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ABSTRACT

The Bost-Connes system [BC95| is a C*-dynamical system whose partition function,
KMS states, and symmetries are related to the explicit class field theory of Q. In
particular, its zero-temperature KMS states, when evaluated on certain points in an
arithmetic sub-algebra, yield the generators of Q. The Bost-Connes system can
be viewed in terms of a geometric picture of 1-dimensional Q-lattices. The GLa-
system [CMO04] is an extension of this idea to the setting of 2-dimensional Q-lattices.
A specialization of the GLa-system introduced in [CMRO6| is related in a similar

way to the explicit class field theory of imaginary quadratic extensions.

Inspired by the philosophy of Manin’s real multiplication program, we define a
boundary version of the GLa-system. In this viewpoint we see P!(R) under a certain
PGLy(Z) action (which is related to the shift of the continued fraction expansion) as
a moduli space characterizing degenerate elliptic curves. These degenerate elliptic
curves can be realized as non-commutative 2-tori. This moduli space of the non-
commutative tori is interpreted as an “invisible” boundary of the moduli space of
elliptic curves. In fact, we define a family of such boundary GLs systems indexed
by a choice of continued fraction algorithm. We analyze their partition functions,
KMS states, and ground states. We also define an arithmetic algebra of unbounded
multipliers in analogy with the GLo case. We show that the ground states when
evaluated on points in the arithmetic algebra give pairings of the limiting modular
symbols of [MMO02] with weight-2 cusp forms.

We also begin the project of extending this picture to the higher weight setting
by defining a higher-weight limiting modular symbol. We use as a starting point
the Shokurov modular symbols [Sho81a], which are constructed using Kuga varieties
over the modular curves. We subject these modular symbols to a limiting procedure.
We then show, using the coding space setting of [KS07b], that these limiting modular

symbols can be written as a Birkhoff ergodic average everywhere.



[MP21]

vi

PUBLISHED CONTENT AND CONTRIBUTIONS

Matilde Marcolli and Jane Panangaden. Quantum Statistical Mechanics
and the Boundary of Modular Curves. 2021. DOI: 10.48550/ARXIV.2006.
16897. URL: https://arxiv.org/abs/2006.16897.

Both authors contributed equally. The author order is alphabetical. The
contents of Chapter 3 of this thesis is based upon the paper.



vii

TABLE OF CONTENTS

Acknowledgments . . . . . . . ... iii
Abstract . . . . . . e v
Published Content and Contributions . . . . . ... ... ... ... ..... vi
Table of Contents . . . . . . . . . . . . . . ... vi
List of Illustrations . . . . . . . . . . . . . ... viii
Chapter I: Introduction . . . . . . .. .. ... 1
Chapter II: Background . . . . . . . ... . ... ... ... ... 8
2.1 Number fields and geometry . . . . . . .. .. ... ... ... ... 8
2.2 C*-dynamical systems and KMS states . . . .. ... ... ... ... 22
2.3 Bost-Connes type systems . . . . . . . .. . L oL 32
Chapter III: The boundary-GLs-system, equilibrium states, and limiting mod-
ular symbols . . . . ... 47
3.1 The modified GLao-system . . . . . . . . . ... ... ... ... ... 50
3.2 Boundary GLo-system . . . . . . . ... ... .. 57
3.3 Averaging on geodesics and boundary values . . . .. .. .. ... .. 78
Chapter IV: Kuga varieties and higher-weight limiting modular symbols . . . 87
4.1 Shokurov modular symbols of higher weight . . . . ... .. .. ... 87
4.2 Twisted continued fraction coding and shift space . . . ... ... .. 93
4.3 Limiting modular symbol for the shift space . . ... ... ... ... 96

Bibliography . . . . . . ... 102



viii

LIST OF ILLUSTRATIONS

Number Page
1.1 KMS States of the Bost-Connes, GL2, and Boundary-GLg-systems . . 5
1.2 Quantum statistical mechanical properties of the Bost-Connes, GGLs,

and Boundary-GLo systems . . . . . . . ... ... ... 6
2.1 Isomorphism between an elliptic curve and a complex torus . . . . . . 11
2.2 A fundamental domain for the SLy(Z) action on H, and the moduli

space of elliptic curves with cusp added . . . . . . . . ... ... ... 12
2.3 Uniformization of a complex torus . . . . . . ... .. ... .. .... 16
2.4 Approximating a path in H for a modular symbol by continued fractions 21
2.5 The KMS condition as a boundary condition on a strip . . . . .. .. 29
2.6 Non-invertible 2-dimensional Q-lattice. . . . . . ... ... ... ... 35
3.1 Graph of the shift map Th(z) . . . . . . . ... ... L. 58
3.2 The tree of PSLy(Z) embedded in the hyperbolic plane H . . . . . . . 60
3.3 N-dependence of Boundary-GLy critical temperature (Bnc) . . . . . . 74
4.1 Farey tesselation and coding of a geodesic . . . . . . . ... ... ... 94
4.2 Definition of the limiting modular symbol for the shift space . . . . . 97
4.3 Approximating e;(I(z)) by continued fractions . . . . ... ... ... 98



Chapter 1

INTRODUCTION

Hilbert’s 12th problem asks for a description of abelian extensions of number fields
in terms of arithmetic data. It has been solved explicitly only in two cases, that of
the rational numbers Q and the imaginary quadratic extensions of Q. The latter
uses a geometric theory of elliptic curves and modular forms. The elliptic curves are
characterized by the moduli space of the upper half plane H quotiented by the action
of SLy(Z) by fractional linear transformations. Manin’s real multiplication program
[Man04| proposes a viewpoint of studying real quadratic extensions using geometric
objects which are obtained via degenerations of complex tori (elliptic curves). These
degenerate objects do not have good topological quotients but they can be inter-
preted using methods from noncommutative geometry as noncommutative 2-tori. In
this way we can see the real boundary of the upper half plane (quotiented by an
action of GLa(Z) related to the continued fraction expansion) as a moduli space
characterizing these objects. We interpret it as the “invisible” boundary of the space

of elliptic curves.

The modular symbols introduced in [Man72| are a useful tool in computing with
modular forms. The modular symbol associated to a pair of cusps is elements of the
homology group Hi(Xqg,R) where X¢ is some modular curve. There is a perfect
pairing between modular symbols and weight-2 cusp forms. In [MMO02]|, the limiting
modular symbols were introduced in order to extend the picture of modular symbols
to the invisible boundary of modular curves. The limiting modular symbols are de-
fined via a limiting procedure and are known to exist almost everywhere. They can
be expressed in terms of continued fraction expansions and in particular they are non-

vanishing at real quadratic points, which have periodic continued fraction expansion.

There is a rich interplay between quantum statistical mechanics and the class field
theory of number fields via the Bost-Connes type systems. These are quantum
statistical dynamical systems whose thermodynamic properties, such as partition
functions, equilibrium states (i.e. KMS states), and symmetries, are related to prop-
erties of number fields. The original Bost-Connes system corresponds to the number
field Q, while a later extension corresponds to the imaginary quadratic extensions.
The first aim of this work is to construct a further extension that takes into account
the invisible boundary of Manin’s real multiplication program in such a way that the

resulting C*-dynamical system naturally connects to the limiting modular symbols.



The Bost-Connes system is a C*-dynamical system introduced in 1995 by Jean
Benoit Bost and Alain Connes [BC95]. The underlying C*-algebra was originally
constructed as a Hecke algebra, but it can be seen as the groupoid C*-algebra of
the space of 1-dimensional Q-lattices up to a commensurability relation. This gives
the Bost-Connes system a geometric interpretation. Formally, a Q-lattice is a pair
(A, ¢) where A is a lattice in R and ¢ is a homomorphism ¢ : Q/Z — QA/A. Two Q-
lattices are commensurable if QA; = QA5 and ¢; = ¢ mod A1 + As. The groupoid
C*-algebra is constructed by taking the algebra of continuous compactly supported
functions on the space, and endowing it with an appropriate involution, convolution
product, and a C*-norm. The Bost Connes algebra is then given a dynamics of the

form

() (A A) = [A/NTF(A A

where |A/A’| is the ratio of the lattice covolumes. The system has an associated
arithmetic sub-algebra, which can be thought of as an algebra of classical points. The
Bost-Connes system is important because of its arithmetic properties. The partition
function given by the dynamics is the Riemann zeta function. The symmetries
of the system are automorphisms of the algebra given by Z* = GL1(Af)/Q* =
Gal(Q%/Q). The B-KMS states exhibit spontaneous symmetry breaking: they
are unique at high temperature, but are non-unique at low temperature, with a
critical temperature at 8 = 1. The extremal KMS states at low temperature are
parameterized by the embeddings Q% — C. Ground states are obtained as weak
limits of the low-temperature states. The ground states, when evaluated on points
in the arithmetic sub-algebra, yield generators of the maximal abelian extension of
Q. All of this ties the Bost-Connes system and the arithmetic sub-algebra to the
explicit class field theory of Q.

Connes and Marcolli later extended this picture by considering 2-dimensional Q-
lattices, leading to a C*-dynamical system called the GLy-system [CMO06al. An
arithmetic algebra was also constructed, in this setting as an algebra of unbounded
multipliers on the GLg algebra. The system has partition function ((8){(5 — 1)
and a symmetry group consisting of both automorphisms and endomorphisms of the
algebra given by GLg(Af)/Q* ~ Aut(F'), where F' is the modular field. The 5-KMS
states exhibit symmetry breaking at two critical temperatures, 5§ = 1 and g = 2,
with the extremal zero-temperature states being parameterized by the invertible Q-
lattices, which can be seen equivalently as the set M2(Z) x H. The ground states,
when evaluated on points in the arithmetic algebra, yield generators of specializations
of the modular field to points in the upper half plane. This picture was subsequently

extended again by Connes, Marcolli, and Ramachandran, based upon the geomet-
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ric object of K-lattices [CMRO6]. For an imaginary quadratic field K = Q(7), let
O = Z + 7Z be its ring of integers. A K-lattice is a pair (A, ¢) where A is a finitely
generated O-module in C satisfying A ®p K ~ K and ¢ : K/O — KA/K is a mor-
phism of O-modules. The resulting C*-dynamical system is known as the CM system,
due to its connection with complex multiplication. The extremal zero-temperature
KMS states evaluated on arithmetic points are related to A} 7 /K* for an imaginary
quadratic field K. The CM system is thus connected to the explicit class field theory
for imaginary quadratic extensions. The CM system can be viewed as a specializa-

tion of the GLg system, since a K-lattice can be viewed as a 2-dimensional Q-lattice.

The construction using K-lattices has been extended by Laca, Larsen, and Neshveyen
in [LLNO9] to all number fields. The construction yields some of the desired proper-
ties: the correct partition function, KMS-states, symmetries, and symmetry breaking
behavior. However, the evaluation of the ground states on an arithmetic algebra to
obtain generators of a maximal abelian extension has not been obtained in these
models. This is not surprising, since doing so would shed light on the solution to

Hilbert’s 12th problem for an arbitrary number field.

In this work, we take a different approach. Instead of using the K-lattices, we view
PL(R) as an “invisible” boundary of the H, with points in R representing psuedolat-
tices which can be viewed as degenerations of complex tori as suggested by Manin’s
real multiplication program. We construct a boundary version of the GLg-system
by incorporating the boundary P!(R) directly, with an action of the shift operator

which implements the shift on the continued fraction expansion.

In fact, we construct a family of quantum-statistical mechanical systems, indexed
by N where the parameter corresponds to a choice of continued fraction expansion
algorithm. We consider the countable family of N-continued fraction expansions

given by
N
lao; a1, az, a3, .|y = ap + ———F—
ai + N
a2+a3+m

with a; > N when N > 1 and a; > |[N|+ 1 when N < —1. This continued fraction
expansion has an associated shift on the boundary p!'(R). For each N-continued
fraction expansion, we introduce an algebra associated to the boundary P*(R) with
the action of a certain subsemigroup of GL2(Q) depending on the choice of N. In
the case that N = 1 this semigroup is contained in GL2(Z) and in the case that
N = —1 it is contained in SLy(Z). In the N = +£1 cases, the associated algebra can
be interpreted as a boundary algebra of the GLy system. While we have no such

interpretation when |N| > 1, considering the whole family of systems leads to some
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interesting observations about the structure of the KMS states. We also define an

arithmetic algebra of unbounded multipliers, completely analogous to the standard
GLs case.

The boundary C*-algebras we construct have a semi-direct product structure As ¢ p, =
Bs n x Redn where the By y part of the algebra is a modified GLa-system depend-
ing on a choice of finite index subgroup G of GL2(Z), and the Redy is a Cuntz-
Krieger-Toeplitz type algebra generated by isometries Sy related to the shift of
the continued fraction expansion. The dynamics are given by on+(f)(g,p,z,s) =
|det(9)|®(f)(g, p,x,s) on the GLy part of the system, and by on+(Syx) = k*“Snk
on the Redy part of the system. We analyze the partition function and the structure
of the KMS states.

The partition function for the system (Ag.c py,ont) 18

C(BYC(B =) TL, prime : pv (1 =p77) (1= p~ 7))
L+ 305 nf = ((8)

C(BYC(B =) TLp prime : pv (1 =p77) (1 = p~F71)
1+ S0 s — ¢(8)

where ((3) the Riemann zeta function. In the N = 1 case there is no partition

ifN>1

Z(p) =
if N < -1

function.

The KMSg states of the QSM system (Ap ¢ py,0n,t) can be characterized as follows.
When N = 1, there are no KMSg states for any temperature 3. When N < —1
or N > 1, the system has a critical temperature Sy, € (1,2). We then have the

following.

1. When 8 < By, there are no S-KMS states.

2. When 8 > B, there is one 8-KMS state for every 8-KMS state of the mod-
ified GL3 system corresponding to By n.

3. In particular, when 8 > 2, the 5-KMS states correspond to a unique S-KMS
on the Red part of the system paired with one of a set of Gibbs states on the

A~

Ba,n part of the system, parameterized by (p, z,s) with p € M»(Z) invertible.

The figure below compares the classification of the KMS states of the standard
Bost-Connes system and of the GLy system with the newly constructed boundary-

GLo-systems.



Bost-Connes and GLo systems

unique S-KMS states Es = Gal(Q/Q)
BC | }
0 1
no B-KMS states unique 3-KMS states . £g = inv. Q-lattices
GLy | ] ]
0 1 2
Boundary GLg systems
no S-KMS states
N=1 |
0
B-KMS states mirror modified GLo-system
no S-KMS states Gibbs states exist
N € Z\{0,1} | —
0 /BN,C %B—LC 2

€(1,2) (~ 1.728647)

FiGUrE 1.1: KMS STATES OF THE BOST-CONNES, GLo, AND BOUNDARY-GL3-SYSTEMS

The precise structure of the KMS states in the region 5 € (S, 2) remains an open
problem. The standard GLs-system has been studied in this temperature region
by Laca, Larsen, and Neshveyev in [LLNO7|. Their analysis of the behavior when
B € (1,2) is not directly applicable in our case, because for N = 1, the Redy part
of the system has no KMS states at any temperature 5. However, an interesting
problem for future work is to see whether a similar analysis can be applied to the

modified GLg-system.

Even in the N = 1 case where we have no low-temperature KMS states, we can
still define ground states, in the sense that they satisfy a KMS-oo condition. They
take the form of a projection onto the kernel of the Hamiltonian in various repre-
sentations of the system, and they are consistent with the O-temp states obtained as
limits of the KMS states in the cases N # 1. The ground states are parametrized by
(p,x,5) € M,(Z) x [0,1] x Py such that p is invertible and Py is a coset space that
accounts for the choice of G in the modified-GLg part of the system. Here [0, 1] x Py
plays the role of H in the standard GLa-system.

Having established the ground states for the N = 1 boundary-GLa-system, we
proceed with a study of their evaluation on the points in the arithmetic algebra.
In particular, we relate these evaluations to a pairing between the cusp forms and

the limiting modular symbols. This result is the main advantage of the boundary-
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GLso construction presented here. The table below summarizes the properties of the

Bost-Connes, GLo-, and boundary-GLo-systems.

B-C GLo N-Boundary-GLo
¢B)S(B-1) 1‘1N(1—p*ﬂ)(1—p*<ﬁ*1>)

Partition ¢(B) ¢(B)C(B—1) N
function 1+ 21 n=P—((B)
Critical =1 =12 B8=208=0nc€(1,2)
temperatures
Low-temp. embeddings (p,7) € Ma(Z) x H (p,x,s) € My(Z) x [0,1] x Py
KMS states Qe —» C s.t. p invertible s.t. p invertible
parameterized ~(invertible Q-lattices)

Ground states

generators of

generators of F-

pairing of limiting modular

evaluated on Qevel (the modular symbol and cusp form
arith. algebra field)
: A}/Q" ~ GLy(A;)/Q* ~
. f 2(Af o
Symmetries Gal(Q°v! /Q) Aut(F) !

FIGURE 1.2: QUANTUM STATISTICAL MECHANICAL PROPERTIES OF THE BOST-CONNES,
G Lo, AND BOUNDARY-GL9y SYSTEMS

The modular symbols of [Man72| are of weight-2, in the sense that they have a per-
fect pairing with the cusp forms of weight-2. However, in [Sho81a|, Shokurov gave a
construction for modular symbols of higher weight. This is done by using a nonsin-
gular projective variety called a Kuga variety, which has natural projection ® onto
the modular curve Xg. The modular symbols of weight w are then elements of the
relative homology Hi(X¢, {cusps}, (R1®*Q)") where (R;®*Q)" is the symmetric
tensor power of the sheaf R1®*Q = G ®gQ. The modular symbols of Shokurov with

parameter w have a pairing with the cusp forms of weight w + 2.

We show that a higher-weight limiting modular symbol can be defined using a limit-
ing procedure on the Shokurov modular symbols, and that these exist almost every-
where. Rather than using the method in [Mar03], we use a similar technique to that
applied in [KS07b|. We pass to a coding space for geodesics related to the Farey
tessellation. This approach allows us to obtain an expression for the limiting modu-
lar symbol in terms of continued fraction expansions that holds everywhere, whereas
the technique of [Mar03| leaves out an exceptional set of measure 0 and Hausdorff
dimension 1. It is expected that the boundary GLg system developed here will also

extend to the Kuga variety setting, and that the evaluation of the ground states on
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the arithmetic algebra will yield the relations between periods of Hecke eigencusp

forms described in [Man73]. This is left to a future work.



Chapter 2

BACKGROUND

This thesis sits at the intersection of operator algebras, number theory, and non-
commutative geometry. The central idea of the research program of which this
work is one part is to use techniques from operator algebras to construct certain
C*-dynamical systems whose partition functions, equilibrium states, and symmetries
are related to important objects in the study of the class field theory of number fields.
Some readers may be familiar with operator algebra techniques but not as familiar
with the geometric/number theoretical setting, or vice versa. The background section
is thus divided into three distinct parts. The first part (Section 2.1) discusses the
geometric/number theory setting we are interested in studying, the second part
(Section 2.2) provides an overview of some operator algebra techniques that will be
used, and the third part (Section 2.3) provides a survey of previous work in this
research program. Readers are invited to read or skip Sections 2.1 and 2.2 as is

appropriate to their areas of expertise.

2.1 Number fields and geometry

This work is motivated by questions in the study of number fields, and particularly
the study of real quadratic extensions. Explicit solutions to Hilbert’s 12th problem
have been worked out only in the case of Q and imaginary quadratic extensions, the
latter using the geometric theory of elliptic curves. Considerable work has been done
in Manin’s real multiplication program to develop an analogous non-commutative

geometric setting corresponding to the real quadratic extensions.
2.1.1 Class Field Theory

The general goals of class field theory are to describe, for K a finite extension of Q,
properties of abelian extensions of K in terms of the arithmetic of K. We begin by

elaborating what we mean by the “arithmetic of K.

Let Ok be the ring of algebraic integers of K. A fractional ideal a of K is a finitely-
generated Og-module with generators in K. We endow the set of fractional ideals
with multiplication as follows. If a is generated by a1, ...,a, and b is generated by
B1,...; Bm, we let ab be the fractional ideal generated by {a;8;}i=1,..n j=1,.m. With
this multiplication, the set of fractional ideals forms a group with the identity ele-

ments given by Ox = (1). We call this group Ax. The arithmetic of K is the study



of Ax and related objects such as its subgroups and ideals.
In terms of the arithmetic of K, class field theory aims to describe:

1. the abelian extensions L of K,
2. the Galois group Gal(L/K), and

3. the decomposition of a prime ideal from K to L (i.e. provide a reciprocity

law).

The first two points can be equivalently stated as describing K the maximal abelian
extension, and its Galois group Gal(K®/K). Addressing these first two questions for
all number fields is known as Hilbert’s 12th problem. Explicit solutions to Hilbert’s
12th problem have been worked out for only two cases: Q and imaginary quadratic
extensions Q(v/—d). In the case of Q, the solution was given in 1896.

Proposition 2.1.1 (Kronecker-Weber Theorem). FEvery abelian extension of Q is

th root of unity.

contained in a cyclotomic extension Q((,) where (y, is a primitive n
The Galois group is given by Gal(Q((,)/Q) = Z/nZ. Equivalently, the maximal
abelian extension is Q% = Q%<  the field obtained by adjoining all roots of unity,
and the Galois group is Gal(Q%/Q) ~ lim, Z/nZ = Z*.

In the case of imaginary quadratic extensions, the solution is more difficult and
requires the machinery of elliptic curves. The case of real quadratic extensions is
still open. It is known, however, that the maximal abelian extension can be ex-

pressed in terms of the idéle class group.

We define the ring of adéles of K to be
Ak =[] Kr
P

where Kp is the completion of K at the prime P of Ok, with the additional constraint
that for an element given by the tuple (ap), all but finitely many of the ap satisfy
ap € ((’)}g)p. The group of units of Ak is the group of idéles . K™ embeds in I

and we define the idéle class group to be

O = Ix/K*.
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We define a norm map, for a field extension L/K and L and K number fields.

N : AL — AK
L
Hon — H H NK?;(QP)
Q P QP
where ) runs over the primes of L and P runs over the primes of P and N ]L</, is the
norm map
NL:L—K
K —
a — det(ly)

where [, : L — L is multiplication by « on the left. The norm map descends to a
map

N:CL—>CK.

For a finite index field extension L/K we define the norm subgroup
NL = N(CL) C Ck.

It is not trivial to prove, but turns out to be the case that N, is a closed subgroup
of finite index in Ci. We have the following result which generalizes the Kronecker-
Weber theorem.

Proposition 2.1.2. Let L/K be a finite field extension of number fields. There is
a natural isomorphism
O : Gal(L/K)® = Ck /N (2.1)

2.1.2 Imaginary quadratic fields and elliptic curves

The theory of elliptic curves over the complex numbers is used to explicitly solve
Hilbert’s 12th problem in the case of imaginary quadratic extensions. We recall some

basic facts of this theory.

An elliptic curve over C is the set of points
E={(z,y):y* = 42> — ax — b} U {oc}

where a,b € C satisfy that the discriminant a® — 27b% # 0, so that the curve is
non-singular. The elliptic curve is also endowed with an addition which turns it into
a group. We will see below that every elliptic curve is isomorphic to a complex torus,
and the addition on the elliptic curve is the one which is compatible with that on

the torus. We will not describe it explicitly here.
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Every complex torus C/A, where A = wiZ + wyZ is a rank 2 lattice in C, is iso-

morphic to an elliptic curve over C. This isomorphism is given by means of the

Weierstrass g-functions

oa(u) = % D (w-w)?+w™?)

wEA
which have Laurent expansions
1 [e.e]
or() = 5 + D (20— 1)Gan (A",
n=2
Gon(A) =) w™"
weA

Let
g2(A) = 60G4(A), g3(A) = 140Ge(A).

For a given lattice A, we define the elliptic curve
Ep :y? =423 — g2(N)x — g3(A).

