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Preface

It is not very common to embark upon the assiduous project of writing a book on a
research topic within 5 years of its inception. One usually needs somewhat longer
time to let the dust settle, allowing a clear picture of the relevant mathematical
structures and the simplest forms and elegant proofs of the theorems to emerge. In
fact, when we began our ambitious programme of defining an analogue of the group
of isometries in the framework of noncommutative geometry and quantum groups
around 2008-2009, we did not even dream of a book in near future. However, the
enthusiasm and encouragement with which the new-born theory of quantum
isometry groups was received among different quarters of researchers from around
the globe and the flurry of papers on different aspects of it and several Ph.D. theses
being written up within 3—4 years were really overwhelming. It makes us feel that it
is perhaps the right time to collect the main results and present them in the form of a
book to make it convenient for those who are working in this area. There are two
important criteria for deciding the timing of a research monograph. On the one
hand, the topic should still be “hot” enough in terms of number of active researchers
working on it and recognition of importance of the theme among them. On the other
hand, there should be enough developments of the topic, such as some major
breakthroughs and some deep and difficult theorems which can pave directions of
future research. While there can be no doubt that the theme of the book fulfills the
first condition, we opine that the recent proof of the conjecture about nonexistence
of genuine isometric (compact) quantum group coaction on classical compact
connected manifolds by Goswami and Joardar, along with the new techniques and
auxiliary results used in the proof, has brought the theory of quantum isometry to a
level of maturity which qualifies for the second criterion.

A unique feature of this book is the emphasis on the interaction of C* algebraic
compact quantum groups with the operator-algebraic (i.e., a la Connes) noncom-
mutative geometry. There are several excellent books on noncommutative geometry
as well as quantum groups, but to the best of our knowledge, none of them deals
with both these areas together in a significant way. The only notable exception is
perhaps the classic treatise [1] by Manin which does present a pioneering



vi Preface

formulation of quantum symmetry groups as suitable universal bialgebras or Hopf
algebras in the context of noncommutative algebraic geometry, and it is indeed the
precursor of the (C* algebraic) quantum automorphism groups of finite dimensional
spaces and algebras defined and studied by Wang, Banica, Bichon et al., serving
also as a prime motivation for our theory of quantum isometry groups of more
general noncommutative Riemannian manifolds. However, Manin’s approach was
mostly algebraic and did not deal with the analytic or spectral setup of noncom-
mutative geometry or the setup of compact quantum groups a la Woronowicz. In
fact, there does not seem to be any book combining the algebraic noncommutative
geometry and compact quantum groups, barring stray discussions or passing ref-
erences to examples of compact quantum group equivariant spectral triples in some
of the recent books on noncommutative geometry. Our book proposes to fill this
gap in some sense.

However, there are a few very important topics in the interface of noncommu-
tative geometry and quantum groups which we have not at all touched, as we have
mainly dealt with the metric aspects of spectral triples which are relevant for
defining and studying isometries given by quantum group actions. These include
the theory of Hopf algebra symmetry and the corresponding Hopf-cyclic homology
and cohomology [2-6], fusion categories [7], Connes—Kreimer Hopf algebras in the
context of renormalization [8], quantum group equivariant KK-theory [9], Baum—
Connes conjecture [10, 11], covariant and bi-covariant differential calculus on
quantum groups in the sense of Woronowicz, Tsygan [12—15] and others.

We have tried our best to make the exposition as self-contained as possible.
However, a background in the basics of operator algebras, differential geometry,
and the Peter—Weyl theory of compact groups will be desirable. For the conve-
nience of readers, we have collected the basic concepts and results (mostly without
proofs) in the first two chapters. The list of references at the end of the book is by
no means exhaustive and we apologize for any inadvertent omission of some
relevant reference.

We take this opportunity to express our gratitude to Soumalya Joardar, Adam
Skalski, Arnab Mandal, Promit Ghosal, Teodor Banica, Piotr Soltan, Francesco
D’Andrea, Ludwik Dabrowski, Biswarup Das, Marc Rieffel, Chelsea Walton, Pavel
Etingof, Huichi Huang, Shuzhou Wang, Alexandru Chirvasitu, and Joahan
Quaggebear for collaboration or discussion on various topics presented in the book.
We are grateful to Alain Connes and Yuri Manin for their encouragement and some
valuable advice about the program of understanding quantum symmetries of non-
commutative spaces. Let us also thank Mr. Shamim Ahmad and the editorial team
of Springer India for their excellent cooperation throughout.

D.G. would like to dedicate this book to his daughters, Samyosree and Srijani,
who illuminate and rejuvenate every moment of their parents’ lives, without even
knowing about it. He is also grateful to his extended family and friends, including
his parents, mother-in-law, and Amit da for their invaluable practical and emotional
support. It is simply not possible to thank his life-partner Gopa, as she is an integral
part of his creative self. This book would not have been written without her constant
support, encouragement, and the extraordinary vivacity and efficiency with which
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she takes care of day-to-day life and handles any difficult situation. J.B. would like
to dedicate this book to his parents who bore a lot of hardship and innumerable
sacrifices silently for making him into the human being that he is now.

Kolkata, India Debashish Goswami

Jyotishman Bhowmick

References
1. Manin, Y: Quantum groups and non-commutative geometry. CRM, Montreal (1988)
2. Kaygun, A., Khalkhali, M.: Bivariant Hopf cyclic cohomology. Comm. Algebra 38(7),

10.

11.

12.

13.

14.

15.

2513-2537 (2010)

. Khalkhali, M., Rangipour, B.: Cup products in Hopf-cyclic cohomology. C. R. Math. Acad.

Sci. Paris 340(1), 9-14 (2005)

. Moscovici, H., Rangipour, B.: Cyclic cohomology of Hopf algebras of transverse symmetries

in codimension 1, Adv. Math. 210(1), 323-374 (2007)

. Moscovici, H., Rangipour, B.: Hopf cyclic cohomology and transverse characteristic classes,

Adv. Math. 227(1), 654-729 (2011)

. Hajac, P.M., Khalkhali, M., Rangipour, B., SommerhAxuser, Y.: Hopf-cyclic homology and

cohomology with coefficients. C. R. Math. Acad. Sci. Paris 338(9), 667-672 (2004)

. Etingof, P., Nikshych, D. and Ostrik, V.: On fusion categories, Ann. Math. 162(2), 581-642

(2005)

. Connes, A., Kreimer, D.: Hopf algebras, renormalization and noncommutative geometry,

Comm. Math. Phys. 199(1), 203242 (1998)

. Vergnioux, R.: KK-theorie Equivariante et Operateur de Julg-Valette pour les groupes quan-

tiques. Ph.D. thesis, Paris (2002)

Baum, P., Connes, A., Higson, N.: Classifying space for proper actions and K-theory of group
C*-algebras. C*-algebras: 1943-1993 (San Antonio, TX, 1993), 240-291. Contemp. Math.,
167. Amer. Math. Soc., Providence, RI, 1994.

Meyer, R. and Nest, R.: The Baum-Connes conjecture via localisation of categories. Topology
45, 209-259 (2006)

Woronowicz, S.L.: Differential calculus on compact matrix pseudogroups (quantum groups).
Commun. Math. Phys. 122(1), 125-170 (1989)

Tsygan, B.: Notes on differential forms on quantum groups. Selected translations, Selecta
Math. Soviet. 12(1), 75-103 (1993)

Heckenberger, 1., Schuler, A.: Laplace operator and Hodge decomposition for quantum groups
and quantum spaces, Quantum groups and integrable systems (Prague, 2001).
Czechoslovak J. Phys. 51(12), 1342-1347 (2001)

Heckenberger, 1., Kolb, S.: Differential calculus on quantum homogeneous spaces. Lett. Math.
Phys. 63(3), 255-264 (2003)



Contents

1 Preliminaries .. ......... ... .. .. ... .. .. .. 1
1.1  Operator Algebras and Hilbert Modules . . ................. 1
1.1.L1  C*Algebras .......... ... 1
1.1.2  Von Neumann Algebras ........................ 4
1.1.3  Free Product and Tensor Product ................. 5
1.1.4 Hilbert Modules. . . ............ ... .. .. .. ..... 6
1.2 Quantum Groups . ............cuuiiiiniiiei.. 8
1.2.1 Hopf Algebras. .............. .. ... .. ... ........ 8

1.2.2  Compact Quantum Groups: Basic Definitions
and Examples . .. ... ... ... .. L 10
123 The CQG Uy(2) o ovviiii 17
124 The CQG SUL2) v ooviiii i 18
1.2.5  The Hopf *-algebras O(SU,(2)) and U, (su(2)) ... ... 19
126 The CQG SO,(3) .. ovovvi 20
1.3 Coaction of Compact Quantum Groups on a C*Algebra . ... .. 21
1.3.1  Coactions on Finite Quantum Spaces .............. 22
1.3.2  Free and Half-Liberated Quantum Groups. .......... 25
1.3.3  The Coaction of SO,(3) on the Podles” Spheres.. . . . .. 27
1.4 Dual of a Compact Quantum Group. . .................... 29

1.5  Coaction on von Neumann Algebras by Conjugation

of Unitary Corepresentation . . .......................... 30
References. ... ... .. . 33
2 Classical and Noncommutative Geometry . .................... 37
2.1  Classical Riemannian Geometry . ........................ 37
2.1.1 Forms and Connections. . . ...................... 37
2.1.2  The Hodge Laplacian of a Riemannian Manifold . . . .. 38
2.1.3  Spin Groups and Spin Manifolds. . . ............... 39

ix



Contents

2.1.4 Dirac Operators. . . . ....ovvt e

2.1.5 Isometry Groups of Classical Manifolds . ...........
2.2 Noncommutative GEOMEtry ... ..............uuueono...

2.2.1  Spectral Triples: Definition and Examples. . .........

2.2.2  The Noncommutative Space of Forms. .............

2.2.3  Laplacian in Noncommutative Geometry. ...........
2.3 Quantum Group Equivariance in Noncommutative

GEOMELTY . . .ot
23.1 The Example of SU,(2) ........................
2.3.2  The Example of the Podles’ Spheres...............
2.3.3  Constructions from Coactions by Quantum

Isometries .. .......... .. i

2.3.4  R-twisted Volume Form Coming
from the Modularity of a Quantum Group. . .........
References. . . ... .. ...

Definition and Existence of Quantum Isometry Groups..........
3.1 The Approach Based on Laplacian. .. ....................
3.1.1  The Definition and Existence of the Quantum
Isometry Group . .. ...
3.1.2  Discussions on the Admissibility Conditions. . .......
3.2 Definition and Existence of the Quantum Group
of Orientation Preserving Isometries. . ....................
321 Motivation. . . ...
3.2.2  Quantum Group of Orientation-Preserving
Isometries of an R-twisted Spectral Triple. . .........
3.2.3 Stability and C* Coaction .. .....................
324  Comparison with the Approach Based
onLaplacian .. ......... ... ... ... .. . ...
3.3 The Case of J Preserving Quantum Isometries. . ............
3.4 A Sufficient Condition for Existence of Quantum Isometry
Groups Without Fixing the Volume Form .................
References. .. ... .

