (0 1)

Since |V (7a)| = 1, there exists 0 < kay < 1 such that U,,(va) = e(ka). Given f € A(T\H, 9,,),
if we set

ga(Z) = 6(—kaz)f‘mga(z),
we compute that, using jg(z) = 1,

9a(Bz) = e

= €

kaBz) |00 (B2) = e[—ka(z + 1)]jo, (B2) ™ f(0afBz)
kaz)e(—ka)joo (B2) ™" f(Ya0a?)
kaz)e(—ka)Vm(Va) f(0a2)jva (0a2) " Jou (B2) ™™
kaz) floa(2)oa(2)" jra(0a2) " jou (B2) ™™

e[m(w(Ya; a) — w(Ya; B))]

b

(=
(=
= e(—
= e(—
= 9a(2)
= 9a(2)

where we used proposition 3.1 to get the last equality. As a consequence we can write ga(z) =
hale(z)], for some function h, : C\{0} — C. We then say that f € A(T\H, ¥,,) is holomorphic
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at a cusp a for I' if h, can be extended to the whole plane so that it is holomorphic at the
origin.
As we mentioned before, it is not obvious at all that there are some non-empty M., (T, 9,,)
spaces. We give two examples that arise from the theory of modular forms and elliptic curves.
The first one is obtained from the discriminant function A defined on the complex upper

half-plane by the infinite product
A(z) = (2m)*%e H 1 — e(nz)]

It is well known that A is a cusp form of weight 12 and that it does not vanish anywhere in H.

As a consequence, the Dedekind n-function,

n:H—C;z-nz) = 2n) YV2AR)YH = ( )Hlfenz

is well defined. It was introduced by Dedekind himself in 1877. The next theorem shows that n
has indeed a proper multiplier system. Details can be found in [1] and more will be said about

this function in the next chapter about linking numbers of modular knots.

Theorem 3.2. The Dedekind n-function is an automorphic'® form of weight 1/2 for the mod-

b
ular group. More precisely, for all v = “ d € SLy(Z), we have
c

Mijoy = I(v)n,

where 3(—v) = e(1/4)3(~) for any v, and

{ e(%) if c=0;

d(y) = a s(dye .
e(ﬁ—%—%) if ¢ > 0.

In the preceding theorem, s(d, c) is a classical Dedekind sum. The reader will find a detailed
definition and a more advanced discussion about it in the next chapter. Another closely related
function is the famous f-function, usually defined'® by its Fourier expansion in the complex

half-plane H as

n=—oo
One can prove (see [10]) that 6 is an automorphic form of weight 1/2 for the group I'g(4). These
two examples emphasize the importance of multiplier systems and the need to understand them.

181t is actually a cusp form!
19 An alternative definition is given by the Jacobi product representation,

z) =[] - em2)][1 + e(nz + 2/2)].

n=1
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3.3 Construction of a new series

This section is about on-going research. Our results seem promising enough to be included in
the present section. It is sensible to first motivate our investigations. The idea is to adapt the
elegant method in Risager & Truelsen’s paper [19] to prove that the angles ¢(vz) between the
tangent line to the [¢,vz] hyperbolic geodesic at point ¢ and the line iR are equidistributed mod
7 when 7 ranges?” over a discrete cofinite subgroup I' of SLo(R) and z € H is fixed.

In [19], the authors introduce the series S,,, defined for n € Z, z € H and R(s) > 1, by

B e[np(yz) /7]
Sn(z,5) = Z cosh[d(G,12)]*

Theorem 6.1 in [22] yields a good enough estimation to show that S, is well defined, that
2+ Sp(z,s) is in L2(T\H) for all such s and that it is holomorphic in its s-variable. In order
to use Weyl’s criterion (see section 2.2), and prove the uniform distribution of the angles, we
need to show that

lim = Z elnp(yz)/m] =0,

yel’
cosh[d(i,yz)]<p

for n # 0. The main point in dealing with the series S,, is that the nature of its pole at s =1
is closely related to such estimations via a modified version of the Wiener-lIkehara tauberian
theorem (section 2.1). To achieve this, the strategy used in [19] is to look at the action of the
hyperbolic Laplacian on S,, in order to extend meromorphically the series on f(s) > 1 — ¢ for
some ¢ > 0 thanks to known analytical properties of the resolvent.

Our plan is to mimic this approach. We want to define an appropriate series and look at how
this series transforms under the action of a certain differential operator. This would help us to
extend the considered series to a larger domain and a tauberian theorem could yield estimations

on averaging sums for a given multiplier system.