Then the map
C/A — EA

u = (pa(u), P (u)

is an isomorphism.

y? =423 — go(A)z — g3(A)
C/A=CJZ+ 1L

-
ur WWV /
(T
1

(2.2)

(2.4)

(2.5)

(2.6)

FIGURE 2.1: ISOMORPHISM BETWEEN AN ELLIPTIC CURVE AND A COMPLEX TORUS

In fact, it is the case that for every elliptic curve, there is a complex torus isomorphic

to it. We define the j-function on the upper half plane H by

ga(7)?
92(7)3 — 27g3(7)?

where ¢;(7) = gi(w1Z + weZ) for T = wi /we. The map

4(r) = 1728

j:T\H—C

(2.7)
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where I' = SLa(Z) acts by fractional linear transformations, is a bijection (see e.g.
[Lan27] §3.) We can use this fact about the j-function to define, for an arbitrary
elliptic curve E, a complex torus which is isomorphic to E. Given two complex
numbers ¢y and c3 satisfying ¢ — 27¢3 # 0, there is 7 € H satisfying
3
c
(1) = 1728 —2—.
i) 3 —27c3

From this we construct a lattice L,

wi(TZ+2Z) ifca=0
wa(TZ+Z) ifca #0

L=

where w; satisfies ’11}1_693(7'Z + 7Z) = c3 # 0 and wy satisfies w2_4gg(TZ +7Z) = ca.

The elliptic curve associated to this lattice is Ey_ : y? =42 — cox — c3.

The j-function parameterizes the isomorphism classes of complex tori i.e. j(7) =
j(r") if and only if C/(Z + 7Z) ~ C/(Z + 7'Z), and consequently also parameterizes
the isomorphism classes of elliptic curves. The moduli space characterizing elliptic

curves is given by the one point compactification

(P\H) U {oo} = T\(HUPY(Q)),

with each point in the space representing an isomorphism class of elliptic curves.

FIGURE 2.2: A FUNDAMENTAL DOMAIN FOR THE SLy(Z) ACTION ON H, AND THE MODULI
SPACE OF ELLIPTIC CURVES WITH CUSP ADDED

We will also be interested in the modular curves, which are constructed as quotients

of H by certain subgroups of the modular group.

Definition 2.1.3. The principal congruence subgroup of level n is

I'(n) = {(Z Z) ca,d =1 and b,czOmod(n)}.
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In particular, I'(1) = SL2(Z). A subgroup I' C SLa(Z) is a congruence subgroup if it

contains I'(n) for some n. The minimal such n is called the level of T'.

Two important congruence subgroups are called the Hecke congruence subgroups:

To(n) = {7 € SLa(Z) : v = (; :) mod n} ,
I'i(n) = {7 € SLa(Z) v = ((1) T) mod n} .

Let T" be a congruence subgroup. Then the quotient I'/H is a Riemann surface. As
before, we compactify this space by adding in the cusps to get the compact Riemann
surface

Xr=T/(HU P (Q)) = T/HU {cusps}.

The modular field

A modular function of level n is a function on H that is invariant under I'(n), the

principal congruence subgroup of level n, and is meromorphic at the cusps.

Definition 2.1.4. We denote by F,, the field of modular functions f(7) of level n
that are rational over the cyclotomic field Q((,), i.e. such that the expansion in
powers of ¢1/™ = e2™7/" hag coefficients in Q(ez’”/”). The field F' = UpenkFi, is
called the modular field.

The Galois group Gal(Q®%¢ /Q) ~ Z* acts on the coefficients of the g-expansion of

the functions in F', which determines a homomorphism
cycl : Z* — Aut(F). (2.8)

The fields F), are generated by certain functions related to the Weierstrass gp-functions.
Let A(wy,ws) = wiZ + woZ. For a € Q?\Z?, let

i 2RO (1) o

where

A(A) = ga(A)® — 27g3(A).

Note that we can always substitute the lattice A(1,7) for some 7 € H for the the

lattice A(wy,w2), so that we can see the function f, as

g2 (A (L, T)gs(A(1,7)) 1
0= F A e <<>>
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for 7 € H.

Now, for n € N, the field
QUi fo:a€n 2P\ 27

coincides with F,, ([Shi71] Proposition 6.9) Using this description, it can be shown

th

that F), is a Galois extension of Q(j) which contains the primitive n'"* roots of unity

([Shi71] Theorem 6.6)

The automorphism group of the modular field F' has been determined by Shimura
([Shi71] §6.6):
GL2(Af)/Q" = Aut(F). (2.10)

This can be seen as a non-commutative analogue of the class field isomorphism
©: A}/Q% = Gal(QV?/Q). (2.11)

Certain points 7 € H are called generic, and will be of interest when we look at the

O-temperature states of the GLgy-system.

Definition 2.1.5. We say that 7 € H is generic (for n) if the specialization
- fara€n™ 22\ 22} = {j(7), fa(r) - a € n 722\ 27}
induces an isomorphism of fields
Fp=Qj, fo:a€n 22\ Z%) = Q(j(7), fal(r) s a € n” ' Z2\ Z2).
It is known that such generic points exist ([Shi71] Lemma 6.5.)

Complex multiplication

Certain points in the moduli space have a property called complex multiplication.

These points are related to the class field theory of imaginary quadratic extensions.

All the endomorphisms of a complex torus C/A are given by multiplication by some
complex number A satisfying A(A) C A. The set of endomorphisms of a complex
torus always includes Z whose elements just scale and/or flip the lattice. However,
the set of endomorphisms may be more interesting and include additional elements.
We say that a complex torus C/A has complex multiplication if the set of endomor-

phisms is larger than Z, i.e.

End(C/A) = {\ e C: AA) C A} # Z.
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An important fact is that the torus C/(Z + 77Z) has complex multiplication if and
only if Q[7] is an imaginary quadratic field. Furthermore, in this case, j(7) is an
algebraic integer. We now state the result linking this geometric picture to the class

field theory of imaginary quadratic fields.

Proposition 2.1.6. Let K be an imaginary quadratic field and Ok be its ring of
units. Let C/(Z + 7Z) be a complex torus satisfying

End(C/(Z + 72)) = Ok.

The mazimal abelian extension of K is generated by the set {f(7): f € F} where F
1s the modular field.

The action of Gal(K%/K) is induced by the action of Aut(F).
2.1.3 Real quadratic fields and non-commutative tori

Manin’s real multiplication program [Man04| proposes the development of an anal-
ogous theory where elliptic curves are replaced by “degenerate” elliptic curves (non-

commutative tori).

The main idea is to consider the limiting object obtained when we take the complex
torus C/(Z+77) and allow the generator 7 of the lattice to tend towards a real irra-
tional point on R. The lattice A; = Z+7Z becomes a pseudolattice Ly = Z+0Z C R.
The resulting topological quotient of R by the pseudolattice will be bad, but we can
still define a limiting object by using standard methods from non-commutative ge-
ometry. Instead of considering the equivalence relation of the quotient directly, we
will consider the non-commutative algebra of functions defined on the graph of the

equivalence relation with the convolution product

fix folw,y) = D filw,2) faly, 2)-

TYy~z

In particular, when we have a discrete group G acting on a compact topological

space X, the algebra will be given by the crossed-product algebra
C(X) xa G

where we define the action oy (f)(z) = f(g~(x)) for all f € C(X) and g € G. The

non-commutative multiplication in the algebra is given by

(ng)(f/Ug’) = fag(f/)Ugg"

To apply this idea to our setting of complex tori, we first identify the torus C/(Z+7Z)

with C*/(¢%) where ¢ = €?™7 via the exponential map.
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C/Z+Z

ﬂ

FIGURE 2.3: UNIFORMIZATION OF A COMPLEX TORUS

The identification of the boundary of the torus corresponds to gluing together the two
boundary circles of the annulus with a twist by €2™7. The limit that 7 - § € R—Q
corresponds to the limit |g| — 1, with a twist on the boundary S! by e2™0  We

obtain the noncommutative algebra
C (S 1) X Z

where 0 acts on S' by a rotation of 276. This algebra is called the noncommutative

2-torus, and is denoted by Ty.

There are two notions of isomorphism that we may want to use when considering
non-commutative tori. The first takes the point of view of directly replacing lattices
in C by pseudeolattices. Formally, a pseudolattice is a quadruple (L,V,j,s) where
L is a rank-two free abelian group, V is a one-dimensional complex vector space,
7+ L — V is an injective homomorphism whose image lies in the real line, and s is
a choice of orientation of the real line. A strict isomorphism of pseudolattices is a

commutative diagram

r Vv’

where ¢ is a group homomorphism and %) is linear map that takes the orientation s
to s’. Every strict isomorphism class of pseudolattices has a representative element
with j : Z? — C such that j(0,1) = 1 and 5(1,0) = 6 for an irrational real number 6.
We denote this element by Ly. Two psuedolattices Ly and Ly are strictly isomorphic
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if 6 and €’ lie in the same PGLy(Z) orbit. Then the moduli space characterizing the

isomorphism classes of pseduolattices is
PGL2(2)\(P*(R) — {cusp})

where the cusp is the orbit of the rational numbers. The action of PGLy(Z) on R
is related to the continued fraction expansion by the classical result that two irra-
tional numbers are in the same PGLy(Z) orbit if and only if their continued fraction

expansion has the same tail.

On the other hand, in the setting of noncommutative tori, Morita equivalence is
the correct notion of isomorphism to employ if we want to imitate the framework
of complex multiplication. We say that a point € R has real multiplication if Ty
has non-trivial Morita self equivalences. Then Ty has real multiplication if and only
if Q[f] is a real quadratic field. Two noncommutative tori Ty and Ty are Morita
equivalent if and only if # and 6 are in the same SLy(Z) orbit in R. We can con-
sider the moduli space of the noncommutative tori, which characterizes their Morita
equivalence classes. This is also a noncommutative space, given by the action of

SLy(Z) on P(R). It is again described by a crossed product algebra

C(PY(R)) x SLy(Z).
2.1.4 Modular forms, Hecke operators, and modular symbols

An important tool in the study of modular curves is the modular forms. The modular
forms are a class of functions defined on H, which capture the geometry of the

underlying space.

Definition 2.1.7. A modular form of weight k is a function f : H — C satisfying

the following properties.

1. f is holomorphic,

2. f is holomorphic at infinity (i.e. as Im(z) — oo, |f(2)| is majorized by a

polynomial in max{1,Im(z)~1}), and

b
3. fory = (a d> € SLy(Z)
c

f(z2) = (cz+d)"f (v-2)

where 7 acts by fractional linear transformation.

We say that f is a cusp form if it satisfies the stronger growth condition
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2’. f decays rapidly at infinity (i.e. | f(z)|is majorized by Im(2)*/? as Im(z) — o).

Similarly, if I' is a congruence subgroup then a modular form of weight k for T’
(resp. cusp form of weight k) satisfies the same above three conditions except that
in (3) SLa(Z) is replaced with I" and the growth condition (2) (resp (2’)) holds for
all (cz +d)~1f(y-2) where v € . The growth condition gives that the Fourier

expansion of a modular form given by
f(Z) — Z an€27rinz
nez

satisfies a,, = 0 for all n < 0. For a cusp form we have instead that a,, = 0 for all
n < 0. We denote by M}, the space of modular forms of weight k£, and by S, C M

the space of cusp forms of weight k.

Equivalently, modular forms can be seen as functions on lattices satisfying a cer-

tain homogeneity property. Let f be a function satisfying
FOA) = AR F(A)
for all lattices A and A € C*. Then for A = wZ + weZ we have

FOWZ + AnZ) = AP f(i1Z + woZ).

From this equation we see that wy k f(w1Z + weZ) depends only on wi/we and so

there exists some f defined on H such that

fIMZ + weZ) = w;kf(wl/wg).

We also see that f is invariant under the SLy(Z) action on (w1, ws) and so f satisfies

f(2)=(cz+d) " f(v-2)

for v € SLy(Z).

The space M} of modular forms of weight k is finite dimensional and admits a col-
lection of commuting linear operators called the Hecke operators. They are defined
by

(Tuf)(z) = Y (det ) ez +d) 7 f (- 2)

YEXn

a b
n = tg>l,ad=n,0<b<d,.

where
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In the lattice picture, the Hecke operator T}, can be seen taking as input a function
f and outputting a function which averages f over index-n sublattices (for details
see [Ser77| §VII 5.1). The Hecke operators satisfy relations

Ton = Tyn T — pkflTpn_z for p prime.

There is an alternate definition of the Hecke operators in terms of the Hecke algebra
of double cosets (see e.g., [Miy06] §2.7.) This type of Hecke algebra is used in the

construction of the Bost-Connes system in section 2.3.

Definition 2.1.8. Let I' be a congruence subgroup and A C GL2(Q)" be a semi-
group. We define the Hecke algebra by

R(T,A) := {Z aclal' : ay € Z and a, = 0 for all but finitely many a}
aEA

with the multiplication

Tol - TBL = ;[T
yEA

where ¢, counts the number of (i, j) such that I'e;3; = I'y for T'al' = | |, T'ay.

This multiplication turns out to be well-defined (independent of the decomposition
F'al’ = | |, T'ey;). We define the Hecke operators as elements of R(I'g(n), Ag(n)) where

['p(n) is the Hecke congruence subgroup and

Ag(n) = {(a Z) € My(Z) : ¢c=0mod n,(a,n) = 1,ab—bc>0}

C

as follows.

T(n)= Y To(n)alo(n)

det a=n

where the sum is taken over all the double cosets I'g(n)al'g(n) such that det(a) = n.

The modular symbols are a useful tool for computing with modular forms. We
define here the modular symbols of weight 2 introduced in [Man72|, which will have
a pairing with the weight-2 cusp forms. A more general construction of higher weight

modular symbols has been given in [Sho81al, and is summarized in Chapter 4.

We fix some modular curve Xg for a modular group G. The modular symbol
associated to points «, B in P}(Q) is a real homology class in H;(Xg,R), con-

structed as follows. Consider C,, g the oriented geodesic going from « to 8 in H. Let
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¢ : HU PY(Q) — X be the quotient map. Because « and 3 are cusps, the image
©(Cq ) is closed on Xg. We defined the modular symbol {«, 8}g by

B
/ w ::/ 0" (w) :/ w
{oB}a o ©(Ca,p)

for w a differential form on Xgq.

The modular symbols are related to the weight-2 cusp forms as follows. Consider
some cusp form f € S9(G). The function f doesn’t descend to a function on Xg

because it isn’t G-invariant, but the one-form fdz does. We have the invariance,

foy-2)dly-2) = f (jjj;’) d (ZIZ) = (c2+ d)%)@jjj;dz = f()dz

b
for v = (a d) € G C SLy(Z). We then obtain a pairing
c

<,> : SQ(G) X Hl(Xg,Z) —C

by integrating along the image in X of the geodesic in H connecting o and 3

B
(f{a,B}a) = / f(2)dz.

We extend the pairing to a pairing (,) : S2(G) x Hi(X¢,R) — C by linearity. This
pairing is perfect and it identifies the dual So(G)* with Hi(X¢q,Z).

The modular symbols have several basic properties, which all follow easily from
the definition:

d {O‘HB}G = _{ﬁaa}G
d {aaﬁ}G = {a’V}G + {’776}6'

e {go,g9B}c ={a,B}gforallge G

Because of the second property, it suffices to consider modular symbols of the form
{0,a}g. A common technique used when working with modular symbols is to de-
compose them using the continued fraction expansion of a. Recall that every real

number can be represented as a continued fraction expansion of the form

1

lag; a1, a2, a3, ...] == ag + ——F——
a) + —2—

az+

a3+%
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and in particular rational numbers have a finite continued fraction expansion while
quadratic irrationalities have a periodic continued fraction expansion. The k' ap-

proximant is the rational number

Pe _ 1
gk ay + 1

0 1
a2+ T

Ak

The numbers p; and g satisfy recurrence relations
Pk = QkPk—1 + Pk—2
qk = akqr—1 + qr—2

where pg = 0 and qo = 1. It follows that prqr—1 — pr—1qx = (—1)¥~1. The matrix

gi(a) = (pk(a) pkl(a>>

ak(a)  qr-1(a)

is thus in GLy(Z). For a = [ay, ag, ..., a,] rational, we can write the modular symbol

as a finite sum:

0o = Y {B2 2 =5 (a0 o).

9y
1 qk—-1 dk el
0 P pn o
q2 dn @ q1

FIGURE 2.4: APPROXIMATING A PATH IN H FOR A MODULAR SYMBOL BY CONTINUED
FRACTIONS

This corresponds to approximating the image of the path Cp o in the modular curve

by geodesics whose endpoints approach a.
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2.2 (C*-dynamical systems and KMS states

Before we describe the Bost-Connes type systems, which are C*-dynamical systems
with connections to number fields, we give an overview of C*-dynamical systems in
general. We describe the mathematical formalism used to model the states, observ-
ables, and time evolution of infinitely extended quantum systems, and devote some
time to defining the equilibrium states appropriately in this setting. We also discuss
the geometric structure of the space of equilibrium states, which will turn out to
be a simplex. The structure of the equilibrium states is crucial to the Bost-Connes

picture.

The standard mathematical formalism for a dynamical system in quantum mechan-
ics consists of a triple (H, H, pp) where H is a finite-dimensional Hilbert space, H is a
self-adjoint operator in B(#), and p is a positive semi-definite trace-one self-adjoint
operator in B(#). The pure states of a system are viewed as norm-one elements of H.

Observables are self-adjoint elements A of B(H) with some spectral decomposition
A=Y
i

where P; is the projection on the A; eigenspace. The possible observed values of the
measurement described by A are the eigenvalues \; of A, and each \; is observed for
a fixed pure state » € H with probability (¢, Pj1)).

Mixed states are modeled by positive semi-definite trace-one self-adjoint operators
on H. This is motivated by considering a statistical ensemble of pure states v; each
occurring with probability p;. The probability of measuring the eigenvalue \; of A
is then given by

tr(pA) = ij(%'» Piyj)

where p(-) = >, p;(1;,-)1;. Note that p is positive and trace-one because the p;’s
give a probability distribution on the states ;. The operator pg represents the initial

mixed state of the system.

The time evolution of the system, in the absence of measurement, is described by a
special observable called the Hamiltonian, denoted by H. Since H is self-adjoint it
induces a continuous one-parameter group of unitary transformations on the mixed

states, or equivalently on the observables by
Tt(p) — efitheitH or Tt(A) — eitHAefitH.

In the case of infinitely-extended quantum systems, it can often be the case that

certain states we wish to consider fail to be traceclass. In this situation, a different
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formalism is used. We move from considering the Hilbert space as the fundamental
object to studying B(H) directly.

Now, we consider a triple (A, 7!, w) where A is a generic C*-algebra playing the
role of B(H), 7t is a strongly-continuous one parameter group of automorphisms on
A, and w is a positive linear functional of norm 1 on A playing the role of the state.
This point of view is supported by the structure theorem for C*-algebras, which states
that every C*-algebra is isomorphic to a norm-closed, self-adjoint (i.e. closed under
taking adjoints) algebra of bounded operators on a Hilbert space ([BR87] Theorem
2.1.10).

2.2.1 States

In the finite dimensional setting, the states of a system are given by density matrices.
In the more general C*-algebraic setting, this needs to be modified as there may be
cases when the trace against a density matrix does not converge. Given a density
matrix p over a (finite dimensional) Hilbert space H, we can construct w,, a linear

functional on B(#H). For A € B(H),
wy(A) = tr(pA).

We have that w, is positive, in the sense that it maps positive operators to positive
numbers. This follows by considering the eigenvalues of pA, which are all positive
since both p and A are positive. Furthermore, we may put a norm on the space of

linear functionals defined by

This norm can equally well be defined on the space of linear functionals over an

abstract C*-algebra. Since p is trace-one, it follows that ||w,|| = 1.

Importantly, these positive linear functionals which are induced by the density ma-
trices are objects which still make sense in the C*-algebra setting. Motivated by this
discussion, we give the following definition. A linear functional w over a C*-algebra
A is positive if w(A*A) > 0 for all A € A. A positive linear functional w with
|lw|| =1 is called a state. Conveniently, the positivity condition automatically gives

continuity.

A natural question to ask is whether all states defined in this way can be recovered
by tracing against an appropriate density matrix. This is not the case. However,

for a fixed state we can construct a certain “local” representation such that in the
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representation the state is represented by a density matrix.

It is a fact that the set of states on a C*-algebra is convex. It is then natural
to define the pure states as the extremal points of the set of states. This mirrors the
classical case when we view the set of mixed states, which are probability measures,
as a subset of the hyperplane in R™. The set is convex in the euclidean geometry
with the extremal points being the pure probability measures. The difference is that
in the classical setting there is a unique way to write each mixed state as a linear
combination of pure states: the set of states is a simplex. However, in the quantum

case we do not have this unique decomposition.
2.2.2 Measurement

C*-algebras have a very nice spectral theory that will allow us to generalize the
formalism for measurement from the finite-dimensional setting. First we use the
version of the spectral theorem that allows us to “take functions of” observables,

called the functional calculus version of the spectral theorem.

Theorem 2.2.1 (Spectral Theorem, Functional Calculus Version). Let A be a self-
adjoint element of a C*-algebra A, and let C*(A) be the sub-algebra of A generated
by A. Then there exists a map ®4 : C(o(A)) — C*(A), where C(c(A)) is the space

of continuous functions on the spectrum, o(A), satisfying

1. ®4 is an isomorphism ,
2. ® 4 is an isometry (in particular it is continuous) with the sup norm on C(o(A)),
3. ®4(1) =1, where 1 is the map R> z+— 1 € R,

4. ®y(id) = A, where id is the map R > x — x € R.

Furthermore, o(®4(f)) = f(c(A)). This is sometimes called the Spectral Mapping

Theorem.

The element ®4(f) for a continuous function f should be interpreted as “taking the
function” of the element A. We denote it by f(A).

For a fixed state w € A*, and observable A € A, we now let 4, be the unique

Borel measure on o(A) obtained from the Riesz-Markov theorem, satisfying

w(f(4)) = / L J@da(e)
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This is called the spectral measure associated to A and w. The possible results
of a measurement described by A for a system in state w are given by o(A), and
the probability distribution is given as follows. For a Borel subset E C o(A), the

probability of measuring a value in E when the system is in the state w is p14 ., (E).
2.2.3 Dynamics

Recall that in the finite dimensional setting, our dynamics on the observables was

given by a Hamiltonian H
Tt(A) _ eitHAefitH.
We can compute the derivative to obtain the differential equation
d
—T
dt

with initial condition 7°(A) = A. A solution to this is

YA) =iHT'(A) — ' (A)(iH) = i[H, T (A)]

(A) = etH - 4

where we view 0y = i[H, ] : A — i[H, A] as a bounded linear operator on the space
B(#), noting that in this setting B(#) is a finite dimensional Banach space. 0y is
self-adjoint and is called the generator of ;. Importantly, dy is in the C*-algebra
of operators rather than the underlying Hilbert space, so this is the formulation we

will use when moving to the general setting.
First let us consider what happens if the Hilbert space is infinite dimensional. We
define dynamics using unitary operators, which preserve the inner product structure.

Definition 2.2.2. Let ‘H be an infinite dimensional Hilbert space. A dynamics on
B(H) is amap 7¢(A) = U(t) AU (t)* where U (t) is a one-paramter strongly-continuous
unitary group. In other words,

1. for each ¢, U(t) is unitary,

2. for s,t >0, U(t+s)=U(t)U(s),

4. for each A, t — U(t)AU(t)* is continuous.

We can apply Stone’s theorem to our dynamics, which gives a correspondence be-
tween one-parameter strongly-continuous unitary groups U(t) and self-adjoint (but

not necessarily bounded) operators A.

U(t) ¢ et
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The exponential is well-defined using a power series if A is bounded or using spectral
theory if A is unbounded [RS80|. Therefore, while we can still write our dynamics
in the form 7¢(A) = e Ae=*H [ may be unbounded and hence not an element of
the algebra B(#H). From a physical point of view, this corresponds to an infinitely
extended system having infinite energy, but it will pose problems when we move to

the C*-algebraic formalism, where we do not have access to the Hilbert space.

We can rewrite the definition of a dynamics in terms of the operator algebra by
using the fact that unitary operators preserve inner products, and hence conjuga-

tion by unitaries preserves operator norm.
Definition 2.2.3. A dynamics on a C*-algebra A is a map
R >t 18 € Aut(A)

which satisfies

1. 718 =7t o 78,

2. t — 7(A) is continuous for all A € A (strong continuity).

For a C*-dynamics, which is a one-parameter strongly-continuous automorphism

group on a Banach space, we define the generator as the possibly unbounded operator

5:D(S) — A:
'maz{AeAgﬁéﬁ%@_Ayma%
&Aﬁﬁ%%@%@—AHmAED@)

The following theorem says that the generator does indeed generate the dynamics
(see e.g. [Rud91] Theorem 13.35).