Quantum Isometry Groups of Classical and Quantum Spheres. . . .
4.1  Classical Spheres: No Quantum Isometries. . ...............
4.2 Quantum Isometry Group of a Spectral Triple
on Podles” Sphere. . ............. ... ... . ..
4.3  Descriptions of the Podles’ Spheres . .. ...................
4.3.1 The Description asin [3]........................
43.2  ‘Volume Form’ on the Podles’ Spheres. . ...........
44  Computation of the Quantum Isometry Groups .............
4.4.1 Affineness of the Coaction. . . ....................
4.4.2  Homomorphism Conditions. . ....................

75



Contents xi

4.4.3 Relations Coming from the Antipode . ............. 109
444  Identification of SO,(3) as the Quantum Isometry
GIOUD . .ttt 111
4.5  Another Spectral Triple on the Podles’ Sphere:
A Counterexample . . ......... ... ... 114
4.5.1 The Spectral Triple . . ......... ... ... ... ... .... 115
4.5.2  Computation of the Quantum Isometry Group. ... .... 117
References. .. ... .. 127
5 Quantum Isometry Groups of Discrete Quantum Spaces......... 129
5.1  Quantum Isometry Groups of Finite Metric Spaces
and Finite Graphs. . .. ......... ... ... .. ... ... .. ... 130
5.1.1 The Works of Banica [3] and Bichon [2] ........... 130
5.1.2  Noncommutative Geometry on Finite Metric
SPaACES . . vt 131
5.1.3  Quantum Symmetry Groups of Banica and Bichon
as Quantum Isometry Groups . ................... 133
5.2 Quantum Isometry Groups for Inductive Limits . ............ 136
5.2.1 Examples Coming from AF Algebras .............. 138
5.2.2  The Example of the Middle-Third Cantor Set........ 143
References. . .. ... ... 146
6  Nonexistence of Genuine Smooth CQG Coactions
on Classical Connected Manifolds . ... ....................... 149
6.1  Smooth Coaction of a Compact Quantum Group
and the No-Go Conjecture .. ........... ... ... ... ... .... 149
6.1.1  Definition of Smooth Coaction . .................. 149
6.1.2  Statement of the Conjecture and Some Positive
Evidence .. ...... ... .. ... . ... .. 150
6.1.3  Defining the ‘Differential’ of the Coaction .......... 153
6.2  Brief Sketch of Proof of Nonexistence of Genuine
Quantum Isometries . ................. .. ..., 155
6.3  An Example of No-Go Result Without Quadratic
Independence .. ........ ... ... . .. ... 158
References. .. ... . 161

7  Deformation of Spectral Triples and Their Quantum

Isometry Groups . ... ... ... . 163
7.1  Cocycle TWISting . . ... ...t 163
7.1.1  Cocycle Twist of a Compact Quantum Group. . . ... .. 164

7.1.2  Unitary Corepresentations of a Twisted Compact
Quantum Group. . . ...t 166

7.1.3  Deformation of a von Neumann Algebra by Dual
Unitary 2-Cocycles ... ... 167



xii

Contents

7.2 Deformation of Spectral Triples by Unitary Dual Cocycles . . ..
7.3 Quantum Isometry Groups of Deformed Spectral Triples. . .. ..
7.4  Examples and Computations. . . .. .......................
References. ... ... ...

Spectral Triples and Quantum Isometry Groups
on Group C*-Algebras .......... ... ... ... ... ... ... ... ....
8.1  Connes’ Spectral Triple on Group C*-Algebras
and Their Quantum Isometry Groups . ... .................
8.1.1  Quantum Isometry Groups of (C[I'],/*(T),Dr) ......
8.2  The Case of Finitely Generated Abelian Groups. ............
8.2.1  Computation for the Groups Z, and Z . ............
8.2.2  Results for the General Case. . ...................
8.3  The Case of Free Products of Groups. . ...................
8.3.1  Some Quantum Groups. ................c........
8.3.2  Results for the Free Groups F,, . . .................
8.3.3  Quantum Isometry Groups of Free Product
of Finite Cyclic Groups. . . .......... ... ... ......
8.4  Quantum Isometry Groups as Doublings ..................
8.4.1 Result for a Generating Set of Transpositions . . . . . ...
84.2 The Case When SHasaCycle...................
References. .. ... .. .

An Example of Physical Interest . .. .........................

9.1 Notations and Preliminaries ............................

9.1.1  Generalities on Real C*Algebras. .................

9.1.2  Quantum Isometries. . ..........................

9.2 The Finite Noncommutative Space F'.....................
9.2.1 The Elementary Particles and the Hilbert Space

of Fermions. .......... .. ... ... ... .. ... .. .. ...

9.2.2 The Spectral Triple . .. ........ . ... ... ........

9.2.3 A Hypothesis on the Y Matrices. .. ...............

9.3  Quantum Isometries of F' .. ............................

9.3.1 Q/I§OJ+ intwo special cases. ....................

9.3.2  Quantum Isometries for the Real C* Algebra Ap. ... ..

9.4  Quantum Isometries of M X F .. ........................

9.5  Physical Significance of the Results . .. ................ ...
9.5.1  Analysis of the Result for the Minimal Standard

Model . ... ... .

9.6  Invariance of the Spectral Action . . ......................

References. . .. ... ...

168

192



Contents

10 More Examples and Open Questions. ... ..................... 221
10.1 Free and Twisted Quantum Spheres and Their Projective
SPaACES o 221
10.1.1 Quantum Isometry Groups of Free
and Half-Liberated Quantum Spheres . ............. 223
10.1.2 Quantum Group of Affine Isometries a la Banica . . . .. 225
10.2  Easy Quantum Groups as Quantum Isometry Groups. ........ 226
10.3  Quantum Symmetry Groups of Orthogonal Filtrations . .. ... .. 227
10.4 Equivariant Spectral Triples on the Drinfeld—Jimbo
g-Deformation of Compact Lie Groups
and Their Homogeneous Spaces. ... ..................... 228
10.5 Quantum Isometry Groups for Metric Spaces............... 231

References. . . ... 234



About the Authors

Debashish Goswami is Professor at the Stat-Math Unit of the Indian Statistical
Institute, Kolkata, since 2011. Earlier, he held the positions of Associate Professor
(2006-2011) and Assistant Professor (2002-2006) at the same department. He
received his Ph.D. degree from the Indian Statistical Institute, Kolkata, in 2000.
After that, he spent a couple of years in Germany and Italy for his postdoctoral
research. His areas of interest include operator algebras, quantum groups, non-
commutative geometry, and noncommutative probability. He has published
40 research articles in several premier journals including Communications in
Mathematical Physics (Springer), Advances in Mathematics (Springer), Journal of
Functional Analysis, Physics Letters A, the Journal of Operator Theory,
Transactions of the American Mathematical Society, Mathematische Annalen
(Springer). In addition, he has published one book, Quantum Stochastic Processes
and Noncommutative Geometry (Cambridge University Press).

He has received numerous awards and academic recognitions for his work,
which include Shanti Swarup Bhatnagar Award (2012), J.C. Bose National
Fellowship (2016), Swarnajayanthi Fellowship (2009), B.M. Birla Science Prize
(2006), the INSA Medal for Young Scientists (2004), the Junior Associateship of
L.C.T.P. (Italy) for 2003—-2007 and the Alexander von Humboldt Fellowship for
2000-2001. He has been elected Fellow of the Indian Academy of Sciences
(Bangalore) in the year 2015. He has visited several universities and institutes in
India and abroad, including Massachusetts Institute of Technology (Cambridge),
University of California (Berkeley), Max Planck Institute for Mathematics (Bonn),
The Fields Institute (Canada), The Instituto Nacional de Matematica Pura e
Aplicada (Brazil), University of Lancaster (England), and The Institute for Research
in Fundamental Science (Iran), and delivered invited lectures at many conferences
and workshops all over the world.

Jyotishman Bhowmick is Assistant Professor at the Stat-Math Unit of the Indian
Statistical Institute, Kolkata. He obtained his Ph.D. from the Indian Statistical
Institute, Kolkata, in 2010, followed by postdoctoral positions at the Abdus

XV



XVi About the Authors

Salam International Centre for Theoretical Physics, Trieste, and the University
of Oslo. His research interests include noncommutative geometry and compact
quantum groups. He has published several articles in several journals of repute
including Communications in Mathematical Physics (Springer), Journal of
NoncommutativeGeometry, Journal of Functional Analysis, Transactions of the
American Mathematical Society, Proceedings of the American Mathematical
Society, and so on. He has received the INSA medal for Young Scientists in the
year 2015. He is an associate of the Indian Academy of Sciences (Bangalore). His
academic visits to foreign universities and institutes include Institut des hautes
études scientifiques (Paris), The Fields Institute (Canada), University of Glasgow
(Scotland), etc.



Notations

id
Span{X}
P(IN)
C>(M)
Cx (M)
Vi ®uag V2
AR B
MRN

The set of natural numbers

N u{o}

The set of real numbers

The set of complex numbers

The set of all n x n complex matrices

The circle group

The n-torus

Evaluation map

The identity map

The span of elements of a subset X of a vector space

The Hilbert space of square summable sequences

The space of smooth functions on a smooth manifold M

The space of compactly supported smooth functions on M
Algebraic tensor product of two vector spaces V| and V;
Minimal tensor product of two C* algebras A and B

von Neumann algebra tensor product of two von Neumann algebras
M and N

The multiplier algebra of a C* algebra A

The space of adjointable maps from Hilbert modules E to F
The space of adjointable maps from a Hilbert module E to itself
The space of compact operators from Hilbert modules E to F
The space of compact operators from a Hilbert module E to itself
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Introduction

The theme of this book lies on the interface of two areas of the so-called “non-
commutative mathematics,” namely noncommutative geometry (NCG) a la Connes,
cf [1] and the theory of (C* -algebraic) compact quantum groups (CQG) a la
Woronowicz, cf [2] which are generalizations of classical Riemannian spin
geometry and that of compact topological groups respectively.