Remark. Before doing so, we should briefly mention another direction that we investigated
although it proved fruitless. Just as we did for Farey fractions, we wondered whether something
could be said about correlation measures for the sequence of angles. Our best hope was to
get some information about the pair correlation measure, which requires a careful study of
expressions for the difference of two angles. Here is the easiest such expression that we could
find. For 2,29 € H and ~,v" € SLa(R), we have

A[u<7’a fYZ)? u<i7 7/'20), u(vz, '7l20>]
u(i, yz)u(i, v zo0)[1 + u(i, v2)][1 + u(i,'z)]’

sin® [p(72) — @(7'20)] =

where A is the three variables symmetric real function defined by

b b 2 b2 2
Aa,b,¢) = abe + & +2C+Ca—a +4 rte

and w is the usual change of variable 2u(w,w’) +1 = cosh[d(w, w’)]. This equality is rather ugly

and we could not exploit it to approximate, asymptotically as p tends to infinity, the numbers

# {(%7/) € I s max{d(i,72),d(i,7'20)} < p,7 # 7', 0(v2) — (7' 20) € m i Z} ’

20We order these angles with respect to the hyperbolic cosine of the hyperbolic distance from i to vz.
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where N(z;p) = #{v €T :d(i,v2) < p} and I C [0,1] is a fixed interval. The main difficulty
is that the intervals I/N(z;p)N(zo;p) are shrinking as p increases and the methods used in
[19] for instance are not designed for this purpose. Before closing this remark, we would like
to mention an easy olympiad-type problem composed a few years ago and which popped in my

mind as I worked out explicitly A. It might entertain you on a train journey:

Let a,b and ¢ be three positive real numbers. Show that there is a triangle with sides of
lengths a,b and c if and only if

v(a)? +v(b)? 4+ v(c)?

5 < v(a)v(b) + v(b)v(c) + v(c)v(a),

where v(z) = 22.

Written in this form, we see how similar the expression for A is. We deduce from our equality,
that if a,b and c are the hyperbolic lengths of a hyperbolic triangle sides, then

u(a)® + u(b)? + u(c)®
2

< u(a)u(b) + u(bu(c) + u(c)u(a) + ula)u(b)u(c)/2,

where u(x) = 2[cosh(z) — 1] ~ 2%, as z tends to zero. However, this is not an if and only if

statement.

Back to business... We now introduce a very important operator. When functions in
A\H, 9,,,) are lifted to SLa(R), the Casimir operator on SLy(R) becomes

A =y* (02 + 35) — 2iyma,.

This operator has many interesting properties and its spectral resolution on L?(I'\H,¥,,) plays

a very important role in the theory of multiplier systems.

Theorem 3.3. Let m be a real number. For any function f € C*>(H,C) and v € SLa(R), we

have A [f(w) (cz-i—d)m] _ <Cz+d>m(Amf)(7z)~

cz+d cz+d
Moreover, if T is a discrete subgroup of SL2(R) and ¥y, is a multiplier system of weight m for

T, the second order differential operator A, is self-adjoint on a dense subset of L?(T'\H,¥,,).

The proof of the first property is straightforward, and the second one was studied by Roelcke
in [20]. Let’s define a new function that will be later automorphized in order to get the desired

series.
. a b
Definition. Let m be real and s a complex number. For v = ( d) , define
c

S

[v,m,s] : H— C; z+ [y,m,s](z) = (cz + d)"™[cosh d(i,v2)]°.

In order to work out the Laplacian A,, of [y,m,s] we need some useful expansions for

coshd(i,vz) and its z and z-derivatives.
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Lemma 3.4. Whenever v € SLy(R) and z € H, we have

(az +b)? + (cx + d)? + (a®> + P)y?  |ez+d|? + |az + b|?
2y - 2y

coshd(i,vz) =
and
4420, [cosh d(i,v2)]Dz[cosh d(i,v2)] = cosh?® d(i,vz) — 1.
Proof. The first equations in the general introduction about hyperbolic geometry show that

i —72[?

As we mentioned before, S(v2) = y|cz + d|~2 and hence

2
i — az-i—b‘ . d) ) 9
COSh d(Z,’}/Z) = 1_|_ ++d =1 + |Z(CZ + ) (CLZ + )‘
Y 2y
|ez+d|?
2y + (—cy —ax — b)* 4 (ca + d — ay)?
= 2
_ 2y(1+be—ad) +2x(ab + cd) + (2% + y°)(c* + a®) +1° +
= 5
_ (az+0)* + (cw +d)? + (a® + )y
= % ’

as det(y) = ad — bc = 1. Remember that 0. = (0, —i0,)/2 and 0: = (0, +i0y)/2 so that

4y*0,[cosh d(i,v2)]0z[cosh d(i,v2)] = y* |0z [cosh d(i, yz)] + i, [cosh d(i, 72)]|? .

Since
2 _ 2
2w -2
Oy [cosh d(i,vz)] = ur v and  Oy[coshd(i,vz)] = uly x2) 3 v m},
Y Y
where
u=a®+c?, v = ab+ cd, and w=b>+d?,
we get that
2 _ 22 _ 0 — 900]?
1420, [cosh d(i,12)| 9 cosh d(i, 72)] = (uz+v)? 4+ LY =T i = zv]
Y
9 2 2)72
= v —uw+ W vx—;u(m +y) ,
Y

after some tedious algebraic work. Note that the term between brackets is precisely equal to

cosh d(i,vz) by the first part of the lemma, and because

v? —uw = (ab + cd)? — (a® + ) (b* + d*) = —(ad — be)* = —1,
the conclusion follows. O
Lemma 3.5. For all z € H,

[Am +s(1=s)][v,m,sl(z) = —s(s+Dlv,m,s +2](2) + 2iyme(m + s)[y,m + 1, 5](2)
+2ims(ax + b)[y,m + 1,5 + 1](2).
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Proof. Recall Fay’s decomposition [4] for the operator A,,,
Ay = L1 Ky +m(1 4+ m),
where z = ¢ + iy, K, = (2 — 2)0, + m, and Ly, 1 = (2 — 2)0z — (m + 1). We compute