Theorem 2.2.4 (Hille-Yosida). Let t — 7t be a one-parameter strongly continuous
group of automorphisms on a Banach space X with generator §. Then the domain
of 8, D(6), is dense and § is closed. Furthermore if A € D(J) then

(t— 7'(4)) € C°(R,D(6)) N C'(R, X)

and § satisfies the differential equation

A _toay _ stia) _ t
prid (A) =d71"(A) =T1°0(A).

t — ¢t Note that if we have a Hamil-

For this reason we use the formal notation 7
tonian dynamics on a finite dimensional Hilbert space given by Hamiltonian H,
then we may compute the generator § in this last more general sense and find that

0 =4dy =1i[H,].
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2.2.4 Gibbs states and KMS states

In statistical mechanics, we often study equilibrium states. An equilibrium state
is both invariant under the dynamics of the system, and has a certain stability
property. We express this stability property precisely in terms of the entropy of the
system. In the finite-dimensional case the von Neumann entropy is the functional

S:{peBH)tr(p) =1,p > 0} — R defined by

S(p) = —tr(plogp) = — > _ Ailog(Ni)

(2

where p = Y, A\ Py, is the spectral decomposition. Note that log();) is defined since
p is positive. If we take p to be a density matrix defined by >, pi(¢s, -)1s, then the
von Neumann entropy is the same as the classical (Gibbs) entropy of the probability

distribution (p1, ..., pn).

An equilibrium state is one which maximizes the entropy among all states with
a fixed energy E € [Emin, Emaz] where Ep, and Eyq, are the smallest and largest
eigenvalues of the Hamiltonian. In other words, it is a state pg such that tr(Hpg) = F
and

max{S(p) : p a state, tr(Hp) = E} = S(po).

In the finite-dimensional setting, the equilibrium states are completely described by
Gibbs states.

Definition 2.2.5. For a finite dimensional quantum system A with Hamiltonian H,

the Gibbs state at inverse temperature 3 is

e PH
PB = tr(e=BH)

Note that this is a positive operator with trace one.

For each fixed E € [Enin, Emaz] there is a unique inverse temperature € [—o00, o0]
such that pg(H) = E. For this value of 3,

max{S(p) : p a state, tr(Hp) = E} = S(pg)

and the unique maximizer is pg. (See e.g. [Jak+12| for the proof.) The definition of
the Gibbs state in the finite dimensional setting relied on using the trace: tr(e=#).
When we move to the infinite dimensional setting, this trace does not always con-

verge, and therefore, the Gibbs state may not exist.

We wish to give a definition of the equilibrium states for the general C*-algebra
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setting. In order to do this, we will first derive a condition on states which, in the
Hilbert space setting, is equivalent to the state being Gibbs. This condition will be

written in terms of the linear functional induced by tracing against a density matrix.

We have a Hamiltonian dynamics acting on B(H) given by 7¢(A) = e*H Ae=H
For fixed A, B we can extend the function R > ¢t — w(A7!(B)) to a strip in the
complex plane, just by applying the functional calculus to the Hamiltonian. Then

the Gibbs state is equivalent to an approximate commutation property [Jak-+12].

Proposition 2.2.6. Let H be a finite dimensional Hilbert space. The state w €
B(H)* is a Gibbs state at inverse temperature 3 if and only if

w(AT"(B)) = w(BA)

for all A, B € B(H). This condition is called the KMS condition.

Proof. Suppose wg is the Gibbs state.
e PH
tr(e=AH)

The KMS condition follows from the cyclicity of the trace. This implication actually

ws(AT(B)) = tr(pgAe P BePH) = tr( Ae PHBePHY = tr(pg BA) = ws(BA)

holds as long as the Gibbs state exists, even if H is not finite-dimensional. The
traceclass operators are an ideal in the space of bounded operators, and so the above

calculation still makes sense.

Now suppose w is a state satisfying the KMS condition. Since we are in the fi-
nite dimensional case, we have some density matrix p such that w(-) = tr(p -). The

KMS condition can then be written as
tr(pBA) = tr(pAe PHEBePH) VA, B e B(H).
Let X = ePHpand Y = Ae . Then we have
tr(XBY) =tr(XYB) VB,Y € B(H).

It follows that [X, B] = 0 for all B and hence X = «l for some scalar a. Hence
p = ae PP Normalizing so that tr(p) = 1 gives the Gibbs state. O

Remark 2.2.1. The KMS condition can be rewritten as
w(t!(B)A) = w(ATT(B)) VteR.
In this form we can see it as a boundary condition of the function
Fa p(z) == w(AT*(B))

on the strip 0 < Im(z) < 8: Fa p(t+i8) = w(r'(B)A).
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FIGURE 2.5: THE KMS CONDITION AS A BOUNDARY CONDITION ON A STRIP

We now wish to generalize the KMS condition to the operator algebra setting. First
we need to verify that, for a general C* dynamics, we can extend the function ¢ +—
w(ATY(B)) analytically to a strip in the complex plane. Indeed, we can show that

t

for a fixed C*-dynamics 7°, such an analytic extension is possible for a norm-dense

sub-algebra called A;.

Definition 2.2.7. Let ¢t — 7! be a strongly continuous, one-parameter group of
x-automorphisms of a C*-algebra A. An element A € A is analytic for 7 if there

exists a strip I = {z € C: [Im(z)| < A} and a function f: Iy — A such that

1. for t € R, f(t) = 7%(A) and

2. for each w € A*, the function z — w(f(z)) is analytic.

This pointwise analyticity condition is actually equivalent to a stronger notion of

analyticity in the space A itself.

One can show that the sub-algebra of entire analytic elements (for a given dynamics
7t), which we denote by A, is dense in the norm of A (see e.g. [BR87| Prop 2.5.22).
We then give the KMS condition for C*-algebras.

Definition 2.2.8. Let (A, 7) be a C*-dynamical system. A state w is a (7, 5)-KMS
state if
w(AT"(B)) = w(BA)

for all A, B in some norm-dense, 7-invariant sub-algebra B, C A,. We often suppress
the 7 in our notation when it is clear from context which dynamics we are referring

to.

The set of B-KMS states for some fixed inverse temperature 3, denoted by Kz is a
simplex (see e.g. [BR96|] Theorem 5.3.30). We denote the set of extremal S-KMS
states by £3. These extremal KMS states can be thought of as pure phases.
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2.2.5 Ground states

There are two possible choices for how to define the equilibrium states of a C*-
dynamical system at O-temperature. One may consider weak limits of low tempera-
ture KMS states (we refer to these as co-KMS states) or one may use a more general
definition, which allows for 0-temperature states to exist even when there are no

low-temperature KMS states. We refer to the latter as ground states.

Definition 2.2.9. w is a ground state for (A, 7) if for any A, B € A, there exists
a function Fy4 p which is continuous on Im(z) > 0 and analytic and bounded on
Im(z) > 0 such that

Fu p(t) = w(An(B))

for all t € R.

This corresponds to taking 8 — oo in the strip of Remark 2.2.1. We refer to 0-
temperature states as defined by weak limits of low-temperature states as co-KMS

states.

Definition 2.2.10. Let (A, 7) be a C*-dynamical system and {w,} a net of states
on A such that
limwy(A) = w(A)
(64

for all A € A. Let w, be a (,-KMS state for 3, € R such that
lim 3, = oo.
(6%

Then w is called an co-KMS state.

It is a fact that if w is an co-KMS state, then it is automatically a ground state (see
e.g. [BR96| Prop 5.3.23). However, the converse is not true. For example, if the time
evolution is trivial, then all states are ground states, but only tracial states (those
satisfying w(AB) = w(BA)) are oo-KMS states. It can be convenient to consider
the co-KMS states because they form a simplex and therefore we can consider the

set of extremal states E.
2.2.6 Symmetries and symmetry-breaking

An important phenomenon to study in quantum statistical mechanics is symmetry
breaking. This occurs when there is some underlying group G of symmetries on
a C*-algebra A which commutes with the time evolution. In certain temperature

ranges, the induced action on the equilibrium states is trivial. However, in other
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temperature ranges, the choice of an equilibrium state ¢ breaks the symmetry group

into smaller subgroups
Go={9€G:g"(¢) =}

where ¢* is the induced action of g on the states. This often occurs when there
is some critical inverse temperate [, such that above this temperature (5 < f.)
there is a unique B-KMS state, and below this temperature the S-KMS states are
no longer unique. We will consider symmetries that are both automorphisms and

endomorphisms of A.

e Automorphisms: We consider subgroups G C Aut(.A) which commute with
the time evolution

goy =09 VgeG,teR.

There is an induced action of G on the set of KMS states Kg and on the
extremal KMS states &g.

¢ Endomorphisms: We consider subgroups G C End(A) that commute with

the time evolution, so that
poy =op YVpeGiteR

Let e, = p(1). If we have an extremal KMS state ¢ € €3 such that ¢(e,) # 0
then we may define a pullback

Fo)y— Lo
p(@)—w(ep)w p-

More care is needed when defining an action of G in this way on £,,. There
are cases where ¢p(e,) = 0 but one can still define an interesting action on Eu

by first “warming up” the states, acting by p, and then “cooling down” (see e.g.
[Mar04] for details).
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2.3 Bost-Connes type systems

In [BC95], a C*-dynamical system called the Bost-Connes system was introduced. It
was initially constructed as a Hecke algebra, but it has a geometric interpretation
as a coordinate algebra of 1-dimensional Q-lattices up to a certain equivalence re-
lation. A sub-algebra of the Bost-Connes algebra, called the arithmetic sub-algebra
was also constructed. The Bost-Connes system is related to the number field Q and
various important objects in its study. The partition function given by the Hamilto-
nian which generates the dynamics is the Riemann-zeta function. The Galois group
Gal(Q¥/Q) acts as a symmetry group on the extremal KMS states (pure phases)
and with respect to this group of symmetries, the system exhibits spontaneous sym-
metry breaking at a critical temperature. Finally, the system has O-temperature
equilibrium states, and these states, when evaluated on points in the arithmetic
sub-algebra, give a set of algebraic numbers which generate the maximal abelian

extension Qe

Later, in [CMO04], this picture was extended to the geometric setting of 2-dimensional
Q-lattices. A C*-dynamical system called the GLg-system (again based on a Hecke
algebra) was constructed, as well as an arithmetic sub-algebra of, in this case, the

algebra of unbounded multipliers on the Hecke algebra.

A construction of a Bost-Connes type system for an arbitrary number field K is given
in [LLNO9|, which has the desired partition function, symmetries and behaviour of
the KMS states. However, it is still unknown whether these systems have the im-
portant property that the oco-KMS states, when evaluated on an arithmetic algebra,
generate the maximal abelian extension K. These dynamical systems are initially
constructed using the class field theory data, but a geometric object (the K-lattices)
are introduced which allow for a description of the systems that does not rely on
the class field theory data. The present work takes a different tack. We instead
define a boundary version of the GLo system directly by viewing points in R as
parameterizing pseudolattices (degenerate elliptic curves) and connect the ground
states of this system evaluated on the arithmetic algebra to the limiting modular
symbols. Therefore, in this section we shall focus on the construction of the GLs

system, which is most relevant to our construction.

2.3.1 Bost-Connes system

We begin by describing the C*-dynamical system constructed by Bost and Connes
in [BC95| and its connections to properties of the number field Q. The KMS states,

the ground states, and the symmetries of the system will be of particular interest.
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Construction of the Bost-Connes system

The original construction given by Bost and Connes in 1995 proceeds by first con-
structing a Hecke algebra, then moving to a regular representation of the algebra on
a Hilbert space, and finally obtaining a canonical time evolution in the induced von
Neumann algebra using Tomita-Takeaski theory. For a discrete group I' and sub-
group I'g we define the Hecke algebra H(I',Ty) to be the algebra of complex-valued
functions with finite support on the double coset space I'g\I'/T'y equipped with the

convolution product
(fixf2)) = > Al Dfa(n) Vyel. (2.12)
1€F0\F

Here we view f1, fo as functions on I' which are invariant with respect to multipli-
cation on the left and right by I'y and which have finite support in To\I'/Ty. It is

also equipped with the involution

fr ) =171 ¥y eLo\I'/To.

At this point we impose an additional condition that I'y is an almost normal subgroup
of ', which means that the orbits of the left action of Iy on I'/Ty are finite. Under
this condition, we turn the Hecke algebra into a C*-algebra by completing it in an

appropriate representation. The map

A H(T, L) — 2(To\I)
f —> )\f
defined by the formula
MO = > fOrém) ¥y €O\, ¢ € B(T\T) (2.13)
’}'1€FQ\F

is a representation, which we call the regular representation. We denote by C*(T",Tg)
the norm closure of H (T, Tg) in 1?(To\T).

Also under the condition that I'g is an almost normal subgroup of I', we define
a dynamics on C(I',Tg) by taking the unique strongly-continuous one-parameter

automorphism group oy such that

o(F)(7) = (%) o) (2.14)

where R(vy) and L(7y) are the cardinalities of the image of I'gyI'g in I'og\I" and I" /T’y re-
spectively. This time evolution is obtained in the regular representation via Tomita-

Takesaki theory as the canonical time evolution associated to the state

o(f) = (e, A(f)e)ﬁ(ro\r)
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where e is a separating and cyclic vector given by the left coset I'g1 € I'g\I' (see
Prop 4 of [BC95)).

Definition 2.3.1. The Bost-Connes system is the C*-algebra A; = C’:(P(é{,Pg)

and its associated dynamics o; of Equation 2.14 where

10
P&z{(o a>:a,b€@,a>0},
+ _ L b .
i {(2 Y)oes)

Note that P, is an almost normal subgroup of P(éf (Lemma 13 of [BC95]), so that

this definition makes sense.

A presentation for the algebra C;‘(P& , P) is also obtained. We first observe that
C}(T",Ty) has a linear basis given by {ex} where X € I'g\I'/T'y is a double coset.

Proposition 2.3.2 ([BC95] Prop. 18, simplified in [LR99| Lemma 2.7). Forn € N,
let

10
P = n_1/2exn, where X,, = PZ+ (0 ) PZJF.
n

Forv € Q/Z, let

1
e(y) = exv, where X7 =P (0 z) .

The elements pi, for n € N and e(ry) for v € Q/Z generate C;f(P&,Pg), and the

following relations give a presentation.

o i, =1 YneN
® linm = fnttm Yn,m €N
e ¢(0) = Le(7)* =e(—7) and e(v1 +12) = e(m)e(12) V7, 71,72 € Q/Z
o ne(ih = 5 Lseq/zins—y €(0) Yn €N,y € Q/Z
In this presentation, the time evolution acts by

ot(pm) =1 pn,  or(e()) = e(y). (2.15)

By means of this presentation, one can show that the Bost-Connes algebra is iso-

morphic to the semigroup crossed product

C*(Q/Z) x N
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where N is the semigroup under multiplication [LR99]. Here C*(Q/Z) is the group
C*-algebra.

We will also consider an arithmetic sub-algebra of the Bost-Connes algebra, which
we think of as a sub-algebra of certain classical points on which we will evaluate the

ground states of the Bost-Connes system. It is defined as follows.

Definition 2.3.3. The arithmetic sub-algebra of the Bost-Connes system, denoted
by Ai g, is the algebra over Q generated by the elements e(\) for A € Q/Z and py,

and u; for n € N in the presentation of Proposition 2.3.2.

The arithmetic sub-algebra can equivalently be described in the Hecke algebra pic-
ture as the compactly-supported Q-valued functions on I'o\I' with the convolution
product 2.12.

Geometric interpretation

There is a geometric picture corresponding to the Bost-Connes system in terms
of 1-dimensional Q-lattices under a commensurability relation. We present here the
general description of Q-lattices (as we will make use of the 2-dimensional case later)

before specializing to the 1-dimensional case.

Definition 2.3.4. An n-dimensional Q-lattice consists of a pair (A, ¢) where A C R™

is a lattice and ¢ is a labelling of its torsion points given by
¢ :Q"/Z" — QA/A

where ¢ is a group homomorphism. In the special case that ¢ is an isomorphism, we
say that (A, @) is invertible.

Q*/z? QA/A

FIGURE 2.6: NON-INVERTIBLE 2-DIMENSIONAL Q-LATTICE.

We denote by ¢n the restriction of the map ¢ to the N-torsion points,

b : <;]Z/Z>n S %A/A. (2.16)
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We say that (A, ¢) is divisible by N if ¢ = 0.

Definition 2.3.5. We say that two Q-lattices (A1, ¢1) and (Aa, ¢2) are commensu-
rable, denoted by (A1, ¢1) ~ (A2, ¢2), if

QA1 = QA and o1 = P2 (mod A+ AQ) (217)

Commensurability of Q-lattices is an equivalence relation (see e.g. [CMO8| Lemma
3.18). We denote by L,, the set of commensurability classes of n-dimensional Q-

lattices.

In the 1-dimensional case, a Q-lattice can be written in the form (A, ¢) = (AZ, \p)

where A > 0 is some scaling factor and
p € Hom(Q/Z,Q/Z) = lim Z/nZ = Z.
-

The 1-dimensional Q-lattices, up to scaling by RT, are completely determined by
the choice of p € 7.. We will construct a non-commutative C*-algebra describing the
commensurability classes of 1-d Q-lattices up to scaling. First we take the algebra
of coordinates of the space of all the 1-d Q-lattices up to scaling, which is C’(Z)
The commensurability relation is implemented by the action of N on the coordinate

space of Q-lattices by the maps

an(F)(A 6) = f(nA, o) ?f (A, 9) %S diViSiPIé -by n . (2.18)
0 if (A, ¢) is not divisible by n

This corresponds in C (Z) to the action of N by the maps

an(f)(p) = f(n"'p) VpenL. (2.19)

From this, it follows that the algebra of coordinates of commensurability classes of 1-
d Q-lattices up to scaling, which we denote by C(£;/R*), is isomorphic to C/(Z) x N.
Pontryagin duality can then be used to identify C/(Z) and C*(Q/Z), giving us that
C(L1/RY) = C*(Q/Z) x N, which is isomorphic to the original Bost-Connes algebra
Ai. In the Q-lattice picture, the time evolution of the Bost-Connes system is given
on C(L1/RT) by

oi(f)(L1, La) = |L1/Lo|" f(L1, La) (2.20)

where L; = (A;, ¢;) is a Q-lattice, we view elements of C(L;/R™) as functions on

pairs of commensurable Q-lattices invariant under scaling

f()\Ll,)\, Lg) = f(Ll,Lz) Ve RJr,
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and the quantity |L;/Ls| is the ratio of the co-volumes of the lattices

covol(Ayq)

|L1/Lo| = covol(Ay)’

The arithmetic sub-algebra can be viewed in the lattice picture as the sub-algebra
of C(L1/RT) generated by certain weight-0 functions on the space of Q lattices. Let
a € Q/Z. Then we define a weight-0 function by

ca(M@) =c(A) >y (2.21)

yEAt¢(a)

where ¢(A) is a multiple of covol(A) determined by the formula
2mic(Z) = 1. (2.22)

The arithmetic sub-algebra A, g is generated by e, for a € Q/Z and the py, p; for
n € N.

KMS states and symmetries

The Bost-Connes system is interesting because of the connection between its thermo-
dynamic behaviour and properties of the number field Q. In particular, the system

has a group of symmetries given by the Galois group Gal(Q%/Q).

Observe that each element o € Gal(QVY<, Q) has an associated representation 7, :
A; — I2(N*) (Prop 24 [BC95]). Let ¢, for k € N* be the canonical basis for 12(N*).
In this basis, 7, is given by

To(ln )€k = €nk Vn,k € N*

(2.23)
o(e(y))er = alexp 2wiky)e, Vk € N*, v € Q/Z.

Note that there is a canonical extension of m, to the full C*-algebra A;. In the

representation, the time evolution is given by the Hamiltonian
He, =log(n)ey, (2.24)

ie. e, (x)e ™ = m,(04(x)) for all x € Ay and t € R. In the representation, the

partition function is the Riemann-zeta function.

Z(B) = tr(e” Zn =

neN

We will now describe the KMS states of the system, using these representations.
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Proposition 2.3.6 (Theorem 5, Theorem 25 [BC95]). For 0 < g < 1, there is a
unique (-KMS state, denoted by ¢g, on the BC system (Ai,01). On the C*(Q/Z)
part of the algebra, the restriction of the state is given by the function on Q/Z
ple(a/t)) =07 ] (a-p"Ha-p " (2.25)
p prime ,plb

where § € Q/Z such that a,b € Z are relatively prime, and b > 0.

For B > 1, the extremal B-KMS states, Eg, are parameterized by embeddings x :
Q% — C. For each a € Gal(QY/Q), there is a B-KMS state given by

PpalT) = C(lﬁ)TT(WQ(x)e_BH) Vr € Ay (2.26)

The map o — @g o is a homeomorphism of Gal(Q¥/Q) and &g.

The restriction of the state g o to the C*(Q/Z) part of the algebra is given by

oo

o5.ale(a/b)) = C(lﬁ) S Xa(C) (2.27)

n=1
where Xo : Q¥ — C is the embedding corresponding to the element o € Gal(Q% /Q),

and Cqyp, 18 a root of unity.

There is a critical temperature § = 1. Above this temperature (5 < 1) the KMS
states are unique. However, for low temperature (8 > 1) there are many S-KMS
states, and they are described by embeddings of the the cyclotomic field in C. In
addition, Gal(Q®“ /Q) acts on the set of 3-KMS states by composition, and the sys-

tem exhibits spontaneous symmetry-breaking at 5 = 1 with respect to this action.

We note that g, are Gibbs states in the representation m,. In the limit 8 — oo

we obtain extremal co-KMS states of the form

gOOO’a((Iﬂ = (Fa(x)€1,€1)2(N*) (2.28)

each one corresponding to a € Gal(Q% /Q). The Galois group also acts on the co-
KMS states by composition. We end by describing how the co-KMS states behave

when evaluated on the arithmetic subalgebra A4, g.

Proposition 2.3.7. Let poo.o € Exo be an 0o-KMS state on (Aq,0r). Then @oo.a(A1g) C

Qe Furthermore, the class field isomorphism
0 : Gal(QV!/Q) — Z*
intertwines the Galois action on peo.o(A1,Q) with the action of Z* on Ay -
VPo0,a(2) = Poo,a(O(7)2)
where v € Gal(Q¥ /Q) and x € A g.
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2.3.2 GLy-system

A 2-dimensional version of the Bost-Connes system was given by Connes and Marcolli
in [CMO04], based upon the geometric picture of Q-lattices. It utilizes 2-dimensional
Q-lattices rather than 1-dimensional Q-lattices. The idea is to consider an algebra
of coordinates C'(L2/C*) on the space of commensurability classes of 2-d Q-lattices
up to scaling. As before, we begin by characterizing all the Q-lattices by some
parameters including a scaling parameter. In the 2-dimensional case, every Q-lattice

can be written in the form
(A,9) = (\(Z +7Z), Ap) (2.29)

where A € C* is some scaling factor, 7 € H, and p € Hom(Q?/Z?, Q?/Z?) = My(Z).
Recall that the lattices Z + 7Z correspond to elliptic curves, and the quotient under
the SLo(Z) action of the parametrizing points 7 € H gives the modular curve, which
encodes the isomorphism classes of elliptic curves. The thermodynamic properties
of the GLy-system are related to the imaginary quadratic fields similarly to how the
thermodynamic properties of the Bost-Connes system are related to the number field
Q. We will go through a careful construction of the GLg-system, comparing it to the
Bost-Connes system, and using an underlying picture of 2-dimensional Q-lattices.
We will then summarize results surrounding the GLo-system’s KMS states, phase

transitions, ground states, and symmetries.

Construction of the GLs-system

We will proceed by first considering R, the groupoid of the set of 2-d Q-lattices
(not up to scaling) with the equivalence relation of commensurability, and then de-
scribe how the scaling action of C* acts on Ry. We begin by obtaining an equivalent

description of the groupoid Rs.

Let Go be the groupoid of pairs (g, p) where g € GLJ (Q), p € My(Z), and gp €
Mo (Z), with composition given by

(91, p1) © (92, p2) = (9192, p2)

if gop2 = p1. The associated C*-algebra C*(G2) is the groupoid C*-algebra introduced

in [Ren80|, which has the convolution product
fix fa(g,p) Zfl p)fa(s; p) (2.30)

and involution

f(g:p) = flg7 , gp).
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This C*-algebra can be equivalently viewed as the semigroup crossed product C(M2(Z))x
My(Z)*. Comparing this to the 1-d case where we had C'(£1/R™) is isomorphic to
C(Z) x N, we see that My(Z) is playing the role of Z. However, G by itself is
actually not an equivalent description of Ro. To obtain the correct full description
of Ra, we take a crossed product with GL2(R). Let

Y Gy — GL (R)

2.31
(9,p) = g 231

be the homomorphism obtained from the inclusion GL3 (Q) € GL3 (R).