The root of NCG can be traced back to the Gelfand Theorem which says that
there is an anti-equivalence between the category of (locally) compact Hausdorff
spaces and (proper, vanishing at infinity) continuous maps and the category of (not
necessarily) commutative unital C* algebras and x-homomorphisms. This means
that the entire topological information of a locally compact Hausdorff space is
encoded in the commutative C* algebra of continuous functions vanishing at
infinity. This motivates one to view a possibly noncommutative C* algebra as the
algebra of “functions on some noncommutative space”.

In classical Riemannian geometry on spin manifolds, the Dirac operator on the
Hilbert space L?(S) of square integrable sections of the spinor bundle contains a lot
of geometric information. For example, the metric, the volume form and the
dimension of the manifold can be captured from the Dirac operator. This motivated
Alain Connes to define his noncommutative geometry with the central object as the
spectral triple which is a triplet (A, H, D) where H is a separable Hilbert space,
A% is a (not necessarily closed) -algebra of B(H);D is a self-adjoint (typically
unbounded) operator (sometimes called the Dirac operator of the spectral triple)
such that [D, a] admits a bounded extension. This generalizes the classical spectral
triple (C*(M),L*(S), D) on any Riemannian spin manifold M, where D denotes
the usual Dirac operator.

On the other hand, quantum groups have their origin in different problems in
mathematical physics as well as the theory of classical locally compact groups. On
the algebraic level, quantum groups can be viewed as Hopf algebras typically
arising as deformations of semisimple Lie algebras. This was the viewpoint taken
by Drinfeld and Jimbo [3-6] leading to a deep and successful theory having con-
nections with physics, knot theory, number theory, representation theory etc. It was

XiX



XX Introduction

natural to look for an analytic counterpart of the theory of quantum groups with the
aim of building a theory of quantum harmonic analysis. It was achieved by S.L.
Woronowicz, who in [2, 7] was able to pinpoint a set of axioms for defining
compact quantum groups (CQG for short) as the correct generalization of compact
topological groups. The formulation of locally compact quantum groups remained
elusive for quite some time and there were a number of different approaches to this
problem. Finally, a satisfactory theory of locally compact quantum groups was
proposed in [8-10].

Groups are most often viewed as “symmetry objects,” and in a similar way,
quantum groups correspond to some kind of “generalized symmetry” of physical
systems and mathematical structures. Indeed, the idea of a group acting on a space
was extended to the idea of a CQG coacting on a noncommutative space (that is, a
possibly noncommutative C* algebra). The question of defining and finding “all
quantum symmetries” arises naturally in this context. Such an approach was taken
in the pioneering work by Manin [11], though in a purely algebraic framework.
Indeed, Manin’s quantum semigroups such as M,(2) [11, 12] were constructed as
universal symmetry objects of suitable mathematical entities. It was Shuzhou Wang
who began the study of the formulation of such universal symmetry objects in the
analytic framework of CQG. In [13] he defined and proved the existence of
quantum automorphism groups on finite dimensional C* algebras. Since then, many
interesting examples of such quantum groups, particularly the quantum permutation
groups of finite sets and finite graphs, have been extensively studied by a number of
mathematicians (see for example [14-21] and references therein). The underlying
basic principle of defining a quantum automorphism group corresponding to some
given mathematical structure (for example a finite set, a graph, a C* or von
Neumann algebra) consists of two steps: first, to identify (if possible) the group of
automorphism of the structure as a universal object in a suitable category, and then,
try to look for the universal object in a similar but bigger category, replacing groups
by quantum groups of appropriate type.

However, most of the work done by the above mathematicians concerned some
kind of quantum automorphism group of a “finite” structure, for example, of finite
sets or finite dimensional matrix algebras. It was thus quite natural to try to extend
these ideas to the “infinite” or “continuous” mathematical structures, for example
classical and noncommutative manifolds. With this motivation, one of the authors
of this book [22] formulated and studied the quantum analogues of the group of
Riemannian isometries called the quantum isometry group. Classically, an isometry
is characterized by the fact that its action commutes with the Laplacian. Therefore,
to define the quantum isometry group, it is reasonable to consider a category of
compact quantum groups which coact on the manifold (or more generally on a
noncommutative manifold is given by a spectral triple) in such a way that the
coaction commutes with the Laplacian, say £, coming from the spectral triple. It is

proven in [22] that a universal object in the category (denoted by Q’L) of such

quantum groups does exist (denoted by QISO*) if one makes some mild assump-
tions on the spectral triple all of which are valid for a compact Riemannian spin
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manifold. However, the formulation of quantum isometry groups in [22] had a
major drawback from the view point of noncommutative geometry, since it needed
a “good” Laplacian to exist. In noncommutative geometry, it is not always easy to
verify such an assumption about the Laplacian, and thus it would be more appro-
priate to have a formulation in terms of the Dirac operator directly. This is what is
done by the authors of this book in their joint work [23] where the notion of a
quantum group analogue of the group of orientation preserving isometries was
given and its existence as the universal object in a suitable category was proved.

Then, a number of computations for quantum isometry groups were done by the
authors of the present book and other mathematicians including Banica, Skalski,
Soltan, just to name a few [23-30]. Some of the main tools for making explicit
computations were provided by the results about the effect of deformation and
taking a suitable inductive limit on quantum isometry group. In particular, many
interesting noncommutative manifolds were obtained by deforming classical
Riemannian manifolds in a suitable sense and it was proved that the quantum
isometry group of such a deformed (noncommutative) manifold is nothing but a
similar deformation or twist of the quantum isometry group of the original, unde-
formed classical manifold. This led to the problem of computing quantum isometry
groups of classical Riemannian manifolds.

However, initial attempts of computing quantum isometry groups of connected
classical manifolds including the spheres and the tori (with the usual Riemannian
metrics) did not give any genuine quantum group, i.e., the quantum isometry groups
for all these manifolds turned out to be the same as the classical isometry groups. It
may be mentioned here that it is easy to have faithful isometric coaction of the
genuine compact quantum group on disconnected Riemannian manifolds with at
least four components. However, no examples of even faithful continuous coaction
by genuine compact quantum groups on C(X) with X being connected compact
space were known until H. Huang [31] constructed examples of such coactions on
topological spaces which are typically obtained by topologically connected sums of
copies of some given compact metric space. Another example of a genuine finite
dimensional compact quantum group on a compact connected space (which is a
subset of a nonsmooth variety) is essentially contained in Remark 4.3 of [32]. On
the other hand, it follows from the work of Banica et al. [33] that most of the known
compact quantum groups, including the quantum permutation groups of Wang, can
never coact faithfully and isometrically on a connected compact Riemannian
manifold. All these led the second author to conjecture that it is not possible to have
smooth faithful coactions of genuine compact quantum groups on C(M) when M is
a compact connected smooth manifold.

After a series of initial attempts, the above conjecture has finally been proved by
the second author in collaboration with Joardar [34] for two important cases:
(i) when the coaction is isometric for some Riemannian metric on the manifold, and
(i) when the quantum group is finite dimensional. In particular, the quantum
isometry group of an arbitrary compact, connected Riemannian manifold M is
classical, i.e., same as C(ISO(M)). This also implies that the quantum isometry
group of a noncommutative manifold obtained by cocycle twisting of a classical,
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connected, compact manifold is a similar cocycle twisted version of the isometry
group of the classical manifold, thus allowing us to explicitly compute quantum
isometry groups of a large class of noncommutative manifolds.

It is interesting to note that Etingof and Walton obtained a somewhat similar
nonexistence result in [32] in a purely algebraic setup of coactions of finite
dimensional semisimple Hopf algebras on commutative domains. However, the
proof by Etingof and Walton depends crucially on the finite dimensionality as well
as semisimplicity of the Hopf algebras considered by them and there is no obvious
way to extend the scope of their arguments to possibly infinite dimensional Hopf
algebras.

The above results are quite interesting from a physical point of view. Firstly, it
follows that for a classical mechanical system with phase space modeled by a
compact connected manifold, the generalized notion of symmetries in terms of
quantum groups coincides with the conventional notion, i.e., symmetries coming
from group actions. This gives some kind of consistency of the philosophy of
thinking quantum group coactions as symmetries. Secondly, it also allows us to
describe all the (quantum) symmetries of a physical model obtained by suitable
deformation of a classical model with connected compact phase space, showing that
such quantum symmetries are indeed deformations of the classical (group) sym-
metries of the original classical model.

The emerging theory of quantum isometry groups should have potential appli-
cations to a number of problems in mathematics and physics. We try to list a few
of them here.

One of the main motivations of noncommutative geometry was to treat “bad
quotients” arising in classical topology, geometry, dynamical systems, number
theory and many other areas of mathematics. Non-Hausdorff leaf spaces of folia-
tions, orbit spaces for nonproper group actions, etc., are some of the standard
examples of this kind which are usually substituted by their nice noncommutative
(C* -algebraic) analogues which are typically some sort of generalized crossed
product algebras. It often happens that the process of taking quotient destroys group
symmetries of a space, i.e., the noncommutative space modeling a quotient of some
nice space having a large symmetry group (e.g., homogeneous space of a Lie group)
does not admit too much group symmetries. However, it may have a large class of
natural and interesting quantum group symmetries, often (but not necessarily) those
coming from some kind of deformation or twist of the group symmetries of the
original space (before quotienting). For example, one may get an ergodic coaction
by the quantum isometry group for some natural spectral triple on such a non-
commutative quotient space. In a sense, this equips the noncommutative manifold
modeling the bad classical quotient with a nice quantum homogeneous space
structure.

The theory of quantum isometry groups should also play an important role in the
theory of compact quantum groups. Besides being a rich source of possibly new
examples of compact quantum groups, they should be thought of the prototypes of
compact Lie groups among compact quantum groups. It will be a very interesting
program to build a natural equivariant noncommutative Riemannian geometry on
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the quantum isometry group of a noncommutative Riemannian manifold (given by
a spectral triple). In this context, it is perhaps necessary to develop a noncommu-
tative counterpart of the classical theory of Killing forms in the framework of
noncommutative geometry. Another important program is to study the dual discrete
quantum groups of quantum isometry groups and try to prove the quantum Baum-—
Connes property [35] for them. Let us remark that for duals of compact Lie groups
this has already been verified.