K [y,m,s](z) = (2 — 2)0.[v, m, s] + m[y,m, s]

Now,
0:[v,m,s](z) = 0. [(cz + d)~"[cosh d(i,’yz)]fs]
= —mec(ez +d)~ ™Y coshd(i, yz)]
—s(cz + d) "™ [cosh d(i, yz)] "+, [cosh d(i, v2)]
= —mcly,m+1,s](z) — s[y,m, s + 1](2)0;[cosh d(i, v2)].
Therefore,

Km[’% m, S](Z) = 7mC(Z - 2)[77 m-+ ]-7 S](Z) - S(Z - 2)[’77 m, s+ 1](2)82 [COSh d(Zv 72)] +mh/a m, S]

Similarly,
Linaly,m, s|(2) = (2 = 2)0z[y,m, 5(2) — (m + 1)[y, m, 5](2).
Now,
ds[y,m,s|(z) = —s(cz+d)"™[coshd(i,vz)]~ P d;[coshd(i, vz)]
= —s[y,m,s+ 1](z)dz[coshd(i,vz)],
so that

Lm+1[7a m, 8](2) = _3(2 - Z)[’Y’ m, s+ 1](2)85[C05h d(Za ’yz)] - (m + 1)[’7, m, 5](2)
Putting these together, we get that

Ambomsl(s) = —meLmi1 {(= = Drm+1,5)()}
5Ly {(= = D)1, 8+ 1)(2)- cosh d(i, 72)]}
—sm(z — 2)[y,m, s + 1](2)0z[cosh d(i, vz)]
= —me(z = 2)0:{(z = 2)[y,m +1,5](2)}
—s(z — 2)0: {(z — 2)|y,m, s + 1](#) 0, [cosh d(¢,v2)]}
+m(m+ 1)c(z — 2)[y,m + 1, 5] (2)
+(m+1)s(z — 2)[y,m, s + 1](2)9;[cosh d(i, 7z)]
—sm(z — z)[y,m, s + 1](2)0z[cosh d(i,vz)]
= mc(z—2)[y,m+1,5](2) + me(z — 2)20:[y,m + 1, 5](2)
+s(z — z)[y,m, s + 1)(2)0,[cosh d(i, vz)]
+5(% — 2)*[y,m, s + 1](2)0:0.[cosh d(i,72)]
+5(2 — 2)20z[y,m, s + 1](2)0[cosh d(i, v2)]
+m(m +1)e(z - 2)[y,m +1,5](2)
+(m +1)s(z — 2)[y,m, s + 1](2);[cosh d(i, yz)]
—sm(z — z)[y,m, s + 1](2)0z[cosh d(i, vz)]
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After expanding further the derivatives of [y, m, s] and noting that (zZ — z) = —2iy, we get that

Aply,m,s|(z) = —2iyme[y,m+ 1,s|(z) + 4smey?[y,m + 1, s + 1](2)9z[cosh d(i, 72)]
—2iys[y, m, s + 1](2)0, [cosh d(i, vz)]
—4y?s[y,m, s + 1](2)0z0.[cosh d(i, yz)]
+4y?s(s + 1)[y,m, s + 2](2)dz[cosh d(i, v2)]0. [cosh d(i, v2)]
+2iym(m + 1)e[y,m + 1, s](z)
+2iy(m + 1)s]y, m, s + 1](2)0,[cosh d(i, yz)]
+2iysm[y, m, s + 1](z)0z[cosh d(i, v2)].

Using the preceding lemma, we see that
4y2[’y, m, s + 2](z)0z[cosh d(i,vz)]0, [cosh d(i,v2)] = [y, m, s](z) — [v, m, s + 2](2).

Moreover, the operator 43%20:0, = A is the hyperbolic Laplacian which commutes with the
SLs(R)-action, so that

442050, [cosh d(i,72)] = [A(2u + 1)](y2),

where u(z) = (coshd(i, z) — 1)/2. Using equation 1.21 in [9], we see that this last expression is
equal to 2coshd(i,7z).
These identities yield, after simplifying and rearranging the equality above,

Aply,m,s|(z) = s(s =Dy, m,s](z) = s(s+1)[y,m,s +2](2)
2iymZcly, m + 1, s](2) + 4smey®[y, m + 1,5 + 1](2)9z[cosh d(i, v2)]
2iysm[y,m, s + 1](2)(90, + 9z)[cosh d(i,v2)].

The essential part of calculus is now done. But the right hand side is not elegantly written. To

get rid of the partial derivatives, we notice that

a = alad —be) = d(a® +c*) —c(cd+ab) = du—ve  and b= d(ab+cd) — c(b* +d?) = dv — cw,

so that
ar+b = (du—wvc)x+ (dv— cw)
= —g[w + 2vx + u(x? + y?)] + (cx + d +icy) (ux + v) — icy(uz + v)
+g[u(y2 —2%) — w — 2zv]

= —yccoshd(i,vz) + y(cz + d)(d, + 9z)[cosh d(i, vz)] — 2icy*dz[cosh d(i,v2)].