Definition 2.3.8. For a groupoid G, a group H, and a homomorphism ¢ : G — H,
we define the cross product groupoid G xy H to be the set G x H with objects

GO x H, range and source maps

r(g,h) = (r(g),¥(9)h),  s(g.h) = (s(g9),h),

and composition

(91, h1) © (92, h2) = (g1 © g2, ha).

Let Go = Go Xy GLa2(R) be the cross product groupoid. The set of objects of ég is

0 A A
G = {(g,p,0) € GLE(Q) x My(Z) x GLE(R) : gp € Ma(Z)}. (232
We can take the quotient of G by the free action of SLg(Z) x SLy(Z) given by

(71,72)(9, p @) = (11975 Y2, Yox) (2.33)

to obtain a groupoid Ss which is Morita equivalent to Ga. There is an isomorphism

of locally compact groupoids between the quotient Sy and Ro given by
O(g,p,a) = ((a g~ Ao, @ '), (@M Ag, 7 Mp)) (g, p, ) € Sy (2.34)

where Ag is the lattice Ag = Z + iZ (|[CM04] Proposition 1.22). Having obtained
this equivalent description of Ro, we now describe how the action of scaling by
C* on the Q-lattices behaves. The scaling action of C* on Ry is not free, so the
quotient Ro/C* will not be a groupoid. However, we will still be able to define a
convolution C*-algebra. Observe that we can view C as a subgroup of GLJ (R) via

the identification
C — GL (R)

, < a b) (2.35)
a4+ ib+—
-b a
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and one can identify GLJ (R)/C* with the upper half plane H by

GL}(R) - H
_[a b = (,)_aier (2.36)
a=|_ oli) = =
Consider the space My(Z) x H and the action of GL$ (Q) on it by
(p,7) = at +0b (2.37)
Vi) = (e g :

c
as the quotient of

b .
where v = <a d) € GLF(Q) , p € Ma(Z), and 7 € H. Let Z be the space defined

U={g,p,7):9¢€ GL;(Q),,O € MQ(Z),T eH,gp € M2(Z)} (2.38)
by the action of SLo(Z) x SLa(Z) given by

(1,72)(9, 2, 7) = (11973 L 2(p, 7)) V1,72 € SLa(Z). (2.39)

This quotient can be identified with the space of commensurability classes of Q-
lattices up to scaling, using the isomorphism of equation 2.34 and the lift of the
quotient map in 2.36 to first obtain an isomorphism

0 : SLy(Z)\(Ma(Z) x H) — X = {2-d Q-lattices }/C"

(2.40)
(p.7) = (Z+ 7L, p)

where ¢, is the map ¢,(x) = p1(x) —Tp2(z) for x € Q?/Z>. Here we use the notation
pi(x) = 32, pij(x;) for & = (21, 22) € Q*/Z2.

From this, we obtain the desired isomorphism

é 17— RQ/C*
(9,0, 7) = (Ngx0(g(p, 7)), 0(p, 7))

a b
where A\ ; = det(g) "1 (cm 4 d) for g = ( d)'
c
The quotient space Z is not a groupoid, so we cannot simply take the groupoid
C*-algebra of Z. However, we can still define a coordinate C*-algebra on Z. Let
Ay = C.(Z) be the space of continuous functions with compact support on Z. We

can view an element f € Ay as a function on GLj (Q) x My(Z) x H satisfying

b
f(vg,p,7) = flg,p,7)s  flgv,p,7) = flg,7v(p, 7)) = f <977P7 ZZ—id)
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for all v € SLy(Z), g € GLT(Q), p € My(Z), and 7 € H. We define a Hecke algebra

via the convolution product
(fl*f2)(gvp77—) = Z fl(gh_17h(pv7_))f2(hvpv7_> (241>
heSL2(Z)\GL3 (Q)

and the involution
[ (g,p,7) = flg7, 9(p, 7)) (2.42)

Finally, we need to complete As to a C*-algebra. Let

G, ={g € CL(Q): gp € Mxy(Z)}. (2.43)

~

For each lattice (A, ¢), which corresponds to a pair (p,7) € Ma(Z) x H by 2.29, we
construct a representation 7, , of Ay into the Hilbert space H, = 1?(SLa2(Z)\G,) by

(mpr (@)= Y flgh™ " h(p.7))E(R) (2.44)

heSLa(Z)\G,
for f € Ay and € € H,.

Remark 2.3.1. The representations 2.44 are related to the commensurability classes
of Q-lattices. For each z € X = {2-d Q-lattices }/C*, let ¢(z) C X be the commen-

surability class of x. Let p be the quotient map p : My(Z) x H — X associated to
2.40. The map

G, — X
g9~ pg(p,7))
induces a surjection from SLy(Z)\G, onto c¢(x,,) where p(p,7) = z,,. However,

this map is not injective in general.

We obtain a C*-algebra Ay by completing A in the norm given by

Il = sup  ||mpr (HllzsLa@na,) (2.45)
(p,T)EM2(Z)xH

(|[CM04] Prop 1.23.)

Definition 2.3.9. The GLy-system is the C*-algebra As together with the C* dy-

namics

oi(f)(g,p.7) = (det )" f(g, p, 7).
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Arithmetic algebra

As in the Bost-Connes case, we will also construct an arithmetic algebra, on whose
elements we will later evaluate the 0-temperature KMS states. In the GLo setting,
the appropriate choice of arithmetic algebra turns out to be an algebra unbounded

multipliers of A5 rather than a sub-algebra of A,. The construction is detailed below.

Let f be a continuous function on Z and for g € GL$ (Q), p € Ma(Z) and z € H, let

fg7p(z) = f(g’pv Z)

so that fy , € C'(H) and consider the canonical projection p,, : Ma(Z) — Mo(Z/nZ).
We say that f is of level n if

fg,p = fg,pn(p) \V/g € GL;(Q)7 pe MQ(Z)
Note that if f is of level n, then f is completely determined by the functions

fom Vg €GL(Q), m € My(Z/nZ).

The arithmetic algebra is defined as follows.

Definition 2.3.10. A function f € C(Z), is in the arithmetic algebra A; g if

1. f is finitely supported in SLy(Z)\GL3 (Q).
2. f is of level n for some finite n with
fom €F Y geGLI(Q), m € My(Z/nZ)
where F' is the modular field of definition 2.1.4.

3. f satisfies
fgpz(u)m = CyCl(U)fg,m

for all diagonal g € GL3 (Q) and u € 7*, where cycl is the homomorphism of

u 0
a(u) = (O 1).

The algebra As g has the convolution product given by 2.41.

equation 2.8 and

" root of unity. There-

Note that the modular field F,, C F contains a primitive n!
fore, requiring only condition (2) without condition (3) would have allowed A g to

contain Q. This would preclude the symmetry group (which will be introduced
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in the next section) from acting on the set of zero-temperature states evaluated on

points in A g, as desired. Condition (3) is added to resolve this issue.

The arithmetic algebra A3 g has a presentation in terms of the Eisenstein series

EQk a(pv - Z y 2k

yEA+d(a
(2.46)
1 . .
Xalpr)=— | D w+) v
yeA+o(a) yeA

where (A, ¢) = (7, p) is given by the isomorphism 2.40 (see [CM04] proof of Theorem
1.39 and Prop 1.41). This is similar to the original Bost-Connes system, which had
a presentation in terms of Eisenstein series in the 1-d Q-lattice setting, normalized

to be O0-weight (c.f. equation 2.21).

KMS states and symmetries

As in the original Bost-Connes system, the GLa-system exhibits symmetry breaking,
except in this case there are two phase transitions at f = 1 and 8§ = 2. There is
interesting action of a certain symmetry group on the low- and O-temperature states.
We begin by summarizing the structure of the KMS states. First, note that in a

representation 7, -, the dynamics oy is implemented by a Hamiltonian
(H,€)(h) = log(det h)§(h) Yh e G, (2.47)

so that 7, ,(0¢(A)) = e,  (A)e e for all A € Ay.

In the special case that (A, ¢) ~ (p,7) is an invertible Q-lattice,
H, ~ 1*(SLa(Z)\ M (Z))
and the Hamiltonian is given by
H,ep = log(det m)en,
where €, for m € SLa(Z)\ M, (Z) is the standard basis for I2(SL2(Z)\M" (Z)). The

partition function is then

Z(8) = tr(e Pt = > (detm) ™ = "o(k) C(B)C(1-B) (2.48)
meSLa(Z)\ M, (Z) k=1

where o(k) =34, d.

Proposition 2.3.11 ([CM04] Cor 1.32 and Theorem 1.26, [LLN07| Theorem 4.1).
The 3-KMS states of the GLa-system (Asg, 1) can be classified as follows.
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e For B <1, there are no B-KMS states.
o Forl < <2, there is a unique B-KMS state.

o Lor > 2, each invertible lattice | = (A, ¢) ~ (p,T) gives an extremal B-KMS

state

—71 m(p, T etm) P
eoill)= ey 2 JGmem)(detm)

meSLa(Z)\ My (Z)

and in fact the map | — ¢y g is a bijection from the space of invertible Q-lattices
up to scaling and Eg, the space of extremal 5-KMS states.

In the weak limit as § — oo we obtain extremal co-KMS which restrict to C.(X) C
Ay (recalling that X and Z are identified in 2.40) as

Poot(f) = f(I) Vf e Ce(X). (2.49)

These 0o-KMS states, when evaluated on the arithmetic algebra As g, generate

specializations of the modular field.

Proposition 2.3.12 (|CM04]| Theorem 1.39). Letl = (p,7) be an invertible Q-lattice
and Yoo € Ex be the corresponding co-KMS state. Then @) o (A2q) C C generates
the specialization at T, Fr, of the modular field.

Unlike the original Bost-Connes system, the GLs-system has a symmetry group that
consists of both automorphisms and endomorphisms. In this case, the symmetry
group is

S =Q"\GLa2(Ap).

The group GLa(AF) satisfies
CGLy(Ar) = GLJ (Q)CLy(Z)

and we shall see that the action of the GLq (Z) part corresponds to the automorphisms
of the system, while the action of the GL;(Q) corresponds to endomorphisms. We
describe the automorphisms first by noting that GLQ(Z) acts from the right on the
Q-lattices by

(A,¢) 7= (A dpoq) Vvy€GLy(Z).

This action preserves commensurability classes of Q-lattices. The corresponding

action on Ms(Z) x H commutes with the left action of GLy(Q)™ on Ms(Z) x H given
by 2.37. We define automorphisms of Az by

H’Y(f)(gava) :f(.g)pO’YaT) (250)
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for f € A9, and v € GLa(Z).

The GL2(Q)" part of the symmetry group acts as endomorphisms as follows. For
m € My(Z)t define m = det(m)m~!. We define an endomorphism on Ay by the

formula

,pom~t 1) if Ma(Z)ii
Ol ) (02,7 = g(gp moLT) i p € Ma(l)m (2.51)

otherwise

The map, 0,,(f) commutes with the dynamics o, and the action on My(Z) x H given
m: (p,7) — (pom~!,7) commutes with the left action of GLo(Q)™.
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Chapter 8

THE BOUNDARY-GL,-SYSTEM, EQUILIBRIUM STATES, AND
LIMITING MODULAR SYMBOLS

In this chapter we outline a construction of a “boundary algebra” for the GLa-system,
endowed with an induced time evolution, that is built on the noncommutative bound-

ary of modular curves described in [MMO02| and on limiting modular symbols.

The GLg-system of [CMO06b] is based on a convolution algebra involving Hecke op-
erators and possibly degenerate level structures on modular curves. More precisely,

in [CMO6b| one considers functions on the set
{(9,,2) € GL3 (Q) x M2(2) x H|gp € Ma(Z)}
that are invariant under the action of SLa(Z) x SLa(Z) by

(v1,72) : (9,0, 2) = (M973 120, 722).

This algebra is then endowed with a time evolution and covariant representations. A
first difficulty in extending the system constructed in this way to the boundary is that
on P1(R) = OH the action of SLy(Z) by fractional linear transformation has dense
orbits, hence it no longer makes sense to consider functions that are invariant under
this action. Thus, what we consider here as an alternative is to retain the SLo(Z)
invariance as above in the variables (g, p), while replacing the action of SLy(Z) on
z € H by a different action for which, instead of requiring invariance, we introduce
as part of the algebra generators that implement that action (which amounts to
taking a quotient in the noncommutative sense). The action considered is built out
of the partial inverses of the shift of the continued fraction expansion. (Regarding
the resulting decoupling of this action and the GL2+ (Q)-action, see the comments

below about isogenies.)

We first extend the original definition of the GLa-system of [CMO06b] to other sub-
groups of GL2(Q) that include the case of SLa(Z) and GL2(Z). The main re-
quirement for such subgroups I' C GLy(Q) is to have an associated Hecke algebra
= =T\GL2(Q)/T. In order to account for some additional structure considered in
the setting of limiting modular symbols in [MMO02]|, we also introduce the choice of

a finite index subgroup G C I' and the coset spaces P, = 'aG/G.

We focus in particular on a choice of I' = I'y, dependent on an integer N € Z ~
{0}, consisting of matrices in GL2(Q) with determinant in the subgroup of GL;(Q)
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generated by the prime factors of NV and —1. The main motivation for this choice
is that these subgroups contain certain semigroups associated to an N-dependent
family of continued fraction algorithms that we will use in the construction of the
boundary systems. This family includes a GLg(Z)-version of the original GLo-system
as a special case. Moreover, the partition function for these systems has a natural
interpretation as the zeta function of the GLo-system (the zeta function of P!) with

a finite number of Euler factors removed.

We then construct two families of noncommutative algebras (both dependent on the
integer parameter N). The first is a family of “bulk algebras” that generalize the
GLg-system of [CMO06b], involving the Hecke algebra Ex with a (partially defined)
action on the level structure p € M2(Z), the union Py of coset spaces P,, and
the half planes H*. The other is a corresponding family of “boundary algebra’
that are semigroup crossed products of the algebra of continuous functions from a
“disconnection” of the interval [0, 1] (in the sense of [Spi93], see also [MMO08]) to the
restriction of the bulk algebra to the coordinates (g, p, s) € GLa(Q) x My(Z) x Py, by
a semigroup Redy C I'y that implements a family of continued fraction algorithms

parameterized by N.

In this construction, in the special case where N = 1, the action of GL2(Z) on H* of
the first system is replaced in the second one by the action of the shift T" of the usual
GLg-continued fraction algorithm on [0, 1]. This action on [0, 1] is equivalent to the
action of GL2(Z) on PL(R), so it is interpreted here as a way to describe pushing
the action of GL2(Z) on H* to the boundary P!(R). As mentioned above, we no
longer require invariance with respect to this action, and we introduce isometries
Sk, associated to the partial inverses of T, to implement the action at the level
of the algebra. Note that, by exchanging the GLy(Z) action with the semigroup
action implemented by the Sy, this action on [0, 1] becomes decoupled from the
partial action of GL2(Q), unlike what happens on the upper half plane. In terms of
the original interpretation of the GLo-system as implementing the commensurability
relation on lattices with possibly degenerate level structure, in this boundary setting
what remains of the commensurability relation affects the level structures (both
through the action on M3(Z) and on the coset space P) but does not change the
pseudolattice Z6 + Z C R. The reason behind this choice is the lack (at present) of
a good theory of isogeny for noncommutative tori, unlike the notion of isomorphism
realized by the bimodules implementing Morita equivalence. This means that, at
the level of the noncommutative boundary of the modular curve (which should be
thought of as the moduli space of noncommutative tori with level structure), we see
the commensurability relation as a relation on level structures. Both the semigroup

and the Hecke operators simultaneously act on the cosets in P, with commuting
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actions.

A more elaborate model of the boundary algebra would require developing a good
setting for nontrivial isogenies of noncommutative tori. This can in principle be
done by considering a larger class of bimodules that are not imprimitivity bimod-
ules associated to Morita equivalences (for instance, the bimodules constructed in
Proposition 5.7 of [LM21]), and select among these the ones that correspond to a
good notion of isogenies. While this approach is certainly feasible, it is outside of

the narrower scope of the present paper, and will be considered elsewhere.

The case N = —1 corresponds to the SLa(Z)-continued fraction algorithm. The
other algebras in our family, for other values of N, do not have the same direct
interpretation in terms of the geometry of modular curves as the N = =41 cases,
because the semigroup Redy of the continued fraction algorithm sits inside the
group I'y but will no longer necessarily have, in general, the same orbit structure.
The main reason to consider this entire family of algebras is because the structure of
KMS states of the resulting quantum statistical mechanical systems becomes more

transparent when viewed over this whole family with varying parameter N.

We show that the structure of KMS states depends on that of the Cuntz—Krieger—
Toeplitz type system generated by the isometries implementing the continued frac-
tion algorithm and on the generalization of the GLg-system. For all N # 1 there is
a critical inverse temperature Oy in the interval (1,2) with the property that no
KMS exist for 3 < Bn,. Above this critical temperature there are as many extremal
KMS states as there are for our generalized GLo-system. In particular, for all § > 2
all the KMS states are Gibbs states and are parameterized by the representations
Tp,z,s With an invertible p € GLg (Z) For 8 — oo these Gibbs states converge weakly
to KMS, states given by evalutation at a point (1, p, x, s). In the special case N = 1
the KMS states at finite 8 disappear entirely, due to the fact that in this case the
Cuntz—Krieger—Toeplitz part has no KMS states, while only the ground states re-
main and satisfy a weaker form of the KMS condition. The SLs-case with N = —1
is, in this respect, the nicer in this family of algebras, as it has both the geometric
interpretation in terms of modular curves and a nicer structure of KMS states with a
convergent partition function in the low-temperature range 8 > 2 and Gibbs states

converging to the ground states as the temperature goes to zero.

The ground states are the only ones that we need in order to investigate the pairing
with limiting modular symbols. So for that purpose we can restrict to the case N =1,
which more closely reflects the setting of [MMO02]|. We introduce a class of “boundary
arithmetic elements”. These are obtained by first constructing a “boundary value

map” which is a linear map from the bulk to the boundary algebra associated to the



50

choice of a cusp form. The same map can be applied to the arithmetic algebra of the
bulk system (which as in the original GLy-case is an algebra of unbounded multipliers
consisting of modular functions and Hecke operators). The sub-algebra generated
by the images is the arithmetic algebra of the boundary system. The image of
the boundary value map consists of elements obtained by a procedure of averaging
along geodesics. The evaluation of the ground states on these boundary values
therefore agrees with the pairing of cusp forms with limiting modular symbols. This
construction reflects the fact that, while the abelian class field theory of imaginary
quadratic fields arises from evaluation of modular functions at complex multiplication
points in the upper half plane, the corresponding geometry of real multiplication
is expected to depend on a suitable averaging along geodesics with endpoints at

conjugate quadratic irrationalities in a real quadratic field.

3.1 The modified GLs-system

In this section we recall the basic properties of the GLs-quantum statistical mechan-
ical system of [CMOG6b|, in a version that accounts for the choice of a finite index
subgroup of GL2(Z) and for a more general class of subgroups of GL2(Q) that include
GL2(Z) and SLa(Z) as special cases.

3.1.1 The GLs;-quantum statistical mechanical system

The GLg-quantum statistical mechanical system constructed in [CMO6b| as a gen-
eralization of the Bost—Connes system of [BC95| has algebra of observables given
by the non-commutative C*-algebra describing the “bad quotient” of the space of 2-
dimensional QQ-lattices up to scaling by the equivalence relation of commensurability.
This algebra is made dynamical by a time evolution defined by the determinant of the
GLJ (Q) matrix that implements commensurability. There is an arithmetic algebra
of unbounded multipliers on the C*-algebra of observable, which is built in a natural
way out of modular functions and Hecke operators (see [CM06b| and Chapter 3 of
[CMO08]). The KMS-states for the time evolution have an action of Q*\GLa(Ag,¢)
by symmetries, which include both automorphisms and endomorphisms of the C*-
dynamical system. The KMS states at zero temperature, defined as weak limits of
KMS-states at positive temperature, are evaluations of modular functions at points
in the upper half plane and the induced action of symmetries on KMS-states re-
covers the Galois action of the automorphisms of the modular field. In the case
of imaginary quadratic fields, the associated Bost—Connes system, constructed in
[HP05| and [LLNO9], can be seen as a specialization of the GLa-quantum statistical
mechanical system of [CMO06b| at 2-dimensional Q-lattices that are 1-dimensional

K-lattices, with K the imaginary quadratic field, and to CM points in the upper half
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plane.

Our goal here is to adapt this construction to obtain a specialization of the GLo-
system to the boundary P!(R) and a further specialization for real quadratic fields.
Our starting point will be the same algebra of the GLy-system of [CMO6b|, hence
we start by reviewing briefly that construction in order to use it in our setting.
It is convenient, for the setting we consider below, to extend the construction of
the GLo-system recalled above to the case where we replace GL;r (Q) acting on the
upper half plane H with GLo(Q) acting on H* (the upper and lower half planes)
and we consider a fixed finite index subgroup G of GLy(Z), where the latter replaces
I = SLy(Z) = GLF (Q) N GLy(Z) in the construction of the GLy-system. We can
formulate the resulting quantum statistical mechanical system in the following way:.

We can consider two slightly different versions of the convolution algebra.

Definition 3.1.1. The involutive algebra A¢, is given by complex valued functions
on

U* = {(9,p,2) € GLa(Q) x Ma(Z) x H" | gp € Mp(Z)} (3.1)

that are invariant under the action of G x G by (g, p, z) — (71972_1,72/), ~v22), and

that have finite support in ¢ € G\GL2(Q), depend on the variable p € MQ(Z)

through the projection onto some finite level py : My(Z) — My (Z/NZ) and have
compact support in the variable z € H*. The convolution product on A¢, is given

by

(fl*f?)(g7p)z) = Z fl(gh71>hp7h(z))92(hv P, Z) (32)

heG\GL2(Q) : hpe Ma(Z)

and the involution is f*(g,p,2) = f(g~', gp, g(2)). The algebra A, is endowed with
a time evolution given by o(f)(g, p, 2) = | det(g)|" f (g, p, 2).

Let = denote the coset space = = GL2(Z)\GL2(Q)/GL2(Z) and let Z= denote the
free abelian group generated by the elements of =. For simplicity of notation we
write I' = GL2(Z). The following facts are well known from the theory of Hecke
operators. For any double coset T,, = 'al in Z, there are finitely many o; € ['al’

such that I'al’ = L;I"e;. Thus, one can define a product on = by setting

T.Tg =Y clsTy (3.3)

v
where for I'al' = U;I'a; and I'ST" = L;I'3;, the coefficient CZXB counts the number
of pairs (7,7) such that I'a;8; = T'y. The ring structure on Z= determined by
the product (3.3) can equivalently be described by considering finitely supported
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functions f : 2= — Z with the associative convolution product

(frx f2)(9) = fr(gh™") fa(R) (3.4)
h

where the sum is over the cosets I'h with A € GL2(Q) or equivalently over I'\GL2(Q).
The Hecke operators are built in this form into the algebra of the GLa-system,
through the dependence on the variable g € I'\GL2(Q)/T", see the discussion in
[CMO08|, Proposition 3.87.

Coset spaces

We introduce here a variant AéLz(Z),G,P of the GLo-algebra, where an additional
variable is introduced that accounts for the choice of the finite index subgroup G C
GL2(Z) through the coset spaces Py, = GL2(Z)aG /G, for a € GL2(Q), which include
for a = 1 the coset space P = GLy(Z)/G.

Lemma 3.1.2. Let G C GLo(Z) be a finite index subgroup such that aGa~'NGLy(7Z)
is also a finite index subgroup, for all o € GL2(Q). Consider the double coset
GLy(Z)aG, with the left action of GLao(Z) and the right action of G. The orbit
spaces Py, = GLo(Z)aG /G are finite. The algebra ZZ of Hecke operators acts on the
module ZP with P = U,P,.