Let us now speculate some possible roles of quantum isometry groups in phy-
sics. Symmetry always plays a very important role in any physical theory, and there
are already strong indications that a noncommutative model of space-time is called
for to build a satisfactory theory of still-elusive quantum gravity. For example, there
are interesting models given by Connes, Chamseddine, Marcolli and others [36—40]
and the natural symmetry for such noncommutative space-time should be given by
quantum groups. A rather ambitious program in this context will be to define the
(locally compact) quantum symmetry group of the noncommutative space-time
manifold and study its representation theory in the spirit of Wigner’s classical work
on prediction of fundamental particles of nature from the representation theory
of the Poincare group [41]. In fact, Connes—Chamseddine model is based on the
algebra C*(M) ® A where M is a smooth manifold and A is a finite dimensional C*
algebra. The spectral triples chosen are typically product type. A first step towards
understanding the quantum symmetries of such spectral triples has been taken in
[42] and [43].

It may be interesting to point out that in some physics literature on possible
theories of quantum gravity see, e.g. [44], such deformed versions of the classical
isometry groups of the space-time manifold (which is not compact though) have
been extensively used, and even termed as the “quantum isometry groups”. It is
perhaps intuitively assumed there that such a deformed quantum group is the
maximal quantum group coacting isometrically on the deformed space-time, but we
have not found a rigorous statement or proof of such assumption. Such a rigorous
proof can be given if we can extend our framework of quantum isometry including
the results about nonexistence of genuine quantum isometric coactions on con-
nected manifolds to the setup of locally compact quantum groups coacting iso-
metrically on locally compact noncommutative manifolds.

Besides quantum gravity, we speculate that there may be interesting applications
of quantum isometry groups to mathematical theories of quasi-crystals, nonintegral
quantum Hall effect, topological order, etc.

Now we try to give an idea of the contents of each of the chapters. In Chap. 1,
we discuss the concepts and results needed in the later chapters of the book. For the
sake of completeness, we begin with a glimpse of operator algebras and Hilbert
modules, free product and tensor products of C* algebras and some examples. The
next section is on quantum groups which we start with the basics of Hopf algebras
and then define compact quantum groups (CQG) and give relevant definitions and
properties including a brief review of Peter Weyl theory. After that, we introduce
the quantum groups U,(2),SU,(2),U,(su(2)) and SO,(3). We begin the next



XXiv Introduction

section by introducing the notion of a C* coaction of a compact quantum group on a
C* algebra and giving an account of Shuzhou Wang’s work in [13] and [45]. We
discuss the example of the coaction of SO,(3) on Podles’ spheres in details. The
chapter ends with two short sections on the notion of the dual of a CQG and
coactions on von Neumann algebras.

The second chapter deals with classical Riemannian geometry and its non-
commutative geometric counterparts. In particular, the definition and properties
of the Hodge Laplacian and the Dirac operator are discussed. We also derive the
characterizations of isometries (resp. orientation preserving isometries) in terms
of the Laplacian (resp. Dirac operator). In the section on noncommutative geom-
etry, spectral triples are introduced followed by the definitions of noncommutative
space of forms and the Laplacian in this setup. The last section of this chapter is on
the quantum group equivariance in Noncommutative Geometry where we discuss
the particular case of Podles’ spheres, the construction of equivariant spectral triples
from coactions by quantum isometries and the twisted volume form coming from a
coaction of a CQG with possibly nontrivial modularity.

The characterizations of the isometry group (resp. the group of orientation
preserving isometries) on a compact Riemannian (resp. spin) manifolds in Chap. 2
motivate the definition of the quantum isometry group (resp. quantum group of
orientation preserving isometries). This is the content of Chap. 3. In the first section
of this chapter, under some reasonable assumption on a spectral triple (A%, H, D)
(which we call admissibility), the quantum isometry group QISO* is defined to be
the universal object in the category of CQG’s admitting a smooth coaction on the
closure of A* such that the coaction commutes with the Laplacian. The case of a
quantum group of orientation preserving isometries is taken up in the next section.
The quantum group of orientation-preserving isometries of an R-twisted spectral
triple is defined (see [46] for the definition of an R-twisted spectral triple) and its
existence is proven. Given an R-twisted spectral triple (A>, H, D) of compact type,
we consider a category Q' of pairs (Q, U) where Qisa compact quantum group
which has a unitary (co)-representation U on H commuting with D, and such that
for every state ¢ on Q, (id ® ¢)ady maps A inside A;. Moreover, let Qg be a
subcategory of Q' consisting of those (Q, U) for which ady preserves the R-twisted
volume form. It is proven that Qg has a universal object to be denoted by

QI/SB,;* (D). The Woronowicz C* subalgebra of QI/SBR+ (D) generated by elements
f the f d 1),h ®1) — h "are i is in A and
of the form (ady(a)(n ®1),n @ >Q150R+ ) Where 71,11 are in H,a is in A> an
(., .>Q/;CT+( : denotes the QISO4 (D) valued inner product of H ® QISOg (D), is
SO (D
defined to be the quantum group of orientation and volume preserving isometries
of the spectral triple (A>,H, D) and is denoted by QISOg (D). The next subsection
explores the conditions under which the coaction of this compact quantum group
keeps the C* algebra invariant and is a C* coaction. After this, we compare this
approach with the Laplacian-based approach of [22]. The third section illustrates
the case when the spectral triple is endowed with a real structure J. Here, an
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adaptation of the above-mentioned definition forces a canonical choice of R and a
similar technique as above helps us to prove the existence of the universal object. In
the last section, we have given some sufficient conditions under which the universal

object in the bigger category Q' exists which is denoted by QISO+ (D) and the
corresponding Woronowicz C* subalgebra as above is denoted by QISO™ (D).

In Chap. 4, we compute QISO” for the classical spheres and show that these
coincide with the commutative C* algebra of continuous functions on their classical
isometry groups. The rest of the chapter is devoted to the computation of the
quantum group of orientation preserving isometries for two different families of
spectral triples on the Podles’ spheres, one constructed by Dabrowski et al. in [47]
and the other by Chakraborty and Pal in [48]. We start by giving different
descriptions of the Podles’ spheres and the formula for the Haar functional on it.
Then we show that the spectral triple on the Podles’ sphere constructed in [47] is
SU,(2) equivariant and R-twisted (for a suitable R). In the fourth section, the
computation for identifying SO, (3) as QISOZ for this spectral triple is given. In the
fifth section, the spectral triple defined in [48] is introduced and then the corre-
sponding QISO™ is computed. In particular, it follows that QISO™ in general may
not be a matrix quantum group and that it may not have a C* coaction.

In Chap. 5, we make contact with the works of Banica, Bichon et al. by showing
that their definition of quantum symmetry groups for finite metric spaces and graphs
can be viewed as quantum isometry groups in our sense. Next, we show that
QISO™ of spectral triples associated with some approximately finite dimensional
C* algebras arise as the inductive limit of QISO™ of the constituent finite
dimensional algebras. The results of this chapter are taken from [24] and [25].

In Chap. 6, the conjecture about nonexistence of a smooth faithful, coaction by a
genuine CQG on a compact connected Riemannian manifold is discussed. We give
a very brief outline of the long and technically involved proof of some important
cases of the conjecture as well as a number of examples supporting the conjecture.

Chapter 7 is about the QISO* and QISO, of a cocycle twisted noncommutative
manifold. We first discuss the cocycle deformation of compact quantum groups,
von Neumann algebras, and spectral triples, followed by the proof of the fact that
QIS OR+ and QISO* of a cocycle twist of a (noncommutative) manifold is a cocycle
twist of the QISOF and QISO* (respectively) of the original (undeformed)
manifold.

In Chap. 8 of the book, we discuss Connes’ spectral triples on C(I") coming
from length functions, where I' is a finitely generated discrete group. We prove the
existence of quantum isometry groups for such spectral triples using results of Sect.
3.4 of Chap. 3 and then present detailed computation for a number of interesting
examples.

Chapter 9 is devoted to a specific example which is very interesting and
important from a physical point of view, namely the quantum isometry group of the
finite geometry of the Connes—Chamseddine picture of the Standard Model. We
begin with some generalities on real C* algebras, followed by a brief discussion in
the finite noncommutative space of the Connes—Chamseddine model. Then we
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compute the quantum isometry group of the corresponding spectral triple and also
discuss some physical significance of our results.

In the last chapter, we briefly discuss quantum isometry groups of few more
interesting examples, including the free and half-liberated spheres, examples due to
Raum and Weber as well as some Drinfeld-Jimbo g-deformed examples. We also
give the outlines of other approaches to quantum isometry groups, such as the
framework of orthogonal filtrations due to Banica, Skalski and de Chanvalon, affine
quantum isometry groups in the sense of Banica and quantum isometry groups of
compact metric spaces due to Banica, Goswami, Sabbe and Quaegebeur. We
mention several open questions in this context.
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Chapter 1
Preliminaries

Abstract In this chapter, we discuss the basic concepts and results needed in the
later chapters of the book. Beginning with a glimpse of operator algebras and Hilbert
modules, free product and tensor products of C* algebras and some examples,
we proceed to the generalities on quantum groups including the basics of Hopf
algebras and compact quantum groups as well as some concrete examples such as
U,(2), SU,(2), U, (su(2)) and SO, (3). We also introduce the notion of a C* coac-
tion of a compact quantum group on a C* algebra and give an account of Shuzhou
Wang’s work in [35] and [42]. We discuss the example of the action of SO,(3) on
Podles’ spheres in details.

1.1 Operator Algebras and Hilbert Modules

We presume the reader’s familiarity with the theory of operator algebras and Hilbert
modules. However, for the sake of completeness, we give a sketchy review of some
basic definitions and facts and refer to [1-5] for the details. Throughout this book,
all algebras will be over C unless otherwise mentioned.

1.1.1 C* Algebras

A C* algebra A is a Banach x-algebra satisfying the C* property: [|x*x|| = ||x |? for
all x in A. The algebra A4 is said to be unital or non-unital depending on whether it
has an identity or not. Every commutative C* algebra 4 is isometrically isomorphic
to the C* algebra C(X) consisting of complex valued functions on a locally compact
Hausdorff space X vanishing at infinity (Gelfand’s Theorem). An arbitrary (possi-
bly noncommutative) C* algebra is isometrically isomorphic to a C*-subalgebra of
B(H), the set of all bounded operators on a Hilbert space H.