Adding and subtracting the quantity 2iymsc[y,m+1,s] to A,,[v,m,s](z) yields the following

synthetic identity, easier to handle than the rather lengthy expression we had obtained so far,

Aply,m,s](z) = s(s=1)[y,m,s|(z) = s(s +1)[y,m, s +2|(2)
+2iyme(m + s)[y,m + 1, s](2) + 2ims(azx + b)[y,m + 1, s + 1](2),

which is the stated equality. O
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Definition. Let m < 0 be a real number and ¥, be a multiplier system of weight m for I'. We
define for R(s) > 1 —m/2

o U (7)
Gm(z5) =Y (cz + d)™[cosh d(i,7z)]*

el

The series G, converges absolutely in the half-plane $(s) > 1 — m/2 and converges locally
uniformly in H to a bounded function, in particular it is in L?(T'\H, 9,,). To show this, we use

again the estimation given by theorem 6.1 in [22] and the inequality
lez +d| < (Jez +d* + |az + b|2)1/2 = \/2y[cosh d(i,vz)]"/?,

that follows from lemma 2.4.

The transformation rule is easily obtained from the identity

Ja(72) T Im (@) = Jary (2) " Im (a7) 5 (2) "I (7),

which follows from the multiplicative properties of multiplier systems and the functions j, and
the fact that 9,,! = d,,. We find that

Gm(vz;s) = 219 @) Jo(v2) " [cosh d(i, ayz)]~*
ael’

= Z Jary (2) 7D (ay) [cosh d(i, aryz)]
ael

= J () D dp(2) "I (B)[coshd(i, B2)]

Ber
= Im(y)(cz +d)"Gm(2;3).

Also, the previous lemmas directly yield the following proposition.

Proposition 3.6. Let m < —1 be a real number and ¥, be a multiplier system of weight m
forT. If R(s) > 1 —m/2, then

A +5(1 = 8)] Gu(2;8) = —58(5 4+ 1)Gon(2; 5 + 2) + 2imy(m + s)H} (2;8) + 2imsH?2 (2; 5),

where

cUm(7) (az 4 b) Vp(7)

1, _ 2(,. —
ol = Zr (e2 % 7 Teosh (i, 7)) 59 = Z; (cz +d)+cosh d(i, y2)[*+1"

We can invert the previous identity applying the resolvent R(s) = [An, —s(s —1)]" on
both sides. The analytic properties of the resolvent have been treated in lots of papers, see [4]
for example. The resolvent is holomorphic for s(1 — s) not in the spectrum of A,,. In order to

extend G,,, we need to study the convergence of the series H}, and H2,. Notice that
max{ylel, laz + 0]} < |(az + ) + (cz + d)* + (a® + )y?|'/? = (2y)'/?[cosh d(i,72)]"/?,

so that H?

m

(z; 8) converges absolutely for ®(s) > —m/2. On the other hand, the given estimation
only implies that H} (z;s) converges absolutely for #(s) > 1 —m/2 which is not good enough.
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Maybe one can improve this bound... Another idea would be to consider particular groups I" for
which the paramater ¢ vanishes for all but finitely many group elements. In that case, it would
be possible to extend meromorphically the series G, to R(s) > 1 — ¢, for some € = e(m) > 0,
if we retrict ourselves to the case —2 < m < —1.

Another way to go round the difficulty is to try to bound |cz + d| from behind and get some
information about the series G,, for m > —1. Notice also that the restriction m < 0 could be

relaxed. It is there in the first place only to ensure that G,, is nicely convergent.

A good apprehension of the analytic properties of G, could shed light on the value distribu-
tion of a given multiplier system. In fact, a tauberian theorem could translate this information

to investigate the asymptotic behaviour of twisted (involving j.(z) factors) sums of the numbers
T (7).
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4 Modular knots and linking numbers

The aim of this last section is to explain a very important result of Etienne Ghys,

The linking number between the modular knot obtained from a primitive hyperbolic element
v € PSLy(Z) and the trefoil knot is equal to the Rademacher function evaluated at .

To fully understand the statement above, we need to introduce and develop new notions.
This will be done in the next three sections. We then provide a beautiful proof of the result

and conclude with some counting theorems.

4.1 Modular knots

To define modular knots, we first need to study the topology of the quotient space SL2(R)/SLa(Z).
This quotient space can be canonically identified with the space of two-dimensional lattices in
R? whose fundamental domain has area one. The reason for this is that for any such lattice A,

one can find independent vectors p and w such that
A={np+mw : n,meZ} and | x w| =1,

and the vectors p' and w’ also generate the lattice A if and only if there is a matrix v =

b
(a ) € SLa(Z) such that
c d

w = ap+ bw and w' = cp+ dw.

These identities imply that 2’ = vz where 2z’ = i/ /w’ and z = p/w. Here and in the sequel the
vectors [, w, ... are treated as complex numbers through the natural identification R? = C. For

any given lattice, one can define?' the following two Eisenstein series

g2(A) =60 > 1/w and ga(A) =140 > 1/uC.
weA\{0} weA\{0}

Thanks to a very appealing theorem (see [23] for instance), we know that these numbers are

the coefficients of an elliptic curve y?> = x® — go(A)x — g3(A) whose discriminant®?