Proof. We show that the map GLy(Z) — GL2(Z)aG given by multiplication v — vy«
induces a bijection between GL2(Z)/(aGa™! N GLy(Z)) and GL2(Z)aG/G, hence
the orbit space P, = GLg(Z)aG/G is finite. For £ = aga™! € aGa™! N GLy(Z)
and v € GLy(Z) we have vla = yag ~ ya in TaG /G so the map is well defined on
equivalence classes. It is injective since two 7,~" € I with the same image differ by
/o —1
e
the algebra ZZ= of Hecke operators is given by the usual multiplication of cosets. We

= alo~! in aGa~ ' NT and it is also surjective by construction. The action of
write I'al" = U;I'a; for finitely many «; € I'al’ and I'3G = L;I'3; for finitely many
Bj € I'8G. The product is then given by
Tal - TBG =) ¢l , TG
v
where ¢, counts the number of pairs (i, j) such that I'oy;3; = I'y. O]
The condition that aGa~! N GLy(Z) is also a finite index subgroup, for all a €

GL2(Q) is certainly satisfied, for instance, when G is a congruence subgroup.

In terms of generators T, in the Hecke algebra ZZ and an element ) ads in ZP,

we write the action of Z= on the module ZP as

Ta Z asds = Z asTuds = Z as Z cf:y,sési = Z(Z ascfx,s)dsi' (3.5)

i
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We can equivalently write elements of ZP as finitely supported functions & : P — Z,
and elements of Z= as finitely supported functions f : 2 — Z, and write the action

in the equivalent form

(f*&)(s) =D flgh™")E(hs) (3.6)
h
where the sum is over cosets I'h and for {(s) = )" as0,(s) we write £(hs) as

§(hs) =Y () aod), )35, (s). (3.7)

i

More general subgroups and coset spaces

We will also want to consider a more general family of double coset spaces in order to
consider all possible N-continued fraction expansions as described at the beginning of
Section 3.2. For N € Z\{0}, Let Ex denote the coset space Zy = I'y\GL2(Q)/T'y,
where for |[N| > 1,

I'n ={g € GL2(Q)ldet(g) € Gn'}

where G is the subgroup of Q* generated by —1 and the prime factors of V.

In the case of N =1 we take I'1 := GLy(Z) and E1 = E, as before. When N = —1,
we take I'_y := SLy(Z).

We may also consider a finite index subgroup G of I'y and associated orbit spaces
Pno = I'vaG/G for a € GL2(Q). The discussion in Lemma 3.1.2 remains the
same, where now Clﬁ counts the number of pairs (7,7) such that I'ya;3; = I'ny.

We suppress the IV subscript when it is clear from context.

To be more concrete, we illustrate here some explicit examples.

The SLy(Z) case

In the case of the algebra of the GLy-system of [CMO6b|, for an invertible p € GLo(Z),
the relevant Hecke algebra is ZZ_; = H(I'_1, M) where I'_; = SLa(Z) and the
subsemigroup M = M, (Z) of GL3 (Q).

In this case (see Chapter 4 of [Kri90]) H(I'_1, M), as an algebra over Z, is generated
by the Hecke operators

T(0) = > T ol 1= Y  T(ad),

acl _1\M()/T_1 ad=/, ald

with M(¢) = {a € M| det(a) = ¢} and
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subject to the relations, for k,¢ € N,

k¢

TOT(k)= > dT(d,d) T ().

d| gcd{k,l}
Equivalently, the Hecke algebra H(I'_1, M) splits into primary components
H(IT 1, M) =, H(IT -1, M),
over the set of primes p, where H(I'_1, M), = Z[T(p), T (p,p)].

This description of the Hecke algebra is obtained directly from the following prop-
erties of right cosets and double cosets (Chapter 4 of [Kri90]|). Given o € M, the

right coset I'_ja contains a unique representative of the form

a b , with a,d e N, 0<b<d.
0 d

The set M({) decomposes as a disjoint union of o1(¢) = >, d right I'_j-cosets,

with a set of representatives given by the matrices

b
(g d), with d €N, 0<b<d, a=1(/d.

Given a € M there are v1,72 € I'_; and a,d € N with a|d such that
a 0
ayy = .
Y12 0 d

Here we consider also the case where I' = GLy(Z) and M = Ms(Z) N GLy(Q) is the
subsemigroup of GLy(Q). In this case the explicit description of Z= = H(I', M) is
similar to the previous case (see Chapter 5 of [Kri90]), and H(I', M) is generated by

The GLy(Z) case

the Hecke operators
T()= >  Torl,
a€l\M(6)/T
where here M(¢) = {a € My(Z)| |deta] = ¢}. The Hecke algebra splits into
primary components as in the previous case. We refer the reader to [Kri90| for more
details.

The case with congruence subgroups

In the case where we also consider a choice of a non-trivial congruence subgroup
G C T, with a Hecke algebra ZZ = H(I', M) as in the previous cases (see Section 2.7
of [Miy06]), we can identify the Z-module ZP with

ZP = Z[T\M]“,
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with the identification induced by the injective homomorphism of Z-modules

¢:ZP — ZIT\M], ¢(TaG) Zraz,

for 'aG = U;I'a; a decomposition into right-cosets. We can then write the action
of Z= on ZP described above in (3.6), (3.7) in the form

TAT &= aq Tap,

where
&= Z aq T'a
«

is a G-invariant element in Z[I'\M] and I'ST" = L;T'3;. The action is independent
of the choice of representatives (Lemma 2.7.3 of [Miy06]).

Thus, for general elements h € Z= and £ € ZP with h = ZB bgI'ST" and & =
> o @al'aG, we reformulate (3.6), (3.7) as

hx&=Y bgaac) sTG,
a,B,y

see (2.7.3) of [Miy06].

The bulk algebra

We now proceed to the construction of a “bulk algebra” (namely, the algebra asso-
ciated to the bulk space H), which includes the choice of a finite index subgroup
G cCcTIy.

Definition 3.1.3. Let G C I'y be a finite index subgroup and let Py = UPn.o
with Py o = I'vaG/G for a € GL2(Q). The involutive algebra Af o p  is given

by complex valued functions on the space
U p, = 1(g,p.2.€) € GLa(Q) x Ma(Z) x H* x Py | gp € Ma(Z)}, (3.8)

that are invariant under the action of I'y x I'y by

(9,0,2,8) = (7197 *5 720, V22, 728).

Moreover, functions in Af & »  have finite support in I'nv\GL2(Q) and in Py,
compact support in z € H*, and they depend on the variable p € MQ(Z) through
the projection onto some finite level p, : My(Z) — My(Z/nZ). The convolution
product of Af. o p  is given by

(fl*fQ) g, P, 2, S Z fl h ! hpa ( )7h8)f2(h7p7278)7 (39>

heS, N
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where we are using the notation (3.6), (3.7) for the action of Hecke operators on
functions of Py and S, v is the collection of I' y-cosets that have some representative
element in the set {g € GL2(Q)|gp € Ma(Z)}. In particular, when N = 1, S, =

A~

GL2(Z)\{g € GL2(Q) : gp € Ma(Z)}.

The involution is f*(g,p,2,8) = f(g~', 9p,9(2),9s). The algebra AL o p, is en-

dowed with a time evolution given by

o(f) (g, p, 2, 5) = |det(g)|" f (g, p, 2, ).

We focus here on the algebra 'A%N,G,PN and we construct Hilbert space representa-

tions analogous to the ones considered for the original GLa-system.

Consider then the Hilbert space H, n = 0 (Sp,n), and the representations (

%NvapN - B(/HPvN)

Ty (£E() = D flgh™, hp, h(2), hs)E(h).

hESP’N

p,2,8) -

We can complete the algebra ‘A%N,G,PN to a C*-algebra Ar, gp, in the norm
£l = sup(yz,6) 17 (p,2,6) (F) B34, 5)- The time evolution is implemented in the rep-

resentation by the Hamiltonian H&(g) = log | det(g)| £(g).

£:%55)
3.1.2 The arithmetic algebra

We proceed exactly as in the case of the GLa-system of [CMO6b]| to construct an
arithmetic algebra associated to Ar, g py. As in [CMO06b]| this will not be a subal-

gebra but an algebra of unbounded multipliers.

The arithmetic algebra Af" ;5 is the algebra over Q obtained as follows. We
consider functions on Z/{éiPN of (3.8) that are invariant under the action of I'y x I'y
by (g,p,2) — (’ylg’ygl,’ygp,fygz) and that are finitely supported in g € G\GL2(Q)
and in Py, that depend on p through some finite level projection p,(p) € Ma(Z/nZ)
and that are holomorphic in the variable z € H and satisfy the growth condition
that |f(g,p,z,5)| is bounded by a polynomial in max{1,3(z)"!} when 3(z) —
oo. The resulting algebra AaFCv,G,PN acts, via the convolution product (3.9), as
unbounded multipliers on the algebra Ar, g p,. This construction and its properties
are completely analogous to the original case of the GLo-system described in Section
2.3.2 and we refer the reader to [CMO06b|, [CMO8| for details.

The invariance property ensures that these are modular functions for G (written as
I'y-invariant functions on H x Py rather than as G-invariant functions on H). These

functions are endowed with the same convolution product (3.9).
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3.2 Boundary GL,-system

We now consider how to extend this setting to incorporate the boundary P!(R) of
the upper half-plane H and Q-pseudolattices generalizing the Q-lattices of [CMO6b].
A brief discussion of the boundary compactification of the GLa-system was given in
§7.9 of [CMOS|, but the construction of a suitable quantum statistical mechanical

system associated to the boundary was never worked out in detail.

We replace the full P!(R) boundary of H* with the smaller interval [0, 1]. In the N =
1 case this choice is natural as this interval meets every orbit of the GL2(Z) action and
the equivalence relation given by this action can be described equivalently through
the shift T" of the continued fraction expansion. This action can be implemented via
the semigroup of reduced matrices in the form of a crossed product algebra. Inspired
by this case, we adopt the same setting for the whole family of algebras parameterized
by the nontrivial integer IV, with corresponding continued fraction algorithms on the
interval [0, 1] and associated semigroups. We analyze Hilbert space representations,

time evolution, Hamiltonian, partition function, and KMS states.

3.2.1 Continued fraction algorithms

We consider the countable family of N-continued fraction expansions given by

N
lao; a1, az2,a3,..|n = ap + ——F— (3.10)

ay+ ——
P e g

with a; > N when N > 1 and a; > |[N|+ 1 when N < —1. We denote the set of

allowed digits of the N-continued fraction expansion by @y,

N when N > 1
dy=4 N = (3.11)
N2|NH‘1 when N < -1

where we write N>y :={n € N|n > N}.

For each N-continued fraction expansion, we introduce an algebra associated to the
boundary P!(R) with the action of a certain subsemigroup of GLg(Q), called the
semigroup of reduced matrices, depending on the choice of N. In the case that
N =1 this semigroup of reduced matrices is contained in GL2(Z) and in the case
that N = —1 it is contained in PSLy(Z). In the N = +1 cases, the associated
algebra can be interpreted as a boundary algebra of the GLa-system. While we
have no similar direct geometric interpretation when |N| > 1, considering the whole
family of systems leads to some interesting observations about the structure of the
KMS states.
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3.2.2 Boundary dynamics and coset spaces

The N-continued fraction expansion of a real number z can be retrieved via the shift

operator T : [0, 1] — [0, 1] given by

N N
For z € [0,1), one has that ap = 0 and a; = {T"]\{( )J in the case that N > 1, and
N X
ap=1and a; = — {TZINJ in the case that N < —1.
v (1-z)

Note that for N > 1, L%J = n if and only if nl-i-l <z < X so that we can

n’

write explicitly

0 if 2 =0
Tn(z) = 1 for n € N.

1 : N N

A similar formula holds in the N < —1 case. In either case, the shift map Ty has
discontinuities at rational numbers, and is otherwise continuous and decreasing on

each branch.

T1 (:B)

=
Wl
N[ —

FIGURE 3.1: GRAPH OF THE SHIFT MAP T} (z)

We extend T to a map on [0,1] x P by

T : (z,8) (f - V;IJ , (—Ui/wJ g) -s> . (3.13)

We remark that in the geometrically meaningful case of N = 1, the set [0,1] x P
meets every orbit of the action of GLy(Z) on P!(R) x P, acting on P}(R) by fractional
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linear transformations and on P = GLy(Z)/G by the left-action of GL2(Z) on itself.
Moreover, two points (z,s) and (y,t) in [0,1] x P are in the same GLgy(Z)-orbit if
and only if there are integers n, m € N such that T7"(z, s) = 17" (y, t).

Lemma 3.2.1. The action of the shift map (3.13) on [0,1] X P extends to an action
on [0,1] X Py, with Py o = InaG/G, for any given o € GL2(Q), hence to an
action on [0,1] x Py with Py = UsPn q.

Proof. The action of Ty on (x,s) € [0,1] x P is implemented by the action of the

(Lf\lf/wJ JOV) -

matrix

The same matrix acts by left multiplication on Py o = I'vaG/G, hence it determines
a map Tn : [0, 1] X IP)N@ — [0, 1] X IP)N@. ]

3.2.3 Disconnection algebra

We recall here from [Spi93| (see also [MMO8]) the construction of the disconnection
algebra of P1(R) along P!(Q) and its restriction to [0, 1].

Given a subset B C P!(R) one considers the abelian C*-algebra Ap generated by the
algebra C(P*(R)) and the characteristic functions of the positively oriented intervals
with endpoints in B. If the set U is dense in P}(R) then the algebra obtained in
this way can be identified with the norm closure of the x-algebra generated by these
characteristic functions. By the Gelfand—Naimark correspondence, the C*-algebra
Ap is the algebra of continuous functions on a compact Hausdorff topological space,
Ap ~ C(Dpg). We refer to this space Dp as the disconnection of P(R) along B.
The space Djp is totally disconnected if and only if B is dense in P*(R).

In particular, the disconnection Dp1 (g of P'(R) along P'(Q) can be identified with
the ends of the tree of PSLy(Z) embedded in the hyperbolic plane H (see the discus-
sion in §5 of [MMOS]).
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-1 0 1

FIGURE 3.2: THE TREE OF PSLy(Z) EMBEDDED IN THE HYPERBOLIC PLANE H

In our setting, since the Gauss map of the continued fraction algorithms we are
considering has discontinuities, which occur at rational points, we need to work with
an algebra of continuous functions over a disconnection of the interval [0,1] at the
rationals. The algebra C(Djy1jng) of the disconnection Dy 1jnq of [0,1] along the
rational points [0,1] N Q is the image of C(Dp1(q)) under the projection given by
the characteristic function x[o;; of the interval, which is a continuous function in

C(Dp1(g)) by construction.

Lemma 3.2.2. The action

fo Xxwu - fogny, and [ fogny, (3.14)

0 N SRV |
= d gvy = , 3.15
e (1 k ) B <N 0) (319

is well defined on C(Djg 1jnq)-

with

=

Proof. This is immediate from (3.11), (3.12), (3.13), but since some readers appeared

to be confused about it, we spell it out in full. Indeed, for = € [0, 1], we have

N
gN,k(ac) = R c [0, 1]

since k > N by (3.11), so fogn is still a function in C(Djg 1jng), While for z € Xy

we have L N
_ —kz +
o) = 2 o 1y,
because X, is the set of those x for which k = L%J, so that k < N/xz < k+1. Thus,
even though f o g;,lk is not necessarily in C(Djg1jng) the product xx,, - f o g&lk is

in C(D[O,l]ﬁ(@)' O
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Disconnection algebra and coset spaces

We incorporate the coset spaces in the construction of the disconnection algebra in

the following way.

Lemma 3.2.3. Let CPy denote the ring of finitely supported complex valued func-
tions on Py and let By = C(Djg,1)ng, CPn) denote the algebra of continuous func-
tions from the disconnection of [0,1] at the rationals to CPy. Consider the ac-
tion of the semigroup Zy on By determined by the action of Ty on [0,1] X Pn of
Lemma 3.2.1 and the action on By by Hecke operators acting on CPy. These two

actions commute.

Proof. We write functions f € By in the form )  fo(x,sq)da where d, is the
characteristic function of Py, = I'vaG/G and s, € Pn,. The action of Z is
given by
T 0> fal@,50)0a = Y fa(TR (T, 5))6a;
o o

with T (z, so) as in (3.13), while the action of a Hecke operator T is given by
Ts: Y fal@,50)00 = Y (O ¢} ofal@, sa))dy, (3.16)
«a v «a

with cg ., defined as in (3.5), modified appropriately for the choice of N. It is then

clear that these two actions commute. O

Lemma 3.2.4. Let Xy C [0,1] be the subset of points x € [0, 1] with N -continued
fraction expansion starting with the digit k € ®n. Let By denote the algebra of
continuous complex valued functions on D 1jng X Pn. Let Tn(f) = f o T denote
the action of the shift Tn : [0,1] — [0,1] of the N-continued fraction expansion on
feBy.

Let By act as multiplication operators on L*([0,1],dux) with duy the Tx-invariant

measures on [0, 1],

(log M) ™ (N 4+ 2)~t da if N € Z\{0,—1}

dun(x) = . _
(1—2) dx if N=-1

With the notation (3.15), consider the operators
SN () = Xxy . (2) - {(g&}kx) and  Snié(x) = E(gn e @), (3.17)

for &€ € L2([0,1],duy), with XXy the characteristic function of the subset Xy C
[0,1].
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These satisfy SN,k = Sy with Sy ,Snk = 1 and >, SNpSy = 1. They also
satisfy the relation

> Snkf Sk =FfoTy. (3.18)
k

Proof. The shift map of the continued fraction expansion, given by Ty (xz) = N/x —
[N/z], acts on x € Xy as © — ggf}kx with the matrix g]?,’lk acting by fractional
linear transformations. The operators Sy, defined as in (3.17) are not isometries on
L?(]0,1], dx) with respect to the Lebesgue measure do. However, if we consider the
Tn-invariant probability measures dyuy, then we have duy o g;,lk] X = dplxy, for
all k € N, hence

(SN k&1, Sn &) = / 3 QK/,Ik &0 gﬁ,lk dun

XN,k

= / 1o g;,,lk &o gﬁ}k dpn o 91?/,11@ = / &1 & dun = (&1, &).
XNk [0,1]

We have S’Mk Sné(r) = §(T)Xxy, (9N k) = §(7). Moreover, S’N’k = SN in this

inner product since we have

(€1, Sniée) = / &i1&0 g,}}k dpn

XN,k
= / &1&0 gﬁ}k dpupy o gﬁ}k = / &1ognkEadun = (Sn i1, £).
XN,k [0,1]
Using Lemma 3.2.2, we also have 3, Sn i f Sy €(z) = > f(g&}kx)XXN,k(x)f(x) =

f(Tn(x)). Thus we obtain 5, Sn i f Sy, = foTn, which in particular also implies
>k SNE Sy =1 O

3.2.4 Semigroups

Consider the set of matrices in GL2(Q)

0 N 0 .
|/€iEZ2N lszl
1 Kk 1 ky,
Redy,, := (3.19)
0N 0 '
‘ki€Z>‘N|+1 if N <-1
1 Kk 1 ky B

Note that Redy,, C I'y and in particular when N =1, Red; ;, C GL2(Z), and when
N = -1, Redfl’n C SLQ(Z).
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The semigroups of reduced matrices are defined as
Redy := Un>1 Rede. (320)

An equivalent description of the Red; semigroup is given by ([LZ97])

b
Red1:{<a d) GGLQ(Z)|O§a§b,0§c§d}.

c

Lemma 3.2.5. Assigning to a matrix

(0 N 0 N 391
7_1711 “'1nk (3:21)

in Redy the product ni---ni € N is a well-defined semigroup homomorphism.

Proof. We only need to check that the representation of a matrix v in Redy as a
product (3.21) is unique so that the map is well defined. It is then by construction

a semigroup homomorphism.

First we consider the N = 1 case. The group GLy(Z) has generators

=0 =0

with relations (07 1p)2 = (672p%)® = 1. The semigroup Red; can be equivalently
described as the subsemigroup of the semigroup generated by o and p made of all

the words in o, p that end in p, so elements are products of matrices of the form

0 1
o p= ) . We have

n
0 1 0 1
’}/ = ..
1 n 1 nge)

where £(7y) is the number of p’s in the word in ¢ and p representing . The semigroup
generated by o and p is a free semigroup, as the only relations in GLg(Z) between
these generators involve the inverse o~!. If an element v € Red; had two different
representations (3.21), for two different ordered sets {ni,...,nx} and {mq,...,m;}

then we would have a relation

O_nlflpo_ngflp. o

involving the generators o and p but not their inverses, which would contradict the

fact that o and p generate a free semigroup.
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Next we consider the case N € Z\{—1,0,1}. We observe that we can decompose
N 0

elements of Redy in terms of p, 0 and ny = 0 1) a diagonal matrix depending

0 N N 0\ [0 1 -
= :U.
1 n o 1)\1 )" °

If an element v € Redy for [N| > 1 had two different representations (3.21), for two

on N since

different ordered sets {ni,...,ni} and {mq,...,m;} then we would have a relation

1 1 1

P nNUml_ p-

ni

nno™ onne™ p e nne™ T p = o™ T oy o™2

As before, there are no relations between p and o. There cannot be a relation
involving ny and p and o. If we had word(nn,p,0) = 1 then the determinant of
the left-hand side would be £N" where r is the number of times 1y appears in the
word, while the determinant of the right-hand side would be 1. Since we are in the

case |N| > 1, this is a contradiction.

Finally we consider the N = —1 case. PSLa(Z) can be written as a free product of
cyclic groups
PSL2 (Z) ~ 02 * 03

B:<O _1> and C:(l _1> (3.22)
10 1 0

of degree 2 and 3 respectively (B? = 1 and C? = 1). We can write a matrix in Red_;

0 —1 0 -1
1 n L gy

in terms of these generators by noting that in PSLy(Z),
0 —1
( ) = B(CB™ )"
1 n

v=B(CB )™ ... B(CB™ ')
= B(CB Y l¢?p~l (o Yy lo?BTt ... c?BTH(eB T (3.23)

with generators

and hence

Since each n; > 2, this is a reduced sequence of words in Cy and C5. Every element in

a free product can be written uniquely as a reduced sequence of words. Furthermore,



65

each element of the cyclic groups Co and Cs can be written uniquely as B* or C*
where k is required to be either positive or negative. The form (3.23) is unique. If
an element v € Red_; had two different expressions of the form (3.21), it would

contradict this uniqueness.

O

Lemma 3.2.6. Let By denote the algebra of continuous complex valued functions
on Dpp1jng X Pn that are finitely supported in Pn. The transformations ay(f) =
Xx, - fo v~ ! for v € Redy define a semigroup action of Redn on Bx. This action

commutes with the action of Hecke operators.

Proof. We check that ay(f) = xx, - fo v~ ! is a well-defined semigroup action of
Redy on By. For v of the form (3.21) we have o, = a, - - 0, with the factors
gi = 9Nk, as in (3.15), since for two matrices 7,7’ in Redy related by 7' = gy xy for

some gy i as in (3.15) we have xx, XX, og;{,lk = Xx, -

The commutation with the action of Hecke operators can be checked as in the case
of the shift Ty in Lemma 3.2.3. We write elements of the algebra in the form
Yo fa(®,84)00 where 0, is the characteristic function of Py, = I'yaG/G and
Sq € Py o, with the action of Hecke operators as in (3.16). The action of v € Redy
on the other hand is given by ay >, fa(2,54)0a = >, xx, (@) f(vH®, 5q))0a.
These actions commute, as in the case of Lemma 3.2.3. O

3.2.5 A boundary algebra

We now introduce an algebra associated to the boundary of the bulk-system. In
order to explain the reason behind our construction, consider first again the bulk
space, namely the upper-half-plane H or H x P in the case where we fix a choice of
a finite index subgroup G C GL2(Z).

In the algebra of the I' = GLs-system on the bulk space, we consider functions

f(g,p, z) that are invariant under the action of I' x I" mapping

(g7p7 Z) = (71972_17'72p7 722/)

(and similarly for the H x P case). This same prescription cannot be used to define
a boundary algebra, since the action of I' = GL3(Z) (or SL2(Z)) on the boundary
P'(R) = OH has dense orbits, hence requiring this I' x I'-invariance would force

continuous functions to be constant.