For x in A, the spectrum of x, denoted by o(x), is defined as the complement
of the set {z € C : (z1 —x)~! € A}. An element x in A is called self-adjoint if
x = x*, normal if x*x = xx*, unitary if x* = x~', projection if x = x* = x?
and positive if x = y*y for some y in .A. When x is normal, there is a continuous
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functional calculus sending f in C(o(x)) to f(x) in A, where f — f(x) is a *
isometric isomorphism from C (o (x)) onto C*(x).

A linear map between two C* algebras is said to be positive if it maps positive
elements to positive elements. A positive linear functional ¢ such that ¢(1) = 1 is
called a state on A. A state ¢ is called a trace if ¢p(ab) = ¢(ba) for all a, b in A
and faithful if ¢(x*x) = 0 implies x = 0. Given a state ¢ on a C* algebra A, there
exists a triple (called the GNS triple) (H, 7y, §3) consisting of a Hilbert space H,
a  representation 74 of A into B(H) and a vector £, in H, which is cyclic in the
sense that {my(x)&y : x € A} is total in H,, satistying

D(x) = (&, me(x)Ey).

For a two-sided norm closed ideal Z of a C* algebra A, the canonical quotient
norm on the Banach space A/Z is in fact the unique C* norm making .A/Z into a C*
algebra. Here we prove two results which we are going to need later on.

Lemma 1.1.1 [6] Let C be a C* algebra and F be a nonempty collection of
C*-ideals (closed two-sided ideals) of C. Then for any x in C, we have

supjez X + 11 = llx + loll,

where Iy denotes the intersection of all I in F and ||x + I|| = inf{||x — y|| : y € I}
denotes the norm in C/1.

Proof Itis clear that sup, .+ [|lx + || defines a norm on C/I,, which is in fact a C*
norm since each of the quotient norms ||. 4+ /|| is so. Thus the lemma follows from
the uniqueness of C* norm on the C* algebra C/ . (I

Lemma 1.1.2 Let C be a unital C* algebra and F be a nonempty collection of C*-
ideals (closed two-sided ideals) of C. Let Iy denote the intersection of all T in F, and
let pr denote the map C/Zy > x + 2o+ x + I € C/Z for T in F. Denote by Q2 the
set{wo pr,T € F, w state on C/Z}, and let K be the weak-+ closure of the convex
hull of 2 |J(—S2). Then K coincides with the set of bounded linear functionals w on
C /1y satisfying ||wl| = 1 and w(x* + Zp) = w(x + Lp).

Proof We will use Lemma 1.1.1. Clearly, K is a weak-* compact, convex subset of
the unit ball (C/Zy)7 of the dual of C/Z, satisfying —K = K.If K is strictly smaller
than the self-adjoint part of unit ball of the dual of C/Z,, we can find a state w on
C/Zy which is notin K. Considering the real Banach space X = (C/Zy);, and using
standard separation theorems for real Banach spaces (for example, Theorem 3.4 of
[71, page 58), we can find a self-adjoint element x of C such that ||x + Zy|| = 1, and

sup w'(x +Zy) < w(x + o).

w'ekK

Let v belonging to R be such that sup,,.x ' (x + Zy) < v < w(x + Zp). Fix
0 < e <w(x +Zy) —, and let Z be an element of F be such that ||x + Zy|| — % <
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lx +Z|| < llx+Zoll. Let ¢ be a state on C/Z such that ||x +Z|| = |¢(x +Z)|. Since
x is self-adjoint, either ¢(x + Z) or —¢(x + Z) equals ||x + Z||, and ¢’ := +¢ o p7,
where the sign is chosen so that ¢'(x + Zy) = |lx + Z|. Thus, ¢ is in K, so
lx +Zoll = ¢(x +7) < v < wx + Zy) — e. But this implies ||x + Zy|| <
lx +Zl| + 5 < wx +Zop) — 5 < |lx + Zoll — € (since w is a state), which is a
contradiction completing the proof. ([

For a C* algebra A (possibly non-unital), its multiplier algebra, denoted by
M(A), is defined as the maximal C* algebra which contains A as an essential two-
sided ideal, that is, A is an ideal in M (A) and for y in M(A), ya = Oforalla in A
implies y = 0. The norm of M(A) is given by |lx[| = sup,c 4 < {llxall, llax|}.
There is a locally convex topology called the strict topology on M(A), which is
given by the family of seminorms {||.||, , a € A}, where || x|, = Max(||xal|, |lax]]),
for x in M(A). M(A) is the completion of A in the strict topology.

We now come to the inductive limit of C* algebras. Let I be a directed set and
{A;}ic; be a family of C* algebras equipped with a family of C* homomorphisms
®;; + A;j — A; (when j < i) such that &;; = ®;;Py; when j < k < i. Then
there exists a unique C* algebra denoted by lim;.A; and C* homomorphisms ¢; :
A; — lim; A; with the universal property that given any other C* algebra A’ and
C* homomorphisms v; : A; — A’ satistying ¢); = 1);®;; for j < i, then there
exists unique C* homomorphism y : lim; 4; — A’ satisfying x¢; = ;. lim; A4; is
called the inductive limit C* algebra corresponding to the inductive system (A4;, ®;;).
The inductive limit of a sequence of finite dimensional C* algebras is called an
approximately finite dimensional C* algebra or AF algebra.

A large class of C* algebras is obtained by the following construction. Let Ay be
an associative x-algebra without any a priori norm such that the set ¥ = {7 : Ay —
B(H;) * —homomorphism, M, a Hilbert space} is non empty and |.||,, defined by
llall. = sup{||m(a)| : m € F} is finite for all a. Then the completion of Ay in ||.]|,,
is a C* algebra known as the universal C* algebra corresponding to Aj.

Example | Noncommutative two-torus Let 6 belong to [0, 1]. Consider the *
algebra A4, generated by two unitary symbols U and V satisfying the relation
UV = ¢*9VU. It has a representation 7 on the Hilbert space L>(S') defined
by 7(U)(f)(z) = f(™2), m(V)(f)(z) = zf(z) where f is in L*(S"), z is
in S'. Then |lal|, is finite for all a in Ay. The resulting C* algebra is called the
noncommutative two-torus and denoted by .4y.

Example 2 Group C* algebra Let G be a locally compact group with left Haar
measure 4. One can make L'(G) into a Banach x-algebra by defining

(f *)(1) =/Gf(S)g(S‘1t)du(S),

@) = A0 fah.
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Here f, g arein L'(G), A is the modular homomorphism of G.

L'(G) has a distinguished representation Treg ON L?(G) defined by Treo(f) =
f f ()7 (t)du(t) where 7(¢) is a unitary operator on L?(G) defined by (7 (¢) f)(g) =
ft'g) (f € LX(G), t, g € G). Thereduced group C* algebra C}G of G is defined
to be the completion of 7., (L'(G)) in the norm of B(L*(G)).

Remark 1.1.3 For G abelian, we have C;(G) = Co(f}\) where G is the group of
characters on G.

One can also consider the universal C* algebra described before corresponding
to the Banach #-algebra L'(G). This is called the free or full group C* algebra and
denoted by C*(G).

Remark 1.1.4 For the so-called amenable groups (which include compact and
abelian groups) we have C*(G) = C(G).

1.1.2 Von Neumann Algebras

We recall that for a Hilbert space H, the strong operator topology (SOT), the
weak operator topology (WOT) and the ultraweak topology are the locally
convex topologies on B(H) given by families of seminorms F;, F,, F3 respec-
tively where Fy = {p¢ : £ € H}, Fo = {pey : & € HY, B3 = {p, :
p is a trace class operator on ‘H} and p¢(x) = [|x§ll, pey(x) = [(x& )], pp(x) =
|Tr(xp)| (where Tr denotes the usual trace on B(H)).

Now we state a well-known fact.

Lemma 1.1.5 If T, is a sequence of bounded operators converging to zero in SOT,
then for any trace class operator W, Tr(T,W) — 0 asn — oo.

For any subset B of B(H), we denote by B’ the commutant of B, that is, B’ =
{x € B(H) : xb = bx for all b € B}. A unital C* subalgebra A C B(H) is called a
von Neumann algebra if .4 = .A” which is equivalent to being closed in any of the
three topologies mentioned above.

A state ¢ on a von Neumann algebra A is called normal if ¢(x,) increases to
¢(x) whenever x,, increases to x. A state ¢ on A is normal if and only if there is a
trace class operator p on H such that ¢p(x) = Tr(px) for all x in .A. More generally,
we call a linear map @ : A — B (where 5 is a von Neumann algebra) normal if
whenever x,, increases to x for a net x,, of positive elements from .4, the net ®(x,,)
also increases to ®(x) in 5. It is known that a positive linear map is normal if and
only if it is continuous with respect to the ultraweak topology. In view of this fact, we
shall say that a bounded linear map between two von Neumann algebras is normal
if it is continuous with respect to the respective ultraweak topologies.
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1.1.3 Free Product and Tensor Product

For two Hilbert spaces H; and H,, we will denote the Hilbert space tensor product by
Hi1 ®H,. If (A;);cs is a family of unital C* algebras, then their unital C* algebra free
product ;.7 A; is the unique C* algebra A together with unital *-homomorphisms
¥; + A; — A such that given any unital C* algebra 5 and unital *-homomorphisms
¢; - A; — B there exists a unique unital *-homomorphism ® : A — B such that

i = P o).

Remark 1.1.6 1Tt is a direct consequence of the above definition that given a family
of C* homomorphisms ¢; from A; to B, there exists a C* homomorphism *; ¢; such
that (x;¢;) o 1p; = ¢; for all i.

Remark 1.1.7 Werecall that for discrete groups {G; }ics, C*(kic; Gi) = *;c;C*(G}).

For two algebras A and B, we will denote the algebraic tensor product of A and
B by the symbol A ®,;, B. When A and B are C* algebras, there is usually more
than one norm on A ®,;, B so that the completion with respect to that norm is a
C* algebra. Throughout this book, we will mainly work with the so called injective
tensor product, that is, the completion of A ®,;, B with respect to the norm given on
A®uig Bby || 221 @i ® bil| = supl| 2[_; 71 (ai) ® ma(bi) || 5m,@m,) Where a; is in
A, b; is in B and the supremum runs over all possible choices of (71, H;), (m2, H)
where H;, H, are Hilbert spaces, m; : A — B(H;) and m, : A, — B(H;) are
*-homomorphisms and ||| 5¢7¢,97,) denotes the operator norm of B(H; ® H,). For
a treatment of maximal tensor products of C* algebras, to be denoted as @™, we
refer to the book [1]. We will denote the minimal tensor product of two C* algebras
A and B by the symbol A ® B. When A € B(H;), B € B(H;) are von Neumann
algebras, then A®B will stand for the von Neumann algebra tensor product, that is,
the WOT closure of A ®u, B in B(H; ® H»). We refer to [1] for more details.