D = gy(A)® — 27g3(A)?

is not zero. Conversely, if the discriminant of the curve y? = 23 — goz — g3 is not zero, then
g2 = g2(A) and g3 = g3(A) for some lattice A. As a consequence, the space of two-dimensional
lattices in R? can be identified with C?\ £ where

L={zweC?: D(z,w) =0}, and D(z,w) = 2* — 27Tw?.

This space is embedded in R* and we cannot picture it. Fortunately, we deal only with unimod-
ular lattices and this extra assumption will lead us to work with a three-dimensional object.

21These series converge absolutely. Notice also that with an odd exponent the series would vanish, as you can

see by pairing the terms +w.
22The discriminant of an elliptic curve is usually referred to as A. However A has already been defined in the
previous chapter and we choose D instead to avoid any confusion.
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Given a lattice A, we can rescale it to get infinitely many other lattices tA, t > 0. We will
consider only the rescaled lattice for which |ga(tA)]? + |g3(tA)|?> = 1. There is one unique t > 0
for which the last equality holds.

Hence, we can identify SLa(R)/SL2(Z) with S\L, where S = {(z,w) € C? : |z|?>+|w|? = 1}.
The unit sphere S is three-dimensional so that S N £ is one-dimensional and embedded in R3.
Since it is a closed curve, it defines a knot in the usual three-dimensional space. Now, S is
topologically equivalent to the three-sphere S and the image of S N £ under the considered

homeomorphism is the trefoil knot ¢ pictured hereunder??

F1G. 2 : THE TREFOIL KNOT /¢

Therefore, we have proved that there is a homeomorphism
Y = SLy(R)/SLy(Z) = S\ L.

To construct modular knots in S \ ¢, we now consider a particular flow on Y, namely, the
modular flow G, defined for ¢t € R by

t
Gt (vSL2(Z)) = ¢'vSLa(Z) where ¢ = (6 Ot> :

The flow G, is obviously well defined. Notice also that, up to conjugacy, the matrices ¢’ range
over all the hyperbolic elements of SLy(R) as t ranges over R. If v € SLy(Z) is hyperbolic,
there exists a real number ¢t = ¢(y) and 6 = 6(v) a 2 X 2 matrix with real entries such that
¢t = £6v6~ 1. It is clear that A = 0Z2 is fixed by ¢! as vZ? = Z?. Equivalently,

Grit (0SLo(Z)) = G, (65 Lo(Z)),

for all 7 € R. This shows that every hyperbolic matrix v yields a periodic orbit of the modular
flow of period t(y). Conjugated elements in SLy(Z) clearly share the same periodic orbit in
Y. Also, we can restrict our attention to primitive matrices as it is enough to go once around
the orbit in order to picture the corresponding modular flow. By definition, a matrix is said
to be primitive in a group I if it is not a non-trivial power of another element in I'. It is now
easy to see that there is a bijection between periodic orbits of the modular flow and conjugacy
classes of hyperbolic primitive motions in PSLo(Z). These periodic orbits are closed curves in
Y. Therefore, each one of them yields a knot in the complement of the trefoil knot S3\ ¢ =Y.

The space Y also describes the unit tangent bundle of the modular orbifold ¥ = H/PSLs(Z).
From this point of view, G; appears to be the geodesic flow of X.

23 All our images are taken from the website of the AMS.
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This geometric picture enables us to better visualize primitive hyperbolic matrices as closed

geodesics of a certain length.

Definition. Given a hyperbolic motion v € PSLy(Z), we denote by k- the modular knot
in $3 \ ¢ associated by the above homeomorphism to the periodic orbit of the modular flow
corresponding to the conjugacy class of the primitive motion of ~.

. 19191248961
67 254

{“ﬂ 1637 - { 200840707 *17143%%)891}
9( 886

Fic. 3 : THE TREFOIL KNOT ¢ (ORANGE) AND THE KNOTS k., FOR 7 AS INDICATED AT THE
TOP LEFT CORNER OF THE PICTURES

4.2 Linking numbers

In order to investigate further properties of modular knots, we briefly examine the pictures in

11 11
Fic. 3. For v = (1 2) or (2 3) , the modular knots k. are trivial but tangled differently
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3
5 8)
In that case, k. is another trefoil knot, as one can easily deduce from the picture. The three

around the trefoil knot /. A bit more exciting is the next knot, associated to v =

last knots are more complicated. We want to investigate features of modular knots and the
most natural topological property from this point of view is related to linking numbers. The
linking number associated to two knots is a very intuitive concept. It can be understood as
the number of times that each knot winds around the other. It is thus an integer, but may
be positive or negative depending on the orientation of the two knots. We can give several
equivalent definitions of the notion of linking number. We consider a very formal one, given by
the Gauf}’s integral.

Definition. The linking number between two closed curves k& and k' in R? is denoted by
link(k, k") and we have

) N1 r—r . ,
hnk(k’k)_fmj,{f, P (dr x dr').
4.3 The Rademacher function

In section 3.2 we introduced the Dedekind n-function. It has been established that
77 (v2) = 2 (2 (2), for every y € PSLy(Z).

Since A does not vanish, neither does 1, and logn possesses a holomorphic branch on H. The
preceding identity yields the following one,
_ AN
24(logn)(vz) = 24(logn)(z) + 12(sign c)” log i sign + 2im¢(7y),
for some integral valued function ¢ defined on the space of Mobius transformations PSLy(Z).