One possible way around this problem would be to replace invariance under the I'x I"-

action (in fact, invariance under the second copy of I', as that is the one acting on the
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z variable in the bulk, hence on the boundary variable in P!(R)) by taking an algebra
given by a crossed product with I'. A similar kind of boundary algebra was considered
in Section 4 of [MMO02|. Using a crossed product with T' would imply dealing with
a boundary algebra that contains a copy of C*(I"). Invertible p’s would determine,
as in the GLg-system, representations on the Hilbert space H = ¢2(M; (Z)) and in
such representation the algebra C*(I") generates a type I factor in H. This affects
the construction of KMS states for this algebra. Gibbs-type states with respect
to the trace Trp can be evaluated on elements in the commutant of this factor, as
discussed in Section 7 of [CM06b]. However, here we do not make this choice in
the construction of the boundary algebra, and we leave this to separate future work.
This is tied up to the question mentioned in the introduction, of developing a good

theory of isogeny for noncommutative tori.

The point of view we follow here on constructing a boundary algebra is based instead
on a different observation, namely on the fact that the orbits of the action of I' =
GL2(Z) on PY(R) can be equivalently described as the orbits of a discrete dynamical
system T' acting on the interval [0, 1]. Thus, we will replace the crossed product by
G with a semigroup crossed product that implements this equivalence relation as
part of the algebra. The reason why we prefer this approach to the crossed product
by G is because the dynamical system T used here is the same generalized shift of
the continuous fractions expansion used in [MMO02] to construct limiting modular
symbols, and one of our main goals in this paper is obtaining a boundary algebra
that is especially suited to relate to limiting modular symbols, hence this viewpoint

is more natural here.

Moreover, as already discussed, this viewpoint allows us to see our boundary algebra
as one case (N = %1 for I' = GL2(Z) and SLy(Z), respectively) of a countable family
of algebras labelled by an integer N, associated to a family of different continued
fraction algorithms. Considering this whole family of algebras will help us illustrate
some interesting phenomena in the structure of KMS states, even though only the
N = =41 cases have a direct interpretation as boundary algebras of the respective

bulk system and related to the geometry of modular curves.

Thus, in the following we first restrict the boundary variable 6 € Dpi(q) to the
interval [0, 1], that is, to the disconnection Dp,1jnq, because of the prior observation
that the interval [0,1] meets every GLgy(Z)-orbit. Then we implement the action
of the shift operator T in the form of a semigroup crossed product algebra. This
corresponds to taking the quotient by the action of 7' (hence by the action of GLa(Z))
in a noncommutative way, by considering a crossed product algebra instead of an
algebra of functions constant along the orbits. This will be a semigroup crossed

product with respect to the semigroup Red discussed above, and in a form that will
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implement the action of the shift operator T as in Lemma 3.2.4. We will work with
the algebra of continuous functions on the disconnection Dy 1jng- In Corollary 3.2.11
we will further extend this disconnection space by including additional T-invariant
subspaces. The reason for this further extension will become clear when we consider
such boundary functions that are obtained as integration on certain configurations

of geodesics in the bulk space (see Lemma 3.3.1).

Note that if we write, as before, = for the set of cosets ['al’ and P for the set of cosets
laG, we can identify the sets P ~ Z x P, with the finite coset space P = I'/G. It
is convenient to use this identification, so that, when we consider the shift operator
T (in the case N = 1) acting on [0, 1] x P, this can be viewed as the action of T" on
[0,1] x P as in [MMO02], with T" acting trivially on =.

Definition 3.2.7. Let A , denote the associative algebra of continuous complex

valued functions on

Us.c.n = {(9,p,8) € GLa(Q) x Ma(Z) x P | gp € Ma(Z)} (3.24)

that are invariant with respect to the action of Ty x Ty by (g, p) — (71975 *,720)
and are finitely supported in Py and in I'y\GL2(Q) with the dependence on p
through a finite level projection p,(p) € Ms2(Z/nZ), endowed with the convolution
product

(frxf2)(g,p,8) = > filgh™" hp,hs)fa(h, p, s) (3.25)
heS,, N
and with the involution f*(g,p,s) = f(g~1, gp,gs). Let m, : AG v — B(Hp,n) be
the representation 7, s(f)&(g9) = Y., f(gh™, hp, hs)¢(h) for h € S, n. Let Ay n de-
note the C*-algebra completion of A y with respect to || f|| = sup, ) |7p,s(f)[131, -
Let Bon = C(Dp,1)ng,As,n) be the algebra of continuous functions from Dy 1)ng
to Ap n, with pointwise product

(f1* f2)(g: p, 2, ) Zﬁ L hpoa,hs) fa(h, poa, )

and involution f*(g, p,x,s) = f(g~1, gp, , gs).

Definition 3.2.8. Let Ap g p, be the involutive associative algebra generated by
Bs,n and by isometries Sy, with & € ®x. It has relations Sy Sy = 1 and
> SNESN . = 1 and relations of the form

SNk f=Xxys - fognk - Svk  and Sy f=fognk - Sn (3.26)

where X x, , is the characteristic function of the subset Xy C [0, 1] of points with

N-continued fraction expansion starting with k. The matrices gN,k,gK;lk in GLy(Q)
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are as in (3.15), with f o g]j\:hk(g,p,x,s) = f(g,p, gﬁvk(x,s)). They also satisfy the

relation

> SkfSp=folx (3.27)
keN

for all f € By n. Here, for f = f(g,p,x,s), we have

(f OTN)(g,p,J},S) = f(gavaN(l'?S))a

with the action of T on [0,1] X Py as in Lemma 3.2.1. The involution on As ¢ p,

is given by the involution on By y and by Sy i +— Sy -

In fact, the relation (3.27) follows from the relations (3.26) as in Lemma 3.2.4, but
we write it explicitly as it is the relation that implements the dynamical system T}y .
Note that we are implicitly using in the construction of the algebra the fact that the
semigroup action of Redy and the action of Hecke operators (that is built into the

convolution product of By y) commute as in Lemma 3.2.6.

3.2.6 Semigroup crossed product

Several examples of semigroup crossed product algebras have been considered in rela-
tion to quantum statistical mechanical system, especially in various generalizations
of the Bost—Connes system. However, there is no completely standard definition
of semigroup crossed product algebra in the literature. For our purposes here, the

following setting suffices.

Definition 3.2.9. Let A be a C*-algebra, and let S be a countable semigroup
together with a semigroup homomorphism 5 : S — End(A). For ¢ € S, let
Be(1) = ey be an idempotent in A4 and let ay denote a partial inverse of 8y on ey Aey.
The (algebraic) semigroup crossed product algebra A x S is the involutive C-algebra
generated by A and elements Sy, S}, for all £ € S with the relations

SeSg/ = Sggg SZS[ = 1, SZSZ = ey, ZSZSZ — 1’
14

Sy X S; = au(X), S;XSe=B(X).

If #: A — B(H) is a representation as bounded operators on a Hilbert space,
and the Sy act as isometries on H, compatibly with the relations above, then semi-
group crossed product C*-algebra (which will also be denoted by A x S) is the

C*-completion in B(H) of the above algebraic crossed product.

Lemma 3.2.10. The algebra Ap g py can be identified with the semigroup crossed
product By ny % Redy of the algebra By n of Definition 3.2.7 and the semigroup of
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reducible matrices, with respect to the action o : Redy — Aut(Bp n) by a(f) =
Xx, - fo v~ 1, where for v of the form (3.21), the set X, C [0,1] is the cylinder set
consisting of points with N -continued fraction expansion starting with the sequence

nyy...,Ng-

Proof. We see as in Lemma 3.2.6 that o, (f) = xx, - foy~™! defines a semigroup action
of Redy on By . The semigroup crossed product algebra is generated by By ny and
by isometries p1, for v € Redy satisfying i jt, = p1y. for all 7y, 9" € Redy, plpy =1
forall v € Redy and py f pf, = a(f). It suffices to consider isometries jiyy , =: Sn
associated to the elements gy € Redy as in (3.15) with pu, = Sy, --- Sy, for
v € Redy as in (3.21). We then see that the generators and relations of the algebras
By n x Redy agree with those of the algebra Ay ¢ p, of Definition 3.2.8. O

We consider the following variant of the boundary algebra introduced above, which
will be useful for the application discussed in the following section, see in particular
Lemma 3.3.1.

Corollary 3.2.11. Let E = {E,} be a collection of subsets E, C [0,1] that are
invariant under the action of the shift T of the N-continued fraction expansion.
We denote by Dg the disconnection space dual to the abelian C*-algebra C(Dg) gen-
erated by C(D[oyl]m@) and by the characteristic functions xg,. This then determines
an algebra Ap G py.E gven by By n g X Redy where By n g = C(Dg, AgN) is the
algebra of continuous functions from the disconnection space Dg to Agn as in
Definition 3.2.7.

Proof. If the sets F, are Ty-invariant then the algebra By y g is invariant under the

action of the semigroup Redy by oy (f) = xx, - f oy~!

1

; since for Y =9N,k1 """ YN,kn>
the matrix v~ acts on X, as the shift T. Thus, we can form the semigroup crossed

product algebra By n g % Redy as in Lemma 3.2.10. O

3.2.7 Representations and time evolution

Let H, n be the same Hilbert space considered above, H, ny = 62(Sp,N) with S, v
the collection of I'y-cosets that have some representative element in the set {g €
GL(Q)|gp € My(Z)}. We will consider the case of an invertible p € GLgy(Z). This
choice is made to guarantee non-negative spectrum of the Hamiltonian of Proposition
3.2.13 and is also geometrically motivated by the GL2(Z) (i.e. N = 1) setting as
discussed in Section 3.2.5. When N = 1 and p € GLy(Z) is invertible we can write

Sp1 = GL2(Z)\{g € GL2(Q)|gp € M(Z)} = GL2(Z)\ M (Z),
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with M} (Z) = {M € My(Z)| det(M) # 0}.

Let Wy = U, Wn,, denote the set of all finite sequences ki, ..., k, with k; € @y,
including an element () corresponding to the empty sequence. Consider the Hilbert
spaces 2(Wy) and H, ny = 2(Wn) @ H, N

Lemma 3.2.12. The algebra Ap g py = Bo,n x Redn acts on the Hilbert space 7:lp,N

through the representations

s () (E(9) @ ey k) = D Flgh™ hp,gy(w,hs))E(h) @ epy g, (3.28)
hES,),N

for f € By n and with gy = gNk, - Nk, With gy g, as in (3.15), and

Tpa,s(SNE) (€@ €ky,kn) = E @ €hkey s
EQ€hy, kn k1 =k (3.29)

0 otherwise.

Tpa,s (SN ) (€ @ €hykn) = {

In what follows we sometimes write 7, 4 s(Sn k) as Sy i because the mapping of these

operators does not depend on the choice of (p,x,s).

Proof. We check that (3.28) gives a representation of the subalgebra By and
that the operators . s(f), SNk, Sy of (3.28) and (3.29) satisfy the relations

S}kv7k.SN7k = 17 Zk SleS}kai? = 17 SNukTrpvx7s(f) = 7Tp7x75(XXN,kf Og]:f}k‘)SNJC and
SN xTpas(f) = Tpws(f o gng)Sy - For the first property it suffices to see that

Tpzs(f1 % f2) = Tpas(f1) 0 Tpzs(f2). We have

Tpas(f1x f2) (69) @ ehy o) = D (frxf2)(gh™ hp, gy(2, hs)) E(h) @ €yt =

hESpyN
>0 flghTH thp, gy (2, £hs)) fa (L, hp, gy (2, h8))E(R) @ €hy..
hESp,N KESP’N
where we used Lemma 3.2.6. This is then equal to

Z fl(gh_1€_1¢€hp> g’y(xaZhs))(ﬂ-p,:v,s(fé)g)(£)®6k1,.,.,kn = 7Tp,a:,s(fl)Wp,w,s(f2)£®€k1,...,kn-
ZESmN

The relations S}‘ijSN’k =1land ), SN,kSJ*\Qk = 1 follow directly from (3.29). For

relations between the Sk, Sy 5 and the Tpz,s(f), we have

SNkTpas([)E® €hy b = Snk Y Flgh™ " hp, g grgn (2, 19)) E(h) @ ey
heS,, N

= > flgh b, 9NN kgy (2, 18)) Xy (9N kG99 T) E(R) © €k ks
hESp,N
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for gy = gnky *** GN k> With xxy (9N kg T) = 1, SO We get
Tpas(XXnp - f O va}k) SNEE D €k ke fon -

The second relation is similar: we have

S}kv,kﬂp,x,s(f)g(@ekh Lk SNk Z f gh ! hpagk gkg’y(x hs))g(h)(@ekh...,k’n
hGSP N

Z f(gh_la h07 9N, kG~ (.CI?, hS)) S}k\f,ké(h) ® €k, kn
hES,),N

with g,/ = gnN ks = ** gN K, » SO that we obtain

ﬂ-p,x,s(f o gNyk) S}k\/,kg ® 6k1:"'7kn'
Thus, (3.28) and (3.29) determine a representation of Ay qp, = Ban % Redy by

bounded operators on the Hilbert space 7:[,)7 N- O

Proposition 3.2.13. The transformations on+(f)(g, p,z,s) = |det(g)|" f(g, p, x, s)
and on(Sn k) = kSyx define a time evolution on : R — Aut(Agcpy). In the
representations of Lemma 3.2.12 on HpN with p € GLQ( ) the time evolution is

implemented by the Hamiltonian

HN &(9) ® €k, k, = log(| det(g)] - K1+ Fn) E(9) © €ry,.. ks (3.30)
with partition function

C(BYCB = V)T prime - piv (1 —p77) (1 =p=F=1)

Zn(8) = TrleP1N) = P o
N C(B)C(ﬁ - 1) prmme p|N( ) (1 -p (8- 1)) ZfN <1
IEDUHITTEE (B)
(3.31)
with ((B) the Riemann zeta function. In the N = 1 case there is no partition

function.

Proof. We have

O-N,t(fl * f2)(ga P, T, 5) = UN,t(Z fl(gh_la hpa z, hS)fg(h,,O, z, S)) =
h

> [ det(gh) " det(h)|" f1(gh™", hp,w, hs) foh, p, 3, 8) = one(f1) % 0u(fa).
h
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We also have oy (Sy ) = k‘itSj‘V . and we see that the action of oy is compatible
with the relations in Ay g p, and defines a 1-parameter family of algebra homo-
morphisms. By direct comparison between (3.30) and (3.28) and (3.29) we also see
that

7Tp’m7S(O'N7t(f)) = eitH 7Tp7x,s(f) e_itH and UN,t(SN,k) = eitH SN,ke_itH .

We have
Zv@) = Y ldet@) - Yk
gesﬂ,N k=k1knkle<I>N

where @ is the set of possible digits in the N-continued fraction expansion.

For the first sum, we begin by considering the N = 1 case. We now have that
S, = GLo(Z)\ My (Z), where M (Z) = {M € My(Z)| det(M) # 0}. Thus, we are
counting {M € My (Z)||det(M)| = n} modulo GLy(Z). Up to a change of basis in

GL2(Z) we can always write a sublattice of Z? in the form

abZ2
0 d

with a,d > 1 and 0 < b < d, [Ser77]. Thus, we are equivalently counting such
matrices with determinant n. This counting is given by o(n) = >_;,, d so the first
sum is y <, 0(n) n=P = ¢(B)¢(B — 1) as in the original GLy-system, and converges
on B € (2, 00).

In the general case, we again consider p € GLy(Z), and we now have that Sy N is
the set of matrices in My (Z) with determinant not divisible by any prime factor of

N, up to the equivalence relation defined by GLo(Z). The first sum is then given by

. ldet(g) = > o’
9gES, N n>1:(N,n)=1
( S DR
n>1:(N,n)=1 n>1:(N,n)=1
—cpes-n II (-9 (1-p7")

p prime : p|N

where the counting o(n) = de d is identical to the N =1 case. Again, this series

converges on 3 € (2,00).

To compute the second sum, let Py, denote the total number of ordered factoriza-

tions of n into positive integer factors in ®y. In the NV > 1 case, the sum we are
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considering is

Z Py, n" = i i n=h Z 1

n>1 k=1n=1 n=ni-ngn; >N

=ZﬁQ)ﬁ>

E>1i=1 n;>N

00 P 1 , _
- 00 N-1
- nhr= ! if N> 1.
2O = e Y

In the N = 1 case, note that the series > 7o (¢(8))* converges when [¢(8)] < 1.
However, when 8 > 1, {(5) > 1 and the series does not converge there. The first
series ), 1 01(n) n=# = ¢(B)¢(B — 1) converges for B > 2. Since the second series

does not converge anywhere in the region (2,00), there is no partition function.

In the N > 1 case, the relevant series converges when
N-1
€B) =D n I =1¢(8) — (1 +EB)] < 1
n=1

where £(8) = 0 when N = 2 and &(8) = Zg:}l n~# when N > 2. In the range
B € (1,00) the (-function is decreasing to 1 and it crosses the value ((5) = 2 at a
point By . ~ 1.728647. When N = 2, the series converges on (2, 00). When N > 2
we consider the function ((8) — &(8) where £(8) consists of a finite sum of terms of
the form n~? each of which are continuous, decreasing to 0 as 3 — oo and have some
finite value at 8 = 1. Since limg_.o ((B) — &(8) = 1 and limg_,;+ ((B) — &£(B) = oo,
there will be some point By . > 1 at which ((8n,c) —&(Bn,c) = 2. The corresponding

series then converges on (S, 00). Since each n~? term is decreasing, we also know

that By y1.c < BN

Similarly, in the N < —1 case we have

Z Py, n = i i n8 Z 1

n>1 k=1n=1 n=ni--ng:n;>|N|+1

k
=T > =)
k>1i=1 n;>|N|+1
0o |N|

=3B - Y = : -
=1( 7 nz:l ) 1"’25\21”_&—5(5)

As before, this series converges on (Sy ¢, 00) where for N < —1, fn.c = Sfi—ne. In
particular, B_1 . = B2, ~ 1.728647. O
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Note that in the proof above we have shown that By . is decreasing in IV for positive
N, and therefore attains its maximum value at B2, = B_1,. ~ 1.728647. We also
know that By, > 1 for all V.

—’—.oo—o—o—o—o—.—..o—o—o—o—.—.—.—'—
1 Bioo ¢ Bioz,e B1o,e Bae B3 Ba,c 9

FIGURE 3.3: N-DEPENDENCE OF BOUNDARY-GLg CRITICAL TEMPERATURE (SN )

Lemma 3.2.14. For N > 2 and N < —1, the partition function Zn(S) of Proposi-

tion 3.2.13 is defined by an absolutely convergent series

Zn(B) = Ty = Y e
XeSpec(HN)
for B> 2. Its analytic continuation (3.31) has poles at B € {1, B¢, 2}, for a point
1 < Bn,e < 2. In the geometrically relevant case of N = —1, B_1 . ~ 1.728647.

Proof. As argued in the proof of 3.2.13, the denominator of Zx(3) has a single zero
at a point 1 < fn. < 2. The Riemann zeta function ((f) has a pole at § = 1.
Therefore, the sum ;. (v =1 01 (n)n=F is convergent for 3 > 2 and its analytic
continuation (5)¢(5 — 1) prrz‘me:p\N (1 —p_ﬁ) (1 —p_(ﬁ_l)) has poles at 8 = 2
and § = 1. O

3.2.8 KMS states.

We classify the KMS states for the family of dynamical systems (Ag.qpy,0nNt)-
Since we have Ay ¢ py = Bs,n ¥ Redy, we consider separately the KMS states for
the modified GLo part By n of the system, and the part of the system generated by
the isometries Sy j in the semigroup Redy, which is a Cuntz-Krieger-Toeplitz type
algebra. The KMS states of the Cuntz-Krieger-Toeplitz type algebras have been
studied by [ELO3]|, and we draw on their main results. We show that in the N =1
case, corresponding to the standard GLe-system, there are no KMS states at any
temperature, though we may still define ground states. In all other cases, the system
has two critical temperatures at 3 = By, < 2 and 3 = 2. When 8 < By, there
are no KMSg states. When By, < 8 < 2, the structure of the KMSg states will
be identical to the structure on the modified GLg part of the system alone, though
we have not computed this explicitly. When g > 2, the KMSg states are given by

Gibbs states, whose limit as 3 — oo gives the ground states.

Lemma 3.2.15. The subalgebra of Ay p, generated by the family {Snk}treoy of
isometries is a Cuntz-Krieger-Toeplitz algebra, denoted by O 4 in the setting of [EL0S/
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with the infinite matrizv A = {A(x,y)}oycoy given by A(z,y) =1 for all z,y € Oy.
In other words, it satisfies the following properties on its initial and final projections

qr = S}kvkaN’k and pp = SN,kS}k\Lk- For all k),j € Py

1. qkq; = 459k,
2. SkuSng=0ifj#k,
3. @SNn,j = SN,

4. and [Tcx ax HjeY(l —q;j) =0 for XY finite subsets of .

Proof. Conditions (1), (3), and (4) follow from the fact that S35 ; Sy =1 (Lemma
3.2.4). Condition (2) is easily verified. If k # j then

SN kSNE(@) = SNk (Xxn,; (2)E(g3 1))

= Xxn; (9N k2)E(gN RN 52) = 0.
O

Proposition 3.2.16. The KMSg states of the dynamical system (Apcpy,0N,t)
can be characterized as follows. When N = 1, there are no KMSg states for any
temperature 3. When N < —1 or N > 1, the system has a critical temperature
BN € (1,2). We then have the following.

1. When B < By, there are no B-KMS states.

2. When B > BN, there is one B-KMS state for every 3-KMS state of the modi-
fied GLa-system corresponding to By N

3. When B8 > 2, the B-KMS states restrict to the Redy part of the system as the
unique B-KMS state Cuntz-Krieger-Toeplitz algebra and restrict to a B-KMS
state on the By N part of the system. In particular, one obtains extremal KMS-
states corresponding to the Gibbs states of By n, parameterized by (p, x, s) with

~

p € My(Z) invertible.

Proof. If there is a KMSg state on(Ap ¢ py,0nN,t), it must restrict to a KMSg state
on the subalgebra of Ap ¢ p, generated by the family of isometries {Sn i }rca,. We
will first characterize the KMSg states of this subalgebra, which we have established
in Lemma 3.2.15 is a Cuntz-Krieger-Toeplitz algebra. We also note that since @ is
a countable set and in our case the matrix A is simply a matrix with every entry set
to 1, Standing Hypothesis 8.1 (i), and (ii) of [ELO03]| are satisfied. The dynamics o ¢
on the subalgebra take the form on+(Syi) = kS N,k for each k € @, and since
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®p is a set of real numbers in the interval (1,00) the rest of Standing Hypothesis
8.1 of |[ELO3] is also satisfied.

We now draw on the main results of [ELO03|. Corollary 9.7 states that there is a crit-
ical temperature 3 N, above which there is a single KMSg state at each temperature
8. Theorem 14.5 states that there is a second critical temperature B N, below which
there are no KMSg states at all. These critical temperatures are defined as follows.
Let Qn be the set of words in @ and Qy ;, be the set of words in ®y beginning
with j and ending with k. Then B'N,c and BN’C are the abscissas of convergence of
the series
ZB) =Y (W and ZpB)= Y (w7
HEQN HEQN ko

respectively. Note that the abscissa of convergence of the second series is independent

of the choice of j and k. We will now calculate these critical temperatures.

The partition function Z(3) has already been calculated in the second part of Propo-
sition 3.2.13 and is given by

> ) if N =1
= Na

Z(8) =43 B =Y n P i N >1
k=1 n=1
00 |N|
DB =D n P N < -1
k=1 n=1

Modifying this calculation slightly we find that

Z

jr(B8) = +Z R T

n=1 ueQ{ul=n

= (jk)™ 1+ZH S k) = (k)P Z(B).

n=1i=1k;edpn

Clearly Z(B3) and Zj;(3) have the same abscissa of convergence, BN,C = BN,c- In
fact in the NV # 1 case, this abscissa of convergence is By, of 3.2.13. When N =1,
neither series converges for any value of 3, BN’C = BN,C = oo0. Hence there are no

KMSg states for any finite inverse temperature §3.

Now we focus our attention on the subalgebra corresponding to By y in the N # 1
case. In the range 8 > 2, e PN is trace class, by Lemma 3.2.14. We therefore have
Gibbs states of the form, for X € Agqpy
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T(T)r.s e PHN
() = T )

=ZnB) > 1det(g)] P (k1 k) TP (6 @ €ky s Tps(X)0g @ €k, k)
ki€®PN,9€S, N

depending on our choice of representation 7, ;.