Let A and B be two unital x-algebras. Then a linear map 7 from .4 to 5 is called
n-positive if T ® Id,, : A ® M, (C) - B ® M, (C) is positive for all k < n but not
necessarily for k = n 4 1. T is said to be completely positive (CP for short) if it is
n-positive for all n. It is a well-known result that fora CPmap T : A — B(H), one
has the following operator inequality for all a in A:

T(a)'T(a) = ITMWIT (@ a). (1.1.1)

Clearly, the composition of two CP maps is again CP. Moreover, given two CP maps
T; from A; to B;, i = 1,2, where A;, B; are C* algebras, 71 ®,, I» extends to a
unique CP map denoted by 7} ® 7> from A; ® A, to B; ® B,. When A;, B; are
von Neumann algebras, there is a similar CP extension of 7T; ®q 7> from A1®A,
to B;®B, which we will continue to denote (by a slight abuse of notation) by the
symbol 71 ® T». The following is an useful result about CP maps.

Proposition 1.1.8 If A and B are C* algebras with A commutative, ¢ is a positive
map from A to B, then ¢ is CP. The same holds if ¢ is from B to A.
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We end this subsection with a couple of results.

Lemma 1.1.9 Ler A, B be C* algebras and C = A ® B. Let F be a nonempty
collection of C*-ideals of B and I be the intersection of all ideals in F. If 7; and
my, are the canonical quotient maps from B to B/1 and B/ly respectively, then
NrerKer(id ® ;) = Ker(id ® 7p,).

Proof We first observe that Ker(id®7;) = {X € AQB: Vw € A* : (w®id)(X) €
1}. Thus,

Kerid® ) ={X € A® B : (w®id)(X) € I}

={XeAQB: (w®id)(X) e IVI e F}

—Ner (X e AR B : (w®id)(X) € I}

= ﬂ,ey:Ker(id(X)m). O

Lemma 1.1.10 Let Abe a C* algebraand w, wj (j = 1,2, ...) be states on A such
that w; — w in the weak-x topology of A*. Then for any separable Hilbert space H
and for all Y in M(K(H) ® A), we have (id @ w;)(Y) — (id ® w)(Y) in the strong
operator topology.

Proof Clearly, (id ® w;)(¥Y) — (id ® w)(Y) (in the strong operator topology) for
all Y in Fin(H) ®ay A, where Fin(H) denotes the set of finite rank operators on H.
Using the strict density of Fin(H) ®a.A in M(K(H) ®.A), we choose, for a given ¥
in M(K(H) ® A), { in K with [|£]| = 1, and § > 0, an element ¥} in Fin(H) ®4, A
such that || (Y — Yp)(|€ >< £| ® 1)|| < 9. Thus,

[Gd ® wj)(¥)E — (1d @ w) (Y|
= [Gd @w)(Y(I§ >< &l ® D) — (ild @ w)(Y (|§ >< £l ® DX
= 1Gd @ wj)(Yo(I§ >< &I ®@ D)E — (id @ w) (Yo (I§ >< £l @ )|
+2[[(Y = Yo)(I§ >< £l ® DI
= 1Gd @ w)(Yo(I§ >< {1 ®@ D)E — (id @ w) (Yo(I§ >< &l ® 1))El + 20,

from which it follows that (id ® w;)(Y) — (id ® w)(Y) in the strong operator
topology. O

1.1.4 Hilbert Modules

Given a #-subalgebra A C B(H) (where H is a Hilbert space), a semi-Hilbert A
module E is aright A-module equipped with a sesquilinearmap (., .) : EXE — A
satisfying (x, y)* = (v, x), {(x,ya) = (x, y)a and {(x,x) > O forx, y in E and a
in A. A semi-Hilbert module is called a pre-Hilbert module if (x, x) = 0 if and only
if x = 0. It is called a Hilbert module if furthermore, A is a C* algebra and E is
complete in the norm x +— ||{x, x) ||% where ||.| is the C* norm of A.
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The simplest examples of Hilbert .A modules are the so-called trivial .4 modules
of the form H ® A where H is a Hilbert space with an .A valued sesquilinear form
defined on H ®qp Aby: (( ® a, & ® a') = (£, &) a*a’. The completion of H ®q, A
with respect to this pre-Hilbert module structure is a Hilbert .A module and is denoted
by H ® A.

We recall that for a pre-Hilbert .4 module E (A is a C* algebra), the Cauchy
Schwarz inequality holds in the following form: 0 < (x, y) (y, x) < (x, x) [[{y, V)| -

Let E and F be two Hilbert A modules. We say that a C linear map L from
E to F is adjointable if there exists a C linear map L* from F to E such that
(L(x),y) = (x,L*(y)) forall x in E, y in F. We call L* the adjoint of L. The set
of all adjointable maps from E to F is denoted by L(E, F). In case E = F, we
write L(E) for L(E, E). For an adjointable map L, both L and L* are automatically
A-linear and norm bounded maps between Banach spaces. We say that an element
L in L(E, F) is an isometry if (Lx, Ly) = (x, y) forall x, y in E. L is said to be
a unitary if L is isometry and its range is the whole of F. One defines a norm on
L(E, F)by |IL|l = sup,cg. jxj<1 1L L(E) is a C* algebra with this norm.

There is a topology on L(E, F) given by a family of seminorms {|.]|, , -1y -

x € E, y € F) (where |||, = H (tx. tx)}

and [z], = H (t*y, t*y)% H) known as
the strict topology. For x in E, y in F, we denote by 6, , the element of L(E, F)
defined by 0, ,(z) = y (x, z) (where z is in E). The norm closure (in L(E, F)) of
the A linear span of {0, , : x € E, y € F}is called the set of compact operators and
denoted by KC(E, F) and we denote IC(E, E) by K(E). These are not necessarily
compact in the sense of compact operators between two Banach spaces. One has the
following important result:

Proposition 1.1.11 The multiplier algebra M(JC(E)) of K(E) is isomorphic with
L(E) for any Hilbert module E .

Using this, for a possibly non-unital C* algebra B, we often identify an element
V of M(K(H) ® B) with the map from H to H ® B which sends a vector £ of H to
VE®Ip)inHB.

Given a Hilbert space H and a C* algebra A, and a unitary element U of
M(K(H) ® A), we shall denote by ady the x-homomorphism ady (X) = U(X ®
l)ﬁ * for X belonging to B(). For a not necessarily bounded, densely defined (in
the weak operator topology) linear functional 7 on B(H), we say that ad, preserves
7 if ady maps a suitable (weakly) dense *x-subalgebra (say D) in the domain of 7
into D ®qe A and (7 ® id)(ady (x)) = 7(x).1 4 for all x in D. When 7 is bounded
and normal, this is equivalent to (7 ® id)(ady (x)) = 7(x)1 4 for all x belonging to
B(H).

We say that a (possibly unbounded) operator 7 on H commutes with U if T @ 1
(with the natural domain) commutes with U. Sometimes such an operator will be
called U-equivariant.
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1.2 Quantum Groups

In this section, we will recall the basics of Hopf algebras and then define compact
quantum groups (following [8, 9]). After that, we will discuss a few examples of
quantum groups and the concept of a coaction of a compact quantum group on a C*
algebra. For more detailed discussion, we refer to [10—14] and the references therein.
In this book, we will be concerned about compact quantum groups only. For other
types of quantum groups, we refer to [11, 15-20], etc.

1.2.1 Hopf Algebras

We recall that an associative algebra with an unit is a vector space A over C together
with two linear maps m : A ®,, A — A called the multiplication or the product and
1 : C — A called the unit such that m(m ® id) = m(id @ m) and m(n ® id) = id =
m(id ® n). Dualizing this, we get the following definition.

A coalgebra A is a vector space over C equipped with two linear maps A : A —
A ® A called the comultiplication or coproduct and € : A — C such that

(A @A = (id ® A)A,
(e®id)A = id = (id ® ©)A.

Let (A, A4, €q) and (B, Ap, €g) be co algebras. A C linear mapping ¢ : A — B
is said to be a cohomomorphism if

Apodp=(¢d®P)As, €4 =€po .

Let o denote the flip map: A ®,; A — Ay ® A givenby 0(a @ b) = b ® a.
A coalgebra is said to be cocommutative if c o A = A. A linear subspace B of A
is a subcoalgebra of A if A(B) € B ®y, B. A C linear subspace Z of A is called
a coideal if A(Z) € A ®,3Z + 7 Qqg A and €(Z) = {0}. If 7 is a coideal of A,
the quotient vector space A/Z becomes a coalgebra with comultiplication and counit
induced from A.
Sweedler notation We introduce the so-called Sweedler notation for comultiplica-
tion. If a is an element of a coalgebra A, the element A(a) in A ® A is a finite sum
Aa) = Z,» ay; ® ay; where ay;, as; belongs to A. Moreover, the representation of
A(a) is not unique. For notational simplicity we shall suppress the index i and write
the above sum symbolically as A(a) = a() ® a(). Here the subscripts (1) and (2)
refer to the corresponding tensor factors.

Definition 1.2.1 A vector space A is called a bialgebra if it is an algebra and a
coalgebra along with the condition that A : 4 - AQu; Aande: A — Care
algebra homomorphisms (equivalently, m : A ®u A — Aandn : C — A are
coalgebra cohomomorphisms).
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Definition 1.2.2 A bialgebra A is called a Hopf algebra if there exists a linear map
k : A — A called the antipode or the coinverse of 4, such that m o (k ® id)A =
noe=mo (id® k) o A.

Dual Hopf algebra

Let us consider a finite dimensional Hopf algebra .A. Then the dual vector space A’
is an algebra with respect to the multiplication fg(a) = (f ® g)A(a). Moreover,
for f in A’, one defines the functional A(f) € (A Qg A)' by A(f)(a ® b) =
f(ab), a, bin A. Since A is finite dimensional, (4 ®u A) = A’ Qq A’ and so
A(f) belongs to A’ ® A’. Then the algebra A’ equipped with the comultiplication
A, antipode ~ defined by (k f)(a) = f(x(a)), counit € 4 defined by e 4 (f) = f(1)
and 1 4 (a) = e(a) gives a Hopf algebra. This is called the dual Hopf algebra of .A.