We consider here the principal branch of the logarithm and

0 if c=0;
signe= ¢ 1 if ¢ > 0;
—1 otherwise.

For our equality to be completely correct, we understand that
v (2
(signc)? log (W> =0, ifc=0.
isignc

The numerical determination of ¢ is quite complicated. It has been studied by many math-
ematicians for a long time and in a wide range of fields, including the theory of numbers,
combinatorics, knot theory, topology, etc. A fairly extensive discussion about ¢ can be found
in [2] and [18].

From the identity defining ¢ and theorem 3.2, we expect a nice expression for the multiplier

system of 7 in terms of ¢. The proof of the next proposition follows easily from a careful analysis

Jv(2)
isignc

of the real and imaginary parts of the quantity (sign c)? log ( ) Details are given in [14].

Proposition 4.1. The multiplier system of the n-function, 9, is such that

I(v) = e[tb(v)/24], where ¥(y) = ¢(y) — 3sign[e(a + d)].
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Definition. The function ¢ : PSLy(Z) — Z is called the Rademacher function.

A third characterization of the Rademacher function involves Dedekind sums. Recall that
the sawtooth function f is defined on R by

r — |x|] —1/2 if x is not an integer;
f(x)_{ 2] =1/

0 otherwise,
where || is the floor function.

Definition. Given two coprime integers a,b, b > 1 the Dedekind sum s(a, b) is defined by
' (@i (i
b) = — - .
s(a.b) ;f<b>f<b)
Before exhibiting the link between Dedekind sums and the Rademacher function, we mention

the most famous formula about Dedekind sums. Several elementary proofs can be found in [18].

Reciprocity formula for Dedekind sums. Let a,b > 1 be two coprime integers. Then

1 1 fa b 1
b ba)=—+—|-+-+—=].
s(a,b) + s(b, a) 4+12(b+a+ab>
The proof of the next result is tricky and lengthy. We will avoid it. The interested reader
will find detailed arguments in [2].

Theorem 4.2. Let v € SLy(Z). Then,

) b/d forc=0;
o(v) = { (a+d)/c—12(signe)s(d, |c|)  otherwise.

It is, a priori, not clear that (a + d)/c — 12(signc)s(d, |c|) is an integer. One can check that
it is actually the case using the reciprocity formula.

4.4 Ghys’ result

As we mentioned in the beginning of the present section, the linking number between k- and ¢

is given by the Rademacher function evaluated at .

Theorem 4.3. Let v € PSL2(Z) be a hyperbolic motion. Then

link(ky, ) = (7).
Proof. We more or less copy the first proof in [5]. It is based on the monodromy definition of
the Dedekind n-function and uses Jacobi’s identity,

D(A) = g2(A)? = 27g3(A)? = (2m) 2w 12 (g) ,

for A = {nu +nw : n,m € Z}. Now remember that Y = S3\ /, so that we can associate a
unimodular lattice A(z) to each point z in the complement of the trefoil knot in S3. Hence, it
makes sense to consider the function

DIA()]

X:SS\KHSICC;ZH)C(Z):M.
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Let k be a closed curve in S?\ /. As the trefoil £ has equation D = 0, the linking number link(k, £)

b
corresponds to the winding number of x(k) around the origin. Let v =+ ¢ J € PSLy(R)
c

be a hyperbolic motion. The corresponding periodic orbit of the modular flow has period

t = t(7). Hence, we can parametrize the modular knot k., by
p:[0,t] = SP\L=Y 7 p(r) = A7),
where A(T) = {n¢"u+me"w : n,m € Z} and
O = ap + bw and d'w = cp + dw,
for some p and w in C. We want to compute the total variation of the argument of x[A(7)]

or D[A(7)] as 7 ranges over [0,¢]. Remember that, if we write D[p(7)] = e[r(r)] for some

continuous function r defined on [0, ¢], then
VarArg, ¢ p(r) = 27R[r(t) — r(0)].

Set z = u/w. By Jacobi’s identity, this variation is given by
t

VarArg, c o x[A(T)] = —129 {log (%")} + 24 [(mg n) (thZ) — (logn) (Z)}
= —12S{log jy (2)] + 245 [(log n) (v2) — (logn) (2)]
= S2miv(y)] = 2m(y),

where we used proposition 4.1 to get the last equality.
O

We now have an efficient tool to determine link(¢, k). To illutrate this, we computed the
linking numbers () associated to the motions v whose corresponding modular knot k- is one
of the first five knots pictured in Fia. 3.

¥ s(d,c) | o(v) | ¥(v)

11
0 3 | 0

138 —4/63 | 2 | -1
21 13

43 1
3 163 —51/134 9 6
67 254

One of the research problems we focused on for a little while is the following.

Given two hyperbolic PSLo(Z) motions vy and ', is there a convenient way to compute link(k~, k) ?
For particular modular knots k., but not as singular as £, can we find a function arising from

the theory of modular forms that nicely characterizes the linking numbers link(k-, k) ?
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4.5 Sarnak and Mozzochi’s work

We will focus here on Sarnak and Mozzochi’s work about the statistical behavior of modular
knots and their linking numbers around the trefoil knot £. The main results, as well as a short
outline of the proofs can be found in [21]. The details will appear?* in [14]. We won’t reproduce
here the proofs of the results. The interested reader should have a look at the referenced

material.