We now restrict to the subalgebra By . The Gibbs states above give, for f € By n

T x,Ss _ﬂHN
©ppas(f) = r(ﬂ%r(’e(é);]v) )

=zt > |det(@) (k- ka) TP F (1, 9p, g4(w, g5))
ki€®Pn,9€S, N

where v € Red is determined by k1, ..., k,. These are parameterized by the choice

~

of p € M(Z) invertible. O

Remark 3.2.1. The standard GLa-system (when I' = SLy(Z)) has been studied in
[LLNO7]. Their analysis of the behavior when 5 € (1,2) is not directly applicable
in our case, because for N = 1 (I' = SLy(Z)), the Redy part of the system has no
KMS states at any temperature 8. However, it would be interesting to see whether

a similar analysis can be applied when I' = I'y for some N > 1 or N < —1.

As in [CMO06b| we consider the ground states at zero temperature as the weak limit
of the Gibbs states for  — oo

‘Poo,p,:t:,s(f) = lim Qaﬁ,p,z,s(f)-

B—r00

Corollary 3.2.17. When N # 1, the ground states are given by
spoovpvst(f) = f(17p7 ‘/B,S).

Proof. Observe that whenever N # 1, limg_,o, Zn() = 1. Furthermore, the only
g € Sy N with |det(g)| = 1 is the identity element, and hence the only terms for
which limg_,o | det(g)| ™ does not vanish are those for which g = 1. A word in
Oy satisfies ky...k, > |[N|™ if N > 1 and ki..k, > ([N|+1)" if N < 1. Hence
limg_, o |k:1...kn|_ﬂ vanishes unless kj...k, is the empty word. We have that the

ground states are

Qooo,p,:v,s(f) = <51 X €p, 7Tp,ac,S(f) 01 ® 6@) = f(17p7x7 3)7 (332)

the evaluation of the function f at the point g = 1 and (p, z, s) that determines the

representation m, ;. s. O
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Although in the N = 1 case there are no low-temperature KMS states, and hence
the weak limit does not exist, we can still define the projection onto the kernel of
the Hamiltonian as in 3.32. This satisfies the weak KMS condition in the sense that

function
F(t) = S0007p7$,8(f0t(f/)) - f(17p7 ];7 S)f/(17p7$7 S)

has a bounded holomorphic extension to the upper half plane.

3.3 Averaging on geodesics and boundary values

In this section we construct boundary values of the observables of the GLg-system of
§3.1. We use the theory of limiting modular symbols of [MM02|. We show that the
resulting boundary values localize nontrivially at the quadratic irrationalities and at
the level sets of the multifractal decomposition considered in [KS07b]. We discuss

in particular the case of quadratic irrationalities.
3.3.1 Geodesics between cusps

Let Cp s with a € P1(Q) \ {0}, € € {£}, and s € P denote the geodesic in H® x P
with endpoints at the cusps (0, s) and (a, s) in P}(Q) x P.

Let pr(a),qr(c) be the successive numerators and denominators of the GLa(Z)-

continued fraction expansion of a € Q with p,(a)/gn(a) = a and let

gi(a) = (p’“‘l(o‘) pk(o‘i) € GLy(Z).

e—1(0)  qio

We denote by C* __ the geodesic in H¢ x P with endpoints at the cusps

ot @ 0w 2= ) o

where g - z for g € GLa(Z) and z € H¥ is the action by fractional linear transforma-

tions.

For C' a geodesic in H* let dsc denote the geodesic length element. In the case of
Coo,e,s We have dsc,, ., (2) = dz/z.

We use the notation {g-0,¢g - a}g to denote the homology class determined by the
image in the quotient X¢ = G\H = GLo(Z)\(H* x P) of the geodesic Cp ¢ s, for g a
representative of s € P. Similarly we write {«, 5}g for homology classes determined
by the images in the quotient Xg of geodesics in H* x P with endpoints «, 5 at
cusps in P1(Q) x P.
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3.3.2 Limiting modular symbols

We recall briefly the construction of limiting modular symbols from [MMO02|. We
consider here some finite index subgroup G C T" of I' = PGL9(Z). We denote by
P =T'/G the finite coset space of this subgroup. We also write the quotient modular
curve as Xg = G\H =T'\(H x P).

Recall that the classical modular symbols {«, }q, with a, 3 € P}(Q) are defined as
the homology classes in Hj (X, R) defined as functionals that integrate lifts to H of
differentials on X¢ along the geodesic arc in H connecting « and 8 (see [ManT72]).

They satisfy additivity and invariance: for all a, 3,v € P}(Q)

{a,BYc +1{B,7}c = {a,7}¢ and {ga, 9B} ={o. B}c Vg€ G.

Thus, it suffices to consider the modular symbols of the form {0, a}qs with o € Q.
These satisfy the relation

— pp-1() pr(a) 1 -1
{0,0Z}G = - { ’ }G = - {g (Oé) 0,9 (a) ’ OO}Ga

; ar-1(0)” qu() ; g g
where pi(a), gi(a) are the successive numerators and denominators of the GLy(Z)-

continued fraction expansion of o € Q with p,(a)/gn () = o and

on(@) = (p“(a) pk(a)> |

ar-1()  qi(a)
(There is an analogous formula for the SLy(Z)-continued fraction.)

Limiting modular symbols were introduced in [MMO02], to account for the noncom-
mutative compactification of the modular curves X¢g by the boundary P'(R) with
the G action. One considers the infinite geodesics Ly = {00, 0} given by the vertical
lines Ly = {z € H|R(z) = 0} oriented from the point at infinity to the point 6 on
the real line. Upon choosing an arbitrary base point € Lg let z(s) denote the point
on Lg at an arc-length distance s from x in the orientation direction. One considers
the homology class {z,z(s)}q € H1(Xg,R) determined by the geodesic arc between

x and z(s). The limiting modular symbol is defined as the limit (when it exists)

(% 01)a = lm {z2(s))q € Hi(Xo,R). (3.33)

It was shown in [MMO02| that the limit (3.33) exists on a full measure set and can
be computed by an ergodic average. More generally, it was shown in [Mar03] that
there is a multifractal decomposition of the real line by level sets of the Lyapunov

exponent of the shift of the continued fraction expansion plus an exceptional set
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where the limit does not exist. On the level sets of the Lyapunov exponent the limit
is again given by an average of modular symbols associated to the successive terms
of the continued fraction expansion. More precisely, as in the previous section, let

T :10,1] — [0, 1] denote the shift map of the continued fraction expansion,

Twz—F]

x
extended to a map 7" : [0,1] x P — [0, 1] x P with P = I'/G. The Lyapunov exponent
of the shift map is given by the limit (when it exists)

Aw) = Tim ~log |[(T") ()] =2 lim loggu(x). (3.34)

n—oco n,

where g, (z) are the successive denominators of the continued fraction expansion of
x € ]0,1]. There is a decomposition [0, 1] = UL UL where £ = {z € [0,1] | A\(z) =
A} and £ the set on which the limit (3.34) does not exist. For all § € £ the limiting
modular symbol (3.33) is then given by

{Wwigﬁgwmnﬂwwwmlgymeﬁ%_

n—oo \n qk 1 )
(3.35)

The results of [MMO02| and [Mar03] show that the limiting modular symbol (3.35)
vanishes almost everywhere, with respect to the Hausdorff measure of £y. However,
non-vanishing values of the limiting modular symbols are obtained, for example, for

all the quadratic irrationalities.

In the case of quadratic irrationalities, one obtains two equivalent descriptions of the
limiting modular symbol, one that corresponds to integration on the closed geodesic
Cy = T'g\Syp with Sy the infinite geodesic with endpoints the Galois conjugate pair
6,60" and the other in terms of averaged integration on the modular symbols as-
sociated to the (eventually periodic) continued fraction expansion. We obtain the

identification of homology classes in Hi (X, R)

¢ pea®) pu0)
Zi=la 50 a@ ) _ {0,9-0)¢
A(9)¢ (g)

In the first expression £ is the minimal positive integer for which 7¢(f) = 6 and the

{{%, 0} = € H (Xa,R). (3.36)

limit defining the Lyapunov exponent A(f) exists for quadratic irrationalities. In the
second expression g € I' is the hyperbolic generator of 'y with fixed points 6,6,
with ecigenvalues AF and {0, g - 0}¢ denotes the homology class in H1(X¢,R) of the
closed geodesic Cy and £(g) = log A; = 2loge is the length of Cy.

A more complete analysis of the values of the limiting modular symbols was then

carried out in [KS07b|, where it was shown that, in fact, the limiting modular symbol
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is non-vanishing on a multifractal stratification of Cantor sets of positive Hausdorff

dimension. We will recall more precisely this result in §3.3.3 below.

The construction recalled above of limiting modular symbols determine non-trivial
real homology classes in the quotient X associated to geodesics in H with endpoints
in one of the multifractal level sets of [KS07b]. These homology classes pair with 1-

forms on X, and in particular with weight 2 cusp forms for the finite index subgroup

G.

Let Mg the C-vector space of modular forms of weight k for the finite index
subgroup G C GLy(Z) and let Si i be the subspace of cusp forms. Let Xg =
GL2(Z)\(H* x P) be the associated modular curve. We denote by

()1 Sg2 x Hi(Xg,R) - C (3.37)

the perfect pairing between cusp forms of weight 2 and modular symbols, which we

equivalently write as integration

(W, {0 B}e) = /{ RCL (3.38)

3.3.3 Boundary values

We consider now a linear map, constructed using cusp forms and limiting modular

symbols, that assigns to an observable of the bulk GLs-system a boundary value.

Let £ C [0,1] denote the subset of points such that the Lyapunov exponent (3.34)
of the shift of the continued fraction exists. The set L is stratified by level sets
Ly = {z € [0,1]| A\(z) = A}, with the Lyapunov spectrum given by the Hausdorff
dimension function §(\) = dimg(Ly). Recall also that, for a continuous function ¢
on a T-invariant subset E C [0, 1], the Birkhoff spectrum (see [FF00]) is the function

fe(a) :=dimg Ly £, (3.39)

where L4 g o are the level sets of the Birkhoft average by

n—1

Lopa={z€E| lm -3 $oTHa) = a}. (3.40)
k=0

n—oo n

In particular, £y = Ly for ¢(z) = log|T’(x)|. Lyapunov and Birkhoff spectra for
the shift of the continued fraction expansion are analyzed in [PW99|, [Fan+09].

In a similar way, one can consider the multifractal spectrum associated to the level

sets of the limiting modular symbol, as analyzed in [KSO7b|. Let fi,...,f, be a
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basis of the complex vectors space Sg 2 of cusp forms of weight 2 for the finite index
subgroup G C GLy(Z). Let R(f;), S(fi) be the corresponding basis as a real 2g-
dimensional vector space. Under the pairing (3.37), (3.38), which identifies S¢ 2 with
the dual of H;(Xg,R), we can define as in [KS07b| the level sets E,, for o € R?9,

of the limiting modular symbol as
Ey = {(z,s) € [0,1] x P| {f;, {{*,2}}g) = a € R?}. (3.41)

Equivalently, we write this as
1
E, ={(z,s) € [0,1]xP|( lim / fi(z)dz)iz1.. g =a € RQQ}.
=00 AN(Z)n g (@)0,9; (0)- o0}

For (z,s) € E, we have

1

nh_{go )\( ) {gk ( ) ’ nglzl(x) ’ OO}G = hqa € Hl(XGvR),

where the homology class h,, is uniquely determined by the property that (f;, ha) =
f b fi(2)dz = .

The main result of [KS07b| shows that for a given finite index subgroup G C GL2(Z)
with X of genus g > 1, there is a strictly convex and differentiable function Sg :
R29 — R such that, for all a € VBg(R?*) C R

dimp (Eq) = Be(a), (3.42)

where Bg(a) = inf,cres (Ba(v)— (@, v)) is the Legendre transform, and for all (z, s) €
Eo
lim ( ) {gk ( )'g'O,gk_l(.’L')'g'OO}G:ha($,8) (343>

n—o0 \

with ¢ a representative of the class s € P = GLy(Z)/G.

Let E = {E,} be the collection of the level sets E, of the limiting modular symbol.
We let Ap.cph, = Bor x Red be the algebra associated to the collection E of

invariant sets, as in Corollary 3.2.11. As an immediate consequence of the results
(3.42), (3.43) of [KSO07b] we have the following.

Lemma 3.3.1. The choice of a cusp form © € Sga determines a bounded linear

operator Ly o from Agr,z),ap to Ba,g, with for (x,s) € E,

Tyalf) (9,03, 5) = /{ }f(g,p,z,sw(z)dz

- n—)oo)\ Z/ x) thk x oo}G f(gapazas)w(z) dz
-/ f(g,,o,z,s)w(z) &
ha(x)

(3.44)



83

Here we pair the form w(z) = f(z)1(2)dz with the limiting modular symbol hq(z, s)
of (3.43). We use the notation w(z) = w), s(z) to highlight the dependence on the

variables (p,s) that come from choosing an element f in the arithmetic algebra
AG/I“
GLQ(Z)vap

Note that Z, . is only a linear operator and not an algebra homomorphism. We

obtain a subalgebra of Ay p as follows.

Definition 3.3.2. Let Az g p denote the subalgebra of Asqp = By x Red gen-
erated by all the images Zy o(f) for f € Agr,z)a,p, for ¥ € Sg2, and for a €
VBq(R?9), and by the Sy, Si with the relations as in Definition 3.2.8. The arith-
metic algebra A%’:Gy is obtained in the same way as the algebra generated by the
images Zy, o (f) with f in the arithmetic algebra A%}TLQ(Z),G,P of §3.1.2, for all ¢ € S 2
and a € VB5(R%), and by the Sy, S; as above.

3.3.4 Evaluation of ground states on boundary values

When we evaluate zero-temperature KMS states on the elements Zy (f), for an
element f € A#} ).Gpr e obtain the pairing of a cusp form with a limiting

modular symbol,
(Pm,p,x,s(z¢7a(f)) = <w,0,33 hOl(:L‘)>7 (345)

where w, 4(2) = f(1, p, 2, s)1(z)dz is a cusp form in Sg » for all (p, s). Since elements
fe ‘AGLQ(Z ¢p depend on the variable p € My(Z) through some finite projection

7N (p) € Z/NZ, we can write w, s(2) as a finite collection {w; s(2) }icz/nz-

To illustrate the properties of the values of ground states on arithmetic boundary
elements, we consider here the particular case where G' = I'o(/V) and a state @oo pz.s
with s € P. We also choose f and v so that the resulting w; s are cusp forms for

I'o(N) that are Hecke eigenforms for all the Hecke operators T'(m).

Recall (see [Ser77]) that the Hecke operators T'(m) given by

T= > To(N)To(N)
v :det(y)=m
satisfying 15,1y, = T Ty, for (m,n) = 1 and TpnT), = Tyt + pIpn-1 R, with Ry
the scaling operator that acts on a modular form of weight 2k as multiplication by
A~2k. The Hecke operators T}, and the scaling operators Ry generate a commutative

algebra, and the action of T, on a modular form of weight 2k is given by

(N CETE D DI (e

a>1,ad=n,0<b<d
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Proposition 3.3.3. Let G = I'¢(N) and let w; 4, withi=0,...,N —1 and sp =
To(N)go € P, be Hecke eigencuspforms of weight 2. For s € P with s = T'o(N)go,
with v € GLa(Z), let wis = wj gy := Wi © ~~L. Consider the pairing

£0(5) = (Wp.s, ha(2)) = /h e

with the limiting modular symbol ha(x), as in (3.44) and (3.45). For (m,N) =1 we
have the relations
Qim éw(s) = Z Um, 50.)(5 M)
MeAn
where a; m are the Hecke eigenvalues and Ay, = {M € My(Z) : det(M) = m}, with
A = Ap/{£1} and 3, up M € ZA,, is the Manin—Heilbronn lift of the Hecke

operator T,,.

Proof. The condition that w; ¢y = wmo'y_l implies that (w; s, ha(2)) = (Wi s, a(z, 5)).
The following facts are known from [Man72|, [Mer91]. Let

a b

d) € My(Z) : det(M) =m, Nlc}.

C

-t~

Let R be a set of representatives for the classes I'o(N)\A,, n The Hecke operators
act on the modular symbols by T5,,{a, B} = > cp{Aa, AB}. For (m, N) = 1 there is
a bijection between the cosets I'g(IN)\ A, n and A,,/SLy(Z). For s € P consider the
assignment &, : s — &,(s) = (wi s, ha(z,s)), where w; s is a Hecke eigencuspform.
It is shown in [ManT72|, [Mer91] that there is a lift ©,, of the action of the Hecke
operators T, o & = £ o O, (the Manin—Heilbronn lift), which is given by ©,, =
Zye A /SLa(Z) T, where T, is a formal chain of level m connecting co to 0 and of

class . This means that T, = ZZ;& Vi in Z Ay, for some n € N where

U Uk+1
Ve =
Vg Vk+1

with ug/vg = oo and u, /v, = 0 and where -y agrees with v in A,,/SLy(Z). An
argument in [Mer91] based on the continued fraction expansion and modular symbols
shows that it is always possible to construct such formal chains with v, = vyg; with
gr € SL2(Z) and that the resulting ©,, is indeed a lift of the Hecke operators.
(The length n of the chain of the Manin—Heilbronn lift is also computed, see §3.2 of
[Mer91].) Using the notation of Theorem 4 of [Mer91|, we write the Manin-Heilbronn
lift as O, = > MeA,, um M as an element of ZA,,. Each element M € A,, maps
s — s M in P, hence one obtains a map O, : ZP — ZP. In particular, as shown in
Theorem 2 of [Mer91], for s = I'g(N)g in I’ one has O,,(s) = >_ cp S0 (97 k)
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where ¢ : A, = I'o(N)\SL2(Z) is the map that assigns

Ap 5y — (“ Z) s To(NV) (w t) € To(N)\SLa(2)

with (¢:d) = (u:v) in PY(Z/NZ) ~ P = T'o(N)\SL2(Z). Thus, as in Theorem 2 of
[Mer91] we then have O, (s) = >_. cp Zz;é o(97)9k = D _er #(gy)y~1, seen here as
an element in ZP. Thus, in the pairing of limiting modular symbols and boundary

elements we find

Tmﬁw(s) = Tm/ Wi sq :/ mei,so = ai,m/ Wi sq 5
ha(,9) hee(,9) ha(,9)

where a; ,, are the Hecke eigenvalues of the eigenform w; ,, with a; 1 = 1. On the

other hand, using the Manin—Heilbronn lift we have

Touls) = €alOn(s) =Y [ wne

'YER a(3775"{)

1

with s, € P given by sy = ¢(gy)y~" as above. We write the latter expression in the

form
Z Upg Wi, s
MeA,, ha(z,s M)
for consistency with the notation of Theorem 4 of [Mer91|. O

Proposition 3.3.4. Under the same hypothesis as Proposition 3.3.53, let Ly, (o) =
Y m Gim M7 be the L-series associated to the cusp form wi ey = >, Gimq™. Forx
a quadratic irrationality the evaluation (3.45) of KMSy, states satisfies

n n

1
<wi,87 h(:L‘)> = )\(:c)n ;<wi,sk’ {07 OO}> - w ; Lwi,sk (1)7 (3-46>

where sy, = I’O(N)ggk_l(a:) for s =To(N)g.

Proof. The special value Ly, (1) of the L-function gives the pairing with the mod-
ular symbol (w;j s, {0,00}). Similarly, for s € P with s = I'g(/V)g, the special value
gives

Ly, ,(1) = (wis, {0,00}) = (wiso, {9 - 0,9 - 00}).

In the case of a quadratic irrationality the limiting modular symbol satisfies
o) = 2 > o (@) 0,652 - oo}
Az)n — k $ Ik '

where n is the length of the period of the continued fraction expansion of x and
A(z) is the Lyapunov exponent. For s = FO(N)ggk_l(a:) with s = I'g(NV)g, we have
(Wi s, 10,00}) = (wi s, {9, * (%) - 0, g}, *(x) - 00}) hence one obtains (3.46). O
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As shown in Theorem 3.3 of [Man72|, the special value Ly, , (1) satisfies

/ Wi sg s
{Ovb/d}G

(Z d— ai,m)Lwi,so (1) =
dlm

d|m,b modd

since one has

0o 0o d—1
/ mei,so - ai,m/ Wi s = § §
0 0

dlm b=0

wi’SO.

/{b/d,O}G+{O,OO}G

For a normalized Hecke eigencuspform f =3 anq", let L¢(s) =), ap,n™? be the
associated L-function and Af(s) = (2m) *I'(s)L¢(s) the completed L-function, the
Mellin transform Af(s) = [;° f(iz)z* " d=.

The relation between special values of L-functions and periods of Hecke eigenforms
generalizes for higher weights, and it was shown in [Man73| that ratios of these
special values of the same parity are algebraic (in the field generated over Q by the
Hecke eigenvalues). For a normalized Hecke eigencuspform f =" a,q" of weight
k the coefficients of the period polynomial 7¢(2) are expressible in terms of special

values of the L-function,
k—2 k—9 '
=i % (577 ) @ringti+ .
j=0

Manin’s Periods Theorem shows that, for Ky the field of algebraic numbers generated
over Q by the Fourier coefficients, there are w4 (f) € Rsuch that forall1 <s <k-—1
with s even Af(s)/wy(f) € Ky, respectively A¢(s)/w_(f) € Ky for s odd.

Shokurov gave a geometric argument based on Kuga varieties and a higher-weight
generalization of modular symbols, [Sho81a]. It is expected that the limiting modular
symbols of [MMO02], as well as the quantum statistical mechanics of the GLa-system
and its boundary described here, will generalize to the case of Kuga varieties, with
the relations between periods of Hecke eigencuspforms described in [Man73] arising
in the evaluation of zero-temperature KMS states of these systems. The first steps

of this project are discussed in the next chapter.
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Chapter 4

KUGA VARIETIES AND HIGHER-WEIGHT LIMITING MODULAR
SYMBOLS

The first step in extending the work of the previous chapter to a higher-weight
setting is to define the limiting modular symbols for weight greater than 2. We
begin with the body of work by Shokurov (|Sho81a]) in which the modular symbol for
higher weights is defined, based on the Kuga modular varieties and their projections
onto the modular curves. We then define a limiting modular symbol by means of
a limiting procedure analogously to the standard weight-2 case. We show that the
limiting modular symbol can be written as an ergodic average involving the continued
fraction expansion, and in particular it converges almost everywhere. To do this we
use similar techniques to those of [KS07b]. The idea is to move to a coding space
setting where each geodesic in H is coded using its type changes as it traverses the
Farey tessellation. The advantage of this approach is that it allows us to write
the limiting modular symbol as an ergodic average everywhere, without having to

exclude an exceptional set where the Lyapunov exponent does not converge.

4.1 Shokurov modular symbols of higher weight

We briefly recall the definition of the standard modular symbol . Let G C SLo(Z)
be a modular group, X¢ = G\H the modular curve, and II = G\P1(Q) the cusps
of the modular curve. Fixing two points «, € HUP;(Q), we define the modular
symbol {«, f}c € H1(Xq,R) by

[ "5 (1)

where the integral on the right-hand side is taken along the geodesic arc connecting

a and B and ¢ : H — Xg. Modular symbols have the additivity property

{o, B +{B8,7}e = {a,7}6-

Because of this additivity property, it is sufficient to consider modular symbols of
the form {0,a} with a € Q

N
{07 a} = - Z{gk(O),gk(iOO)}G
k=1

o = (pk_1(a) pk(ﬂ))
ar-1(a)  qr()

where
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with pg/q is the kth continued fraction approximant of o and py/qn = «. Finally,
for any g € G we have that

gla, Bte = {9(a),9(P)}c = {o, Bla-

Following [Sho81a|, we define the modular symbols of weight greater than 2. From
a pair (G,w) where G is a modular group and w is a weight, one can construct a
nonsingular projective variety B over the complex numbers called a Kuga modular
variety. [Sho76| This variety is related to a elliptic surface B over the modular curve

X¢. There is a natural projection from B¢ onto the modular curve @ : B4 — Xa.
4.1.1 Kuga modular variety

The Kuga modular variety is constructed using as a starting point the modular
elliptic surface, which is an elliptic surface Bg over the modular curve ® : Bg — Xg.
It has the important property that the functional invariant is given by Jg, where Jg

is a meromorphic function on X given by the composition of the morphism
Xa = X,z

induced by the subgroup structure G C SLy(Z) with the absolute invariant function
j: YSLQ(Z) - C

extending the standard j-invariant. Such an elliptic modular surface is canonically
defined in the case that —1 ¢ G by [Shi72]. In the absence of this condition, a

non-canonical construction with the desired property is given in [Sho76].