Definition 1.2.3 A Hopf x-algebra is a Hopf algebra (A, A, s, ¢) endowed with an
involution * which maps a to an element denoted by a* satisfying the following
properties:

1.Foralla,bin A, a, 8inC, (aa + Bb)* = aa* + Bb*, (a*)* = a, (a.b)* =
b*a*.

2.A: A— A®ug Ais ax-homomorphism which means that A(a*) = A(a)*
where the involution on A ®,, A is defined by (¢ ® b)* = a* ® b*.

3. k(k(a*)*) = a forall a in A.

Proposition 1.2.4 In any Hopf x-algebra (A, A, k, €), we have e(a*) = €(a) for all
ain A.

We recall that the dual algebra A’ of a Hopf x-algebra A is a x-algebra with
involution defined by

f*(a) = f(k(a)*), for fin A’

Dual Pairing

A left action of a Hopf x-algebra (U, Ay, ku, €i4) on another Hopf x-algebra
(A, Ay, k4, €4) is a bilinear form > : U x A — C if the following conditions
hold:

D fe(@a) =Au(f)>(a Q@a), (fifa)pa=(/i® fr)>Axa);
Q) fela=eu(f), ly>a=-cala);
B)f*>a= fr>ra(@)" (equivalently f >a* = ky(f)* >a)

for all f, f1, f> inU and a, ay, a, in A.

Similarly, a right action of a Hopf x-algebra (U/, Ay, ky, €4) on another Hopf -
algebra (A, A4, k4, €.4)isabilinear form< : AxU — Cifthe following conditions
hold: ajax < f = (a1 < f))(@2 < fo)), a<(f1f2) = Aal@) < (1 ® f2), la<f =
eu(f), a<ly =eqa),a< f* =ra(a)* < f (equivalently a* < f = a < ky (f)*)
for all f, f, f> inU and a, ay, a, in A.

U = A’ gives a particular case of this duality pairing.



10 1 Preliminaries

1.2.2 Compact Quantum Groups: Basic Definitions
and Examples

The aim of this subsection is to introduce compact quantum groups developed by
Woronowicz in [8, 9, 21]. For more recent expositions, we refer to [22, 23].

Definition 1.2.5 A compact quantum group (to be abbreviated as CQG from now
on) is given by a pair (S, A), where S is a unital separable C* algebra equipped with
a unital C*-homomorphism A : § — § ® S (where ® denotes the injective tensor
product) satisfying

(ai) (A ®id) o A = (id ® A) o A (coassociativity), and
(aii) each of the linear spans of A(S)(S ® 1) and of A(S)(1 ® S) are norm dense in
S®S.

It is well known (see [8, 9]) that there is a canonical dense *-subalgebra Sy of S,
consisting of the matrix elements of the finite dimensional unitary corepresentations
(to be defined shortly) of S, and maps € : Sy — C (counit) and k : Sy — Sp
(antipode) defined on Sy which make Sy a Hopf *-algebra.

The following theorem is the analogue of Gelfand Naimark duality for commu-
tative CQGs.

Proposition 1.2.6 Let G be a compact group. Let C(G) be the algebra of continuous
functions on G. If we define A by A(f)(g, h) = f(g.h) for fin C(G), g,hinG,
then this defines a CQG structure on C(G).

Conversely, let (S, A) be a CQG such that S is a commutative C* algebra. Let
H(S) denote the Gelfand spectrum of S and endow it with the product structure
givenby xxX' = (x®X')A where x, X arein H(S). Then H(S) is a compact group.

Remark 1.2.7 In[24], A Van Daele removed Woronowicz’s separability assumption
(in [8]) for the C* algebra of the underlying compact quantum group. We remark
that although we assume that CQG’s are separable, most of the results in this book
go through in the non separable case also.

Definition 1.2.8 Let (S, As) be a compact quantum group. A vector space M is
said to be an algebraic S comodule (or S comodule) if there exists a linear map
a: M — M ®, Sp such that

lLa®id)a = (1d ® As)a,

2. (d® e)a(m) = m forall m in M.

In the notations as above, let us define & : M ®,; S — M Ry S by & =
(id ® m)(a ® id). Then we claim that « is invertible with the inverse given by
Tm®q)=(0d ® k)a(m)(1 ® g), where m isin M, g isin S. As T is defined to
be Sy linear, it is enough to check that aT(m @ 1) = m ® 1.
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aTm®1)
=a(ma @ k(mp)1)
= mu) ® may)k(me)
= (1d @ m(id ® k) A)a(m)
= (id ® €().1)a(m)
=mQl.

Similarly, 7a = id. Thus,
T=al. (1.2.1)

Definition 1.2.9 A morphism from a CQG (S;, A1) to another CQG (S;, Ay) is a
unital C* homomorphism 7 : §§ — &S, such that

(m @ M)A = Ay,

It follows that in such a case, m preserves the Hopf x-algebra structures, that is,
we have
T((S1)o) € (82, TR = Ko, €T =€y,

where k1, €; denote the antipode and counit of S; respectively, while «;, €, denote
those of S,.

Definition 1.2.10 A Woronowicz C*-subalgebra of a CQG (S;, A) is a C* subal-
gebra S; of S; such that (S, Als,) is a CQG and the inclusion map from S, — S
is a morphism of CQG s.

Definition 1.2.11 A Woronowicz C*-ideal of a CQG (S, A) is a C* ideal J of S
such that A(J) € Ker(w ® ), where 7 is the quotient map from S to S/ J.

It can be easily seen that a kernel of a CQG morphism is a Woronowicz C*-ideal.
We recall the following isomorphism theorem:

Proposition 1.2.12 The quotient of a CQG (S, A) by a Woronowicz C*-ideal T has
a unique CQG structure such that the quotient map 7 is a morphism of CQG s. More
precisely, the coproduct A on §/T is given by A(s + 1) = (71  m)A(s).

Definition 1.2.13 A CQG (S§', A') is called a quantum subgroup of another CQG
(S, A) if there is a Woronowicz C*-ideal J of S such that (S’, A") = (S, A)/J.

Let us mention a convention which we are going to follow.

Remark 1.2.14 We shall use most of the terminologies of [25], for example,
Woronowicz C* -subalgebra, Woronowicz C*-ideal etc., however with the exception
that we call the Woronowicz C* algebras just compact quantum groups, and not use
the term compact quantum groups for the dual objects as done in [25].
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Let (S, A) be a compact quantum group. Then there exists a state 4 on S, to be
called a Haar state on S such that (2 ®id)A(s) = (d®h)A(s) = h(s).1. We recall
that unlike the group case, 2 may not be faithful. But on the dense Hopf *x-algebra
Sp mentioned above, it is faithful. We have the following:

Proposition 1.2.15 Leti : S — S, be an injective morphism of CQG s. Then the
Haar state on Sy is the restriction of that of S, on S .

Remark 1.2.16 In general, the Haar state may not be tracial. In fact, there exists a
multiplicative linear functional denoted by f; in [9] such that h(ab) = h(b(f1 <a >
f1)). Moreover, from Theorem 1.5 of [8], it follows that the Haar state of a CQG is
tracial if and only if x* = id.

Corepresentations of a compact quantum group

Definition 1.2.17 A corepresentation of a compact quantum group (S, A) on a
Hilbert space H is a map U from H to the Hilbert S module H ® S such that
the element U € M(K(H) @ S) given by UE®b) = UEb (EinH,binS)
satisfies L

(id® AU = UuyUqs),

where for an operator X in B(H; ® H,) we have denoted by X (2, and X ;3 the
operators X ® I, and 253X (12) 223 respectively and X,3 is the unitary on H; ®
'H, ®~Hg which flips the two copies of H,.

If U is an unitary element of M(K(H) ® S), then U is called a unitary corepre-
sentation.

Remark 1.2.18 Let ¢ be a CQG morphism from a CQG (S;, A) to another CQG
(82, A). Then for every unitary corepresentation U of S, (id ® ¢)U is a unitary
corepresentation of S.

Following the definitions given in the last part of Sect. 1.1.4 and a unitary corepre-
sentation U of a CQG on a Hilbert space H, and a not necessarily bounded, densely
defined (in the weak operator topology) linear functional 7 on B(H), we will use the
notation ady and the terms “ady preserves 7 and “U equivariant” throughout this
book.

A CQG (S, A) has a distinguished corepresentation which generalizes the right
regular representation of groups. Let H be the GNS space of S associated with the
Haar state 1, &, be the associated cyclic vector and X be a Hilbert space on which &
acts faithfully and nondegenerately. There is a unitary operator u on H ® X defined
by u(aéy®mn) = Aa)(§o®n) where a isin S, nisin [C. Then u can be shown to be
an element of the multiplier of JC(H) ® S and called the right regular corepresentation
of S.

Let v be a corepresentation of a CQG (S, A) on a Hilbert space H. A closed
subspace H; of H is said to be invariant if (e ® 1)v(e® 1) = v(e® 1), where e is the
orthogonal projection onto this subspace. The corepresentation v is called irreducible
if the only invariant subspaces are {0} and . It is clear that one can make sense of
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direct sum of corepresentations in this case also. Moreover, for two corepresentations
v and w of a CQG (S, A) on Hilbert spaces H; and H;, the tensor product of v and
w is given by the element v(;3,w23). The intertwiner between v and w is an element
x in B(Hy, H>) such that (x ® 1)v = w(x ® 1). The set of intertwiners between
v and w is denoted by Mor(v, w). Two corepresentations are said to be equivalent
if there is an invertible intertwiner. They are unitarily equivalent if the intertwiner
can be chosen to be unitary. We denote by Rep(S) the set of inequivalent irreducible
unitary corepresentations of S.

Just like the case of compact groups, CQGs have an analogous Peter Weyl theory
which corresponds to the usual Peter Weyl theory in the group case. We will give a
sketch of it by mentioning the main results and refer to [8, 9, 26] for the details.

Let v be a unitary corepresentation of (S, A) on H. If H, is an invariant subspace,
then the orthogonal complement of 7, is also invariant. Any nondegenerate finite
dimensional corepresentation is equivalent to a unitary corepresentation.

Every irreducible unitary corepresentation of a CQG is contained in the right
regular corepresentation. Let v be a corepresentation on a finite dimensional Hilbert
space H. If we denote the matrix units in B(H) by (e,,), we can write v = >e pq ®
Upg- VUpq are called the matrix elements of the finite dimensional corepresentation v.
Definev = ¢,, ® v,,- Then v is a corepresentation and is called the adjoint of v.
It can be shown that if v is a finite dimensional irreducible corepresentation, then v
is also irreducible. Moreover, for an irreducible unitary corepresentation, its adjoint
is equivalent to a unitary corepresentation.