Definition. Denote by II the set of all primitive hyperbolic conjugacy classes in PSLy(Z).
Equivalently, as we have noted previously, II is the set of all primitive closed geodesics on the
Riemann surface H/PSLo(Z). The hyperbolic length of a geodesic v € II, will be denoted by

I(v) and the geodesic counting function is written m, i.e. for > 1, we have

m@)= > 1

vyell
I(v)<w

The next result is a strong version of the prime geodesic theorem (cfr. [13]).

Theorem 4.4. We have
m(x) = Li(e*) + O (671/10) ,

as x tends to infinity, where

x

€ d x
Li(em):/ Y Ne—, as T — 00
2 logy x

1s the usual logarithmic integral function from the theory of prime numbers.

This result resembles the prime number theorem. A common way to prove the latter is to
study the Riemann zeta-function ¢ defined on R(s) > 1 by

=Tl

p

The key points in the proof are that ¢ has a simple pole at s = 1 and that it has a non-zero
analytic extension to a neighbourhood of ®(s) > 1. To show this, one usually studies the
analytic properties of the logarithmic derivative of ¢, namely ¢’/(, and then gets the estimation
(without error term) using a tauberian theorem.

To prove the prime geodesic theorem (without error term), the easiest way is to mimic the
preceding approach. The analogies of ( one shall consider is the Selberg zeta-function, Zr,
defined on R(s) > 1 by

o0
Zr(s) = H H[l _ efT(p)(erk)],
p k=0
where p ranges over II, the set of all primitive hyperbolic conjugacy classes in T and 7(p) is the

norm of p such that
Te(p) = 7(p)"/* +7(p)""/*.

24Warning to the reader : the document, as it currently (August 2010) stands, contains several typos.
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The study of the logarithmic derivative of Zr, or to be precise of the quantity

1z 1z
25—127(5)_ 2a—1;7p(a)

yields the meromorphic continuation of Zr to the whole complex plane. To see this, we need
the resolvent trace formula in its usual form (see theorem 10.1 in [9]). The estimation follows,
as in the proof of the prime number theorem, from a tauberian theorem.

To investigate the statistical behavior of prime geodesics with a given linking number around

the trefoil, we generalize the counting function .

Definition. For n € Z and x > 1, we write

m(x;n) = Z 1= Z 1.

yell yell
()< l(v)<z
link(ky,0)=n  (y)=n

A first beautiful result taken from [21] asserts that m(x;n) has a uniform asymptotic esti-
mation as x tends to oo, i.e. with an asymptotic error term independent of n. More precisely,
Sarnak proved the following estimation.

Theorem 4.5. Given an integer n, we have

2[1- (%))

x3

% + 0™, as r — 0o.

m(x;n) ~ 1+

This theorem follows from the stronger estimation,

1
> ) = 3 Li(e™im) + O(e3*/4),
~Y€EIL
l(v)<z
Y(y)=n

as  tends to infinity, where Li(e®;n) is the suitable variation of Li defined, for = > 2, as

e
It
Li(el;n):/ %dy
2 (logy)* + (%)

Using the above estimation, one can also establish the distribution of the linking numbers
¥(7y). It turns out that it is a Cauchy distribution.

Theorem 4.6. For —oco < a < b < 0o, we have

Z 1 R arctan (%b) — arctan (%)
T

it
()<=
a<y(7) /L)<

as x tends to co.
The proofs use tools borrowed from the theory of automorphic forms, such as Selberg’s trace

formula (see theorem 10.2 in [9]). It is quite remarkable and surprising how these methods
apply effectively to knots!
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Given a knot k in S3\ ¢, it seems difficult to assert whether or not one can find v € II
such that £ = k., i.e., k is homologous to k. However, once we know that this is the case,
asymptotics for the function counting these conjugacy classes v are more approachable. For

example, if ¢ is the trivial knot, we easily infer the following two estimations from Ghys’ results.

Proposition 4.7. As x tends to infinity, we have

S~ 2
~y€eIl
l(v)<z
k=t

and for a fized integer n,

Z 1~ et

yell
l(v)<=
ky=t, p(v)=n

The results in proposition 4.7 are surprising as they show that thin-looking subsets of II
grow much more quickly than the error term in theorem 4.4. It is probably worth describing
the arguments yielding proposition 4.7. The approach is different from the one leading to the-
orems 4.4, 4.5 and 4.6. The fine asymptotics are obtained thanks to an explicit description of

the set of conjugacy classes {y € I : k, = t}.

Sketch of proof. We denote by {a} the conjugacy class of a primitive hyperbolic element
o € PSLy(Z). From the free product decomposition (see [5] p.272)

PSLy(Z) = 727 % 7. 3Z,

1 —b
(a,0) = {(—a ab—l—l)}

is a bijection from N? to {y € II : k, = t}. Hence,

one can deduce that

z/2
P D D D VR T
~eTT ~eT ab>1
l(y)<= t(y)<e®/? ab+2<e”/?
ky=t ky=t

as desired.