The Kuga modular variety is obtained by taking the Kuga variety, which can be
constructed from any non-singular projective surface over a modular curve, of the
modular elliptic surface. We give a very brief sketch of this construction. For details,

please see [ShoT76].

Let A’ be the set of non-singular points of X, and U4’ be its universal cover. There
is an action of
GY =m (A x 2V x Z*

on U x C¥ given by
(B,n,m)(u,§) = (Bu, fz(u)(§ + z(u)n +m))

where z is a multivalued function on A’ defined by

J(z(u)) = Ja(u)
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and a choice of branch gives a function z : 4’ — H, and

fo(u) = (cz(u) +d)~"

b
where ¢, d are given by the entries of the matrix S(8) = ¢ d> where S : m(A) —
c

SLa(Z) is a certain representation of the fundamental group.

We define
ElGU’A/ = gw\(ul X Cw)

By compactifying and resolving singularities, we then obtain a non-singular projec-

tive variety B, with a canonical projection ®* : B — Xg.
4.1.2 Shokurov symbols

To define the modular symbol of weight w42, we first define {c,n, m}¢, a boundary
modular symbol of weight w + 2, by a mapping

{,,}¢:QxZ*¥ x Z¥ — Hy(II, (R, 9,Q)")

(Oé, n, ’I’I’L) = {OZ, n, m}G

where Q = QU {ico}, (R1®.Q)"Y is a symmetric tensor power of the sheaf R;®,Q =
G ®q Q, where G is the homological invariant of Bg.

Remark 4.1.1. In general the sheaf R;®YQ is defined by taking the sheaf of local

coefficients
Uvear H;(B,, Q)

and extending it over Xg. We will only need to use the case R1$,,Q = G ®q Q,

which can be interpreted as a rational homological invariant.

This mapping is described carefully in Section 1.1 of [Sho81a|, but we summarize the
construction here. Let v € Q, and n,m € Z¥. Let py € II be the cusp corresponding

to a. There is a decomposition

Ho(T1, (R12.Q)") = @D Ho(p, (R19.Q)").
pell
The modular symbol {a,n,m} is trivial on Hy(p, (R1®.Q)") when p # po, and
so will be defined by an element in Hy(pg, (R1®.Q)?). Let E C X be a small
disc around pg. Let U, be a neighborhood of o in H' = H \ SLQ(Z){C%} that
covers B, and let Ty : U, — E be the covering. Choose a point zg € U, and let
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vg =T (zg). View zg as a 0-cell in a cellular decomposition of the disc E. Now we
let {zp,n,m}E C Ho(E, (R1®.Q)") the cohomology class of the cycle

(njer + mje2)vg
1

w
j=
where {e1,e2} is a certain basis which we will not describe in detail here. There is
a projective system of spaces Ho(E, (R1P.Q)")) by morphisms

HO(E,a (qu)*(@)w)) - HO(E¢ (Rl(p*@>w))

where B/ C E C X are nested small discs. Finally, we set

{a,n,mbe = lim{z, n, m}E.
E

It requires some argument to see that this definition makes sense, but we do not

include it here as we will not need to work with this definition directly.

The modular symbol, {«, 5,n,m}q, is then defined ([Sho8la] Lemma 1.2) via the
unique mapping
QxQxZx7Z% - H (Xa, 11, (R ,Q)%)

(a7l87n7m) = {a,ﬁ,n,m}g

such that

1. Ha,B,n,m}q = {B,n,m}g — {a,n,m}g where 0 is the boundary mapping
of the pair (Xg, ).

2. For any cusp forms ¥y, ¥y € Sy, 12(G)

B B

({a,ﬁ,n,m}c,(‘lﬁ,‘l’2)>—/ ‘I’1H§p=1(njz+mj)d2+/ WoIIY | (n;Z+my)dz

« o

where n = (ny,...,ny), m = (mq,...my,) and (,) is the canonical pairing de-
scribed in [Sho81b|:

<v> : Hl(XiGU Ya (qu)*(@)w) X Sw+2(G) @ Sw+2(G) - C

where Y C Xg.

Importantly, the pairing (,) is non-degenerate on Hy(Xq, (R1®.Q)%) X Syi2(G) ®
Sw+2(G) [Sho81b].
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The modular symbols of higher weight have a similar additivity property to the

weight-2 case:

{O[, 57 n, m}G + {67 AL m}G = {O[, YT, m}G

b
and they transform by elements g = <a d) € GLJ (Z) as
c

g{a, B,n,mia = {g(@), 9(B), g - (n,m)}a = {g(a),g(B), dn — cm, —bn + am}q.

Note that this does not give an action directly on Hy(Xq,II, (R1®,Q)®), but rather

on representations of homology classes as modular symbols. For g € GG, we have

gl{a, B,n,m}e ={g(a),g(B),dn — cm,—bn + am}q = {a, B,n,m}q. (4.2)

Again, due to the additivity property, it is sufficient to consider modular symbols of
the form, for « € Q

N
{0,a,n,m}g = — Z{gk(O),gk(ioo),n, m}a.
k=1

4.1.3 Limiting modular symbols

The paper [MMO02] introduced a generalization of the modular symbols to the whole
boundary P!(R) by considering an infinite geodesic v in H with one with one end
at 8 € R\Q and the other end at o € R. Let z¢9 € H be a fixed point on 5 and
y(7) a point along g with an arc length distance of 7 away from zg towards 3. The

limiting modular symbol is defined as the following limit, whenever it exists:

{8} = lim o, y(r)} € Fr(Xo, ) (43)

where {zg,y(7)}g is the homology class determined by the geodesic arc between xg
and y(7) in H. The limit is independent of the choice of zy and of g (§2 of [MMO02]).

4.1.4 Shift map and the Lyapunov spectrum

To study the weight-2 limiting modular symbols, we consider a modular curve of the
form X¢ = PGL2(Z)\(H x P) where P = PGL2(Z)/G and the associated shift map

T:00,1]xP—1[0,1] xP

1 1] (-[1/8] 1 (4.4)
W“(&‘M’(l 0>t>'

Defining a map ¢ : P — Hy(Xq,II,R) by
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where g € PSLy(Z) is a representative of the coset s € P, we see that gi acts on
points (B,t) € [0,1] x P as the k" power of the shift operator T. Precisely,

Pr—1(6) pk(ﬁ)}
w-108)" @ (B) J o

S(T*(8,1)) = {gx(5)(0), gu(B)(io0) g = — {

where, as before,

_ (Pe—1(B) pr(B)
9= (qk_lm qkw))

acts by Mobius transformations.

It is shown in [Mar03| that the limiting modular symbol can be computed on certain
level sets as a Birkhoff average. The level sets are given by the Lyapunov spectrum

of the shift map on the unit interval

T:00,1] = [0,1]
1 1 (4.5)
ﬁHﬁ‘b}

Recall that the Lyapunov exponent of a map 7 : [0,1] — [0,1] is given by the
T-invariant function

A(B) = lim ~log|(T™)(8)].

n—oo N

In the particular case of T" defined by equation 4.5, the Lyapunov exponent is

.1
A(B) =2 lim — log gn(B). (4.6)
A theorem of Lévy [Lév29| shows that A\(8) = % for almost all 5. We can

decompose the unit interval into level sets of 4.6, L. = {5 € [0,1] : A(B) = ¢}
[0,1] = UeerLc U {B € [0,1] : A(B) does not exist}.

Then, we have the following result about the limiting modular symbols.

Proposition 4.1.1 ([Mar03| Theorem 2.1). For a fized ¢ € R and for 8 € L., the

limiting modular symbol 4.3 is computed by
1
lim — "¢ o T%(8,1t) (4.7)
where T is the shift operator defined in 4.4 and ty is a base point.

It is easy to check that the shift of the continued fraction expansion is measure-

preserving with respect to the Gauss measure

_, dx

dp = (log2) T4z
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and so the limiting modular symbol exists almost everywhere. However, it is also
known that there is an exceptional set of measure 0 and Hausdorff dimension 1
where A(8) does not exist ([PW99] Theorem 3). On the exceptional set, the limiting
modular symbol cannot be written as the limit 4.7. Finally, in the special case that
B is a quadratic irrationality (and hence has a periodic continued fraction expansion)

it is shown ([Mar03] Lemma 2.2) that the limiting modular symbol is given by

_ 2headgr ' (8) - 9(0). g ' (B) - g(ico)}e
A(B)n

where n is the period of the continued fraction expansion. In this case it is also

{{xB}}c

known that the limit A(f) converges to a positive finite number, so that in particu-

lar the limiting modular symbol does not vanish.

To extend this picture to the higher weight setting, we now define ¢ : P X Z X Z —
Hl (TG) Ha (Rl(I)*Q)w) by

¢(37 nvm) = g’{o?iooyna m}G = {g(O),g(OO), dn — cm, —bn + am}G
1

b
where g7" = ¢ J € PSLy(Z) and g is a representative of the coset s € P. The
c

action of the shift operator on the higher-weight modular symbols is now described

by the relation

¢(Tk(ﬁa t)v n, m) = {gk(o)v gk(ioo)7 glzl ' (nv m)}G

__Jpea(B) pe(B) (0 1 0 -1\ /(n
G-108)" @(B)'\ -1 —ar) \=1 —a1/) \m .

(4.8)

where = [ai,...,an] is the continued fraction expansion of 5. Note that, again,
this action is not on Hy(Xg, I, (R1®.Q)%), but on representations of the homology

classes as modular symbols.

Instead of proceeding with this setting, however, we will move to a related set-
ting where we code each geodesic in the hyperbolic plane using cells of the Farey
tessellation. It was introduced by Kessenbomer and Stratmann in [KS07b| in order
to obtain a more complete description of the standard modular symbols and their

level set structure.

4.2 Twisted continued fraction coding and shift space

Following [KS07b] we define a code space related to the dynamical system given

by the shift map in the previous section. We recall that an oriented geodesic in H
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can be coded by a sequence of “type changes”. Consider the Farey tessellation of H
formed by PSLa(Z)-translates of the triangle with vertices at 0,1, and ico. As we
travel along a geodesic in the positive direction, each tile is intersected in such a way
that one vertex of the triangle is on one side, and two vertices of the triangle are on
the other. If the single vertex is on the left, we say the visit to the tile is of type L,
and if the single vertex is on the right, we say it is of type R. Let [ = (I4,[_) be the
oriented geodesic with start point I and end point [_ and consider the set
£={1=(-,02)[0 < is] 1< -],y < 0,and I_, 1, € R\Q}.

Each [ € £ is coded by the types of its visits

LRy LM R LA > 1

ROy RML™ i < —1

where 3; is the point where [ intersects the imaginary axis.

R yliiER:iLiEi:iiiﬁEﬁ;iiiEEﬁ;ii

FIGURE 4.1: FAREY TESSELATION AND CODING OF A GEODESIC

This coding is related to the continued fraction expansion of the endpoints [ and
[_ by

I_=[n_1,n_9,..] b and Iy = —[ny,ng,..] if I_ > 1,
I_=—[n_1,n_9,..] Vand I; = [n1,n9,..] if I_ < —1.
We now consider the generators S and 7" of PSLy(Z) given by
0 -1 11
S = and T =
1 0 01
which can also be thought of as their actionson Has S: z+— —1/zand T : z — z+1
and define the map P : £ — L

Bl = ST (1) = (=[ng,n3, .| L, [n1,n_1,...]) ifl = ([n1,n2,..]7 Y —[n_1,n_9,..])

STnl(l) = ([ng,ng, ...]_1, —[nl,n,l, ],) if | = (*[’I’Ll,TLQ, ...]_1, [nfl,nfg, ])



95
Let P be the restriction of P to the first coordinate. Then the map

G:[-1,1] — [-1,1]
x— SPS(x)

is called the twisted Gauss map. It is related to the shift map 7" by
G(x) = —sign(z)T(|).
We define the shift space to be
2, = {(z1,22,...) € (Z*)N|ziwip1 < OV € N}
with the shift map o, (x1,x9,...) = (x2,x3,...). The map
p:2e =1
(1,29, ...) — —sign(z1)[|z1], |x2], .-.]
where Z = [-1,1] N (R\Q), is a bijection with the property po o, =G op.
We also wish to consider a generalization of this setup where G is a modular sub-

group of PSLy(Z). Let Eg be a set of fixed representative elements of the left cosets
in G\PSLy(Z). We now consider the set of oriented geodesics given by

Le= | e£)

ecEq

and the space

Yg = U e(Z) x {e}

ecEqg

with the topology inherited from R. The G-twisted Gauss map is

gg:igéig

(x,€) — (eSPSe_l(x), e)

for x € e(Z). It is shown in [KSO7b]| that a certain proper shift space X is isomorphic
to Y. This shift space is

Yo = {((x1,e1), (x2,€2),...) € (Z*xEq)N|(x1,22,...) € L, and e = 7u, (ex)Vk € N}
where 7., : Eg — Eq is defined by

Tai (k) =G exST™
equipped with the shift map

DYDY

((331, 61), (xg, 62), ) — ((1‘2, 62), (.7}3, 63), )
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and metric

o0

(s )i (o)) = D o (1= B -

=

The isomorphism g — Y¢ is given by
(e(i[nlv na, D? 6) = ((:Fnlv 6)7 (:an, TFny (6), (:an, T¥na (T:Fnl (6))), )

Formulating the limiting modular symbols in terms of the shift space rather than
directly in terms of points in R is useful because the shift space (X, o) is known
to be finitely irreducible (Prop 3.1 [KS07b|). This means that there is a finite set
W C X§, where X7 is the set of finite admissible words in the alphabet Z* x Eg,
such that for any a,b € Z* x Eg there exists w € W such that awb € X7,.

It is also shown in [KSO7b| that, as elements in ((x;,e;)); € Y satisfy eprq =
Tz, (€r), there is a relation in terms of the continued fraction expansion of z =

—sign(z1)[|x1], |22l ...] = [21, @2, ...]
epr1 =g 18T ...ST = e1G, ()

where

gk(x):<—sign<x1>pk_1<|x|> (—1)*pef2) ) (49)

qr—1(|2]) (=1 sign(@1)qu(|=))
Similar to equation 4.8, we have the relation describing the action of gy (z) on higher-

weight modular symbols

9x(2)[{0,i00,n,m}q

=) gon(eny Pl o pe(lz) 0] 0 1 n
= { gn( l)qk_l(!x\)’ gn( 1)qk(|$’), <_1 —|$k|> (_1 —|$1|> <m> }G.

(4.10)

4.3 Limiting modular symbol for the shift space

We now define a corresponding modular symbol on the shift space. Let Xg =
(HU P}(Q))/G. For an element of ¥, the associated limiting modular symbol on
the shift space is

ZG : EG — Hl(YG,R)

1 (4.11)
(2%, €)= Jim —{i, e1(z +iexp(—t))}e
where we set x = —sign(z1)[|z1], |z2|,...] € Z. The modular symbol on the right-

hand side, {i,e1(x + iexp(—t))}e¢ € Hi(Xqg,R), is the standard modular symbol
defined by Equation 4.1.



e1(v(t))

e1(ioc0)

FIGURE 4.2: DEFINITION OF THE LIMITING MODULAR SYMBOL FOR THE SHIFT SPACE

It is known that this limit can be equivalently written by approximating the point

e1(z) by its continued fraction expansion (Proposition 4.2 [KS07b]|)

I6(((zk, ex))x) = lim Z{ek i00), ex(0)}G- (4.12)

n—oo 2 log an |l“
We generalize this picture to the higher-weight setting by putting

lNG,n,m 1 Xg — Hl(XiGaﬂa (Rl(p*@)w)
) (4.13)
((zg, ex))p = lim g{i, ei(z +iexp(—t)),n,m}q.

We proceed by obtaining a similar result to equation 4.12, but now with modular

symbols of higher weight. Importantly, the result holds everywhere on X¢.

Theorem 4.3.1. For ((zg,er))r € Xg we have

- 1 >

] = lim —— j g L(z) (N,M

o (((zk, ex))k) = lim STog g (1)) k§1{€k(100)76k(0)79k_1(95) (N, M)}e
where Gy—1(7) = e1gr—1(x)e, "t and we set x = —sign(x1)[|z1], |z2], ...].

Proof. The proof follows the strategy outlined in [KS07b|, but here we track the
additional (n, m)-coordinate data of the higher-weight modular symbol. The general
strategy is as follows. We begin by showing that

o0

S {en(io0), ex(0), 37 Ly (N, M)} (4.14)

Lenm (ks ex))) = Hm oo —7—x
((( )) ) n—00 210an(‘x|) k=1

exists if and only if there is a sequence (t,)nen tending to infinity such that

1
lim —{z e1(z +ie ™), N, M}q (4.15)

77,4)00

exists, and that if either limit exists they coincide. Then, we will show that the limit

4.15 does not depend on the particular sequence (ty)nen chosen.
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The main idea is to write the geodesic passing through e (ico) and eq(z), in terms
of geodesics related to the continued fraction approximants of x. Define a sequence
of points in P}(Q) by

1 = eq(ioo)

&zzel(_agmxﬂpwaﬂxD) (4.16)

n > 2
an—2(|z|)

and let w,, be the oriented geodesic in HU P!(Q) which starts at &, and ends at &, 1.

Next, let I(x) be the oriented vertical geodesic running from ico to = and let e (I(z))
be its image. The image e;(l(x)) is a geodesic starting at & and ending at eq(x).

Define a sequence of points along e (I(x)) by

yn = wn Uer (I()). (4.17)

w1

&1=1n &3 e1(x) &4 )

FIGURE 4.3: APPROXIMATING e1(l(x)) BY CONTINUED FRACTIONS

Note that the oriented geodesic path from y, to y,41 is homologous to the geodesic

path running from y, to &,+1 t0 ynt1. Therefore, we have that

{ynvyn-‘rlaNa M}G = {yn7£n+17N7 M}G + {§n+17yn+17N7 M}G

for all n € N.

Recall that we have

ent1 =G €19, (T)
where g, for n > 2 is defined in 4.9 and g7 = id. Therefore, there exists some
gn(z) € G such that

gn(T)ent1 = e1g,(z).
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By property 4.2 of the modular symbols, and by directly acting g, on the points 0

and 700 by fractional linear transformations, we get

{en(ioo)v en(0)7 g;—ll(x) : (Nv M)}G = {§n71($)en(ioo)a §n71($)en(0)7 Nv M}G
= {e19,-1(2)(i00), e19n-1(x)(0), N, M}
= {§n7 gn-i-l’ N, M}G'

Using homologous paths and additivity of the modular symbols we find

{i,yn+1,N, M}G = {ivaanM}G + {yQ’yn+1aN7M}G

n
= {ivyZaNa M}G + Z{y/myk-f—lan M}G

k=2
n
= {iay27N7 M}G + Z ({yk7§k+17Na M}G + {£k+17yk+1aN7 M}G)
k=2
n+1
— {ivyZaNa M}G - {527y27N7 M}G - {yn+17§n+17N7 M}G + Z{é-kagk-I—l)Na M}G
k=2
n+1
= {i7§17N7 M}G - {yn—l-l’gn—‘rl;N?M}G + Z{§k7§k+l7N7 M}G
k=1
n+1
= {iaglva M}G - {yn+l,£n+laNa M}G + Z{ek(zoo),ek(O),hE],:l ’ (N’ M)}G
k=1

Let the sequence t,, be defined by the equation
e1(z +ie ™) == yp.
An argument involving hyperbolic geometry gives an estimate e~ ~ (g, (|x]))?, for

sufficiently large n (see Lemma 3.3 of [KSO07al).

With this we can complete the first part of the proof, concluding the equivalence of

the limits:

. 1 = . _
La,nm (((zg, ex))x) = lim Sog (i) > {en(ioo), ex(0), gity - (N, M)}
" k=1
.1 .
= nh_{& T({ZaynJrlaN? M}G + {yn+1a§n+17N3 M}G - {Z7£1aN7 M}G)
.1 .
= nli)n;o 7({27 Yn, N7 M}G + {yn7§n+17 N7 M}G - {27517 N7 M}G)

n

1
= lim —{i,yn, N, M}¢
ty

n—0o0

1
= lim —{i,ei1(z +ie ™), N, M}q

n—oo ty,

The second step of the proof is to show that the limit lim,, i{z, e1(x+ie”t), N, M}q

is independent of the choice of sequence (t,) tending to infinity. Recall that we have
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a non-degenerate pairing between the higher-weight modular symbols and the space

of cusp forms Sy12(G) ® Syi2(G).

Suppose that Lg n v (((zk, ex))r) exists. For

O = (@1, P2) € Sy+2(G) @ Sw4+2(G) arbitrary and ¢ > 0, let

as = (Lan v (((zr, ex))k) » @)

and let

nt = sup{n € N: 2log ¢, (|z|) < t}.

Our aim is to show that for all ® € Sy, 12(G) & Sy2(G),

' ie™!), N, M}q, ®
Jimn sup ({i,e1(x +ie”"),N,M}g, ®)

(ki {en(ioo), e(0), g ' (N, M)}, @)

t—o00 t

which will allow us to conclude that Ig n.as (((zk, ex))) exists and is equal to La y s ((zk, ex))r)-

QIOgQHt(’xD

=0,

We obtain a bound following exactly the same strategy as [KS07b|, but we repeat it

here for completeness.

{i,e1(z +ie”t),N,M}q, ®) B

<§t:{€k(ioo), ex(0), g, (N, M)}g, q>>
k=1

lim su
P t 210g g, (|])
ne
. R t <Z{ek(zoo),ek(0),§,;1(]\7, M)}G7¢)>
oy 2B (D (o e ). N MG ®) N\
t—o0 2t log qn, (|x]) 2tlog qn, (|z])
1 o
< limsup |+ ({isea(o -+ ie™), N, Mo = Y fextioo). x(0), 3 (N, M)}, ®)
ne
. <Z{ek(ioo),ek(0),§,;1(zv, M)}G7<I>>
_ t —
im0 =1\
t—o00 t QIOanthD
_ const. . log |zp41]
< lim sup + limsup ———— ||
t—00 n—00 10g qn(|-7/")
_ : log [zn41]
= |ag| limsup —————
n—oo 108 qn(|()

where in the last bound we are using the recursion relation ¢, (|z|) = |Tn+1|gn—1(|z|)+

gn—2(|]).

In the case that ag = 0 for all & € Sy,12(G) & Sw+2(G), the result follows im-

mediately. We will assume wlog that there is some ® such that ag > 0. In this case,
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we will show that limsup,,_, %gg'qi’(bmg = 0. To do this, we first observe that

n+1
< 5 {enlioo). ex(0). 37 (N. M)} <1>>

ap = lim k=1
n—oo QIquqH_l(’l“)
< S {en(io0), e4(0), 37 (N, M)} + {ensn (i00), ens (0), 311 (N, M)} <I>>
— lim —F=L
n—o0 2log qn(|z]) + 2log @41
n . -1
(2 tertm0, 0.5 (% g, ) 14 e OALOo
= < S {ex(ioo.ex <o>,gg1<N,M>}G,<I>>
= h_>m 1o, \a:k:1|
A 210g g (|2]) (1+b§qm))
14 ({ent1(i00),n+1(0),3, 11 (N, M)}, ®)
< S fex (z‘oo>,ek<o>yg,;1<N7M>}G,<1>>
= lim — 1
n—o00 1+ Og\$n+1|

log qn (|z])

Suppose for contradiction that limsup,,_,. llgg(‘i’&m; > 0. Then there is a subse-

log ‘mnk+1|
log g, (|])
Since we have assumed that ag > 0, we get

quence (ng)g such that limg_, o > 0, and hence limg_,o0 |Tp, 41| = 0.

({en4+1(i00) ey +1(0),3,, 41 (N, M)}, ®)

1+ o
< Ail{ej(ioo)ve]' (0)7§]'_1(N7M)}G1q>>
1= lim - Tog [ongra]
—00 "k
1+ log g, ()
— lim log an(|$|) <{€nk+1(ioo)7enk+1(0)7g7:k1+1(N7 M)}Ga (I)>
k—oco Nk ) 1 10g ‘$nk+1|
Zl{ej(%w),ej(o)ﬂj (N, M)}a,®
]:
1
- () =0
()
This is a contradiction, so we conclude that limsup,,_, ., loglentil _ O

log gn (|2])
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