Now, to prove the second part, notice that

Therefore,

vyell vyell a,a—n>1
l(v)<= t(y)<e®/? a?—an+2<e”/?
ky=t, ¥(v)=n ky=t, ¥(v)=n
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Conclusion

As we have seen, the spectral theory of automorphic forms plays a role in many distinct
areas. First of all, it has nice applications in classical number theory as emphasized in the
first section dedicated to Farey fractions and their uniform distribution. In the next section,
we investigate innovative approaches to study the statistics of multiplier systems. The spectral
theory of automorphic forms is actually itself a modern and bustling field of research with a lot
of promising new ideas. Finally, the last section presents a recent theory that depicts particular
knots in a clever and surprising way. The list of applications does not stop here. The spectral
theory of automorphic forms is a fascinating and interdisciplinary field of study, standing at the
forefront of mathematical research!

It has occupied genius minds for centuries, to name but just a few, Hardy, Ramanujan
and Selberg. There are many unsolved questions that keep the field extremely hectic. We
mention in the very first section the Selberg’s eigenvalue conjecture. This is probably the most
fundamental open problem concerning modular forms. However there are other important
questions to answer in order to improve our understanding of this area of mathematics.

More than ever, spectral methods applied to automorphic forms turn out to be crucial in

the development of modern mathematics.

Pure mathematics is, in its way, the poetry of logical ideas.
Albert Einstein



REFERENCES 47

References

1]

[10]

[11]

[12]

[14]

[15]

[16]

[17]

T. M. Apostol, Modular Functions and Dirichlet Series in Number Theory, Graduate Texts
in Mathematics Volume 41, Springer-Verlag, New York, 1997

M. Atiyah, The logarithm of the Dedekind n-function, Annals of Mathematics, 278 (1987):
335-380, 1987

F. Boca & A. Zaharescu, The Correlations of Farey Fractions, Journal of the London
Mathematical Society 72 (2005) :25-39, Cambridge University Press, 2005

J. D. Fay, Fourier Coefficients of the Resolvent for a Fuchsian Group, Journal fiir die Reine
und Angewandte Mathematik, 293-294, 1976

E. Ghys, Knots and Dynamics, Proceedings of the International Congress of Mathemati-
cians, Madrid, 2006

A. Good, Local Analysis Selberg’s Trace Form, Lecture Notes in Mathematics, Springer-
Verlag, 1983

G. H. Hardy & E. M. Wright, An Introduction to the Theory of Numbers (Fifth edition),
Oxford University Press, 1980

D. A. Hejhal, The Selberg Trace Formula for PSL(2,R), Lecture Notes in Mathematics,
Springer-Verlag, 1983

H. Iwaniec, Spectral Methods of Automorphic Forms, Graduate Studies in Mathematics
Volume 53, American Mathematical Society, Providence, 2002

H. Iwaniec, Topics in Classical Automorphic Forms, Graduate Studies in Mathematics
Volume 17, American Mathematical Society, Providence, 1997

S. Katok, Fuchsian Groups, Chicago Lectures in Mathematics Series, The University of
Chicago Press, 1992

H. Kim, Functoriality for the exterior square of GLy and the symmetric fourth of GLs.
With appendiz 1 by D. Ramakrishnan and appendiz 2 by H. Kim and P. Sarnak, Journal
of the American Mathematical Society, Volume 16, Number 1, 139-183, 2003

W. Luo, Quantum ergodicity of eigenfunctions on PSL(2,Z)/H, THES, Number 81, 207-
237, 1995

C. J. Mozzochi, Linking numbers of modular geodesics, in preparation

W. Miiller, Spectral theory for Riemannian manifolds with cusps and a related trace for-
mula, Math. Nachr. 111, 197-288, 1983

M. R. Murty, Problems in Analytic Number Theory, Graduate Texts in Mathematics Vol-
ume 206, Springer-Verlag, 2001

Y. Petridis, L-functions, lecture notes, course given at the London Taught Course Center,
2008-2009



REFERENCES 48

[18]

[22]

[23]

H. Rademacher & E. Grosswald, Dedekind Sums, Carus Mathematical Monographs, Num-
ber 19, Mathematical Association of America, 1972

M. S. Risager & J. L. Truelsen, Distribution of Angles in Hyperbolic Lattices, The Quarterly
Journal of Mathematics 61 (2010) :117-133, Oxford University Press, 2008

W. Roelcke, Das Eigenwertproblem der Automorphen Formen in der Hyperbolischen Ebene,
Annals of Mathematics, 167 (1966): 292-337 & 168 (1967): 261-324, 1967

P. Sarnak, Linking Numbers of Modular Knots, Communications in Mathematical Analysis,
Volume 8 Number 2, 136-144, 2010

A. Selberg, Gottingen Lecture Notes in Collected Papers, Vol. I, Springer-Verlag, Berlin,
1989

J. P. Serre, A Course in Arithmetic, Graduate Texts in Mathematics, Volume 7, Springer-
Verlag, New York, 1973

E. C. Titchmarsh & D. R. Heath-Brown, The Theory of the Riemann Zeta-Function, Ox-
ford University Press, 1987

A. Walfisz, Weylsche Exponentialsummen in der neueren Zahlentheorie, VEB Deutsche
Verlag der Wissenschaften, Berlin, 1963