The subspace spanned by the matrix elements of finite dimensional unitary corep-
resentations is denoted by Sy. Firstly, Sy is a subalgebra as the product of two matrix
elements of finite dimensional unitary corepresentations is a matrix element of the
tensor product of these corepresentations. Moreover, as the adjoint of a finite dimen-
sional unitary corepresentation is equivalent to a unitary corepresentation, Sy is *
invariant. We note that 1 is in Sy as 1 is a corepresentation. Now, we will recall some
basic facts about the subalgebra Syp. We will denote the Haar state of S by . We
refer to [9] for the proof of the following statement.

Proposition 1.2.19 (1) S is a dense x-subalgebra of S.

(2) Let {u™ : m € Rep(S)} be a complete set of mutually inequivalent, irreducible
unitary corepresentations. We will denote the corepresentation space and dimension
of u™ by H, and d, respectively. Then the Schur’s orthogonality relation takes the
following form:

For any m in Rep(S), there is a unique positive invertible operator F™ =
((F™(, j))) acting on 'H . such that for any w, B inRep(S) and 1 < j,q <d,, 1 <
i, p <dg,

g % 1
Tr(F™) = Tr((F™)™") = Mx(say), h((u},) u7,) = Eaaﬂap,,(ﬂr‘(i, 0

1
(), (ul)*) = - 0m00pq F7 (i ).
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M, is called the quantum dimension of the corepresentation m, often denoted by
di.

(3) For any complex number z, let ¢, be the functional on Sy defined by ¢, (uiy) =
(F™)*(j, i). Then each ¢, is multiplicative, (¢, x 1) = 1, ¢, * ¢y, = @(z1w), and for
any fixed element a € Sy, z > ¢,(a) is a complex analytic map.

(4) {u;rq :m € Rep(S), 1 < p,q <d;}forma basis for S.

(5) Moreover, A maps Sy into Sy ®ay So. In fact, A is given by Auy,) =
D Uy, ® up,. A counit and an antipode are defined on Sy respectively by the
formulas:

€(uh,) = 0pg, K(uY,) = (ug,)"

With this, Sy becomes a Hopf x-algebra.

Corresponding to m € Rep(S), let pf,, be the linear functional on S given by
pr,(x) = h(x],x),s,m =1,...,d; forx € §, where x], = (dD)uj; (F"(k,s)).

Also let p™ = Zf”zl pL,- Given a unitary corepresentation V of S on a Hilbert space
'H, we get a decomposition of H (called the spectral decomposition) as

H = @rcrep(S).1<i<m, H] ,

where m is the multiplicity of 7 in the corepresentation V and V| is unitarily
equivalent to a unitary irreducible corepresentation u™. The subspace H" = @®; H[
is called the spectral subspace of type 7 corresponding to the irreducible corepresen-
tation 7. It is nothing but the image of the spectral projection given by (id ® p™)V.
Then we have from Lemma 8.1 of [26], p},, (u},,) = 1 and p7, is zero on all other
matrix elements.

Recall from [27], the modular operator ® = S*S, where S is the conjugate-linear
acting on the L?(h) given by S(a.1) := a*.1 for a € S. The one parameter modular
automorphism group (see [27]) ®, (say), corresponding to the state & is given by
©,(a) = ®"ad". Note that here we have used the symbol & for the modular
operator as A has been used for the coproduct. From part (2) of Proposition 1.2.19,
we see that

@2y = F7, forall mandi. (1.2.2)

In particular ® maps Lz(h)}T into Lz(h)l.ﬂ for all i.

Given the Hopf x-algebra Sy, there can be several CQG’s which have this
x-algebra as the Hopf x-algebra generated by the matrix elements of finite dimen-
sional corepresentations. However, there exists a largest such CQG S*, called the
universal CQG corresponding to Sy. It is obtained as the universal enveloping C*
algebra of §p. We also say that a CQG S is universal if S = S*. For details the
reader is referred to [28]. The C*-completion S, of Sy in the norm of B(L?(h))
(L?(h) denotes the GNS space associated to /) is a CQG and called the reduced
quantum group corresponding to S. If 4 is faithful then S and S, coincide. In gen-
eral there will be a surjective CQG morphism from S to S, identifying the latter
as a quantum subgroup of the former. Clearly, Sy sits as a common subalgebra in
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both S and §“, dense in their respective norms. Thus, for 7 in Rep(S), we have
7w C4 — C ®alg So € C ®alg S* is also an irreducible unitary corepresentation
of 8", to be denoted by 7. In fact, 7 — m, is a bijective correspondence between
Rep(S) and Rep(S*). Moreover, as any unitary corepresentation decomposes into
a direct sum of irreducible ones, the above correspondence extends to a bijective
correspondence v — v, between unitary corepresentations of S and those of S*.

There is also a von Neumann algebraic framework of quantum groups suitable
for development of the theory of locally compact quantum groups (see [16, 29, 30]
and the references therein). In this theory, the von Neumann algebraic version of the
CQG is a von Neumann algebra M with a coassociative, normal, injective coproduct
map A from M to M®M and a faithful, normal, bi-invariant state v) on M. Indeed,
given a CQG S, the weak closure S,” of the reduced quantum group in the GNS
space of the Haar state is a von Neumann algebraic compact quantum group.

A compact matrix quantum group is a CQG such that there exists a distinguished
unitary irreducible corepresentation called the fundamental corepresentation such
that the x-algebra spanned by its matrix elements is a dense Hopf *-subalgebra of
the CQG.

We now discuss the free product and tensor product of CQG s which were
developed in [25, 31]. Let (51, A) and (53, Az) be two CQG s. Let i1 and i, denote
the canonical injections of S; and S; into the C* algebra Sy xS,. Put p; = (i1 ®i1) A
and p, = (i ® i) A,. By the universal property of S; * S, there exists a map
A:S %8 — (81 %85) ® (S *Sy) such that Ai; = p; and Aiy = p,. It can be
shown that A indeed has the required properties so that (S, A) is a CQG.

Let {S, },ew be an inductive sequence of CQG’s, where the connecting morphisms
Tmn from S, to S, (n < m) are injective morphisms of CQG. It follows from
Proposition 3.1 of [25] that the inductive limit Sy of S, s has a unique CQG structure.
More generally, the inductive limit of an arbitrary sequence of CQG has the structure
of a CQG. The following lemma is probably known, but we include the proof (taken
from [32]) for the sake of completeness.

Lemma 1.2.20 Suppose that (S,) e is a sequence of COG and for eachn < m in
IN, there is a CQG morphism 7, ,, : Sy — Sy with the compatibility property

Tk © Tnom = Tnk, N <m< k.

Then the inductive limit of C*-algebras (S,) ey has a canonical structure of a CQG.
It will be denoted Sy, orlimy,c iy S,. It has the following universality property: for any
CQOG (S, A) such that there are CQG morphisms 7, : S, — S (n € IN) satisfying
Tm © Tp.m = Tn for all m > n, there exists a unique CQG morphism ms : Soo = S
such that T, = T © Ty.oo for all n € IN, where we have denoted by T, « the
canonical unital C*-homomorphism from S,, into Sxo.

Proof Let us denote the coproduct on S, by A,. We consider the unital C*-
homomorphism p, : S, = Sx ® S given by p, = (Ty.00 ® Ty.c0) © Ay, and
observe that these maps do satisfy the compatibility property:
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Pm © Tnym = Pn Vn < m.

Thus, by the general properties of the C*-algebraic inductive limit, we have a unique
unital C*-homomorphism Ay @ Seo = Sxo @ Swo satisfying Ao 0 my.00 = pa for
all n. We claim that (S, As) is a CQG.

We first check that A ., is coassociative. Itis enough to verify the coassociativity on
the dense set U, 7, o0 (S,). Indeed, for s = 1, oo (@) (@ € S,), by using Ay 0700 =
(Th.0o @ Ty.00) © A,, we have the following:

(A ®id) Ao (T, 00 (@)
= (Ago @ 1d) (Ty,00 ® Tn,00) (An(a))
= (Tn,00 @ Tn,00 ® Tn,00) (Ay @ 1d) (A, (a))
= (Tn,00 @ Tn,00 ® Tn,00) (1d @ Ay)(Ay(a))
= (Tn,00 ® (Tn,00 & Tn,00) © Ap)(An(a))
= (Tn,00 @ Aoo 0 Ty,00) (An(a))
= (1d ® Aco) (00 ® Tn,00) (An(@)))
= (1d @ Axo) (Ao (T, (@)))

which proves the coassociativity.

Finally, we need to verify the density conditions aii. of Definition 1.2.5. Note that
to show that Span{A . (Sx) (1 ® So)} is dense in Sy, ® So it is enough to show that
the above assertion is true with Sy, replaced by the dense subalgebra Un .00 (Sn)-

Using the density of Span{A,(S,)(1 ® S,)} in S, ® S, and the contractivity of
the map 7, o we note that the span of (7,00 ® Ty.00) (A, (Sy)(1 ® S,)) is dense in
Span((7,,00 @ Tn.00) (Sn ® Syy)). This implies that Span{ (7,00 ® Ty.00) (A, (Sy)) (1 ®
Tn.00(Sp))} s dense in 7y, 00 (Sy) @ Ty.00(Sn) and hence Span{A oo (7,00 (Sy)) (1 @
Tn.00(Sp))} is dense in 7, 0 (Sy) ® Ty.00(Sy). The proof of the claim now follows
by noting that 7, 50 (Sy) = Tm.coTn.m(Sn) S Tm.co(Sp) for any m > n, along with
the above observations. In a similar way, the density of Span{A ,(Sx)(Soc ® 1)} in
Soo ® Soo is proved.

The proof of the universality property is routine and hence omitted. (]

We note that the proof remains valid for any other indexing set for the net, not
necessarily IN.

Combining the above two results, it follows that the free product C* algebra of
an arbitrary sequence of CQG s has a natural CQG structure.

The following result was derived in [25].

Proposition 1.2.21 Let I 1 I, be a discrete abelian groups. Then the natural iso-
morphisms C*(I')) = C(I'y) and C*(I'}) * C*(I'y) = C*(I'y % I'y) are isomorphism
of COG s.

Let i and i, be the inclusion of CQG’s S; and S, into Sy * S,. If U; and U, are

unitary corepresentations of CQG’s Sy and S, on Hilbert spaces H; and H; respec-
tively, then the free product corepresentation of U; and U, is a corepresentation of
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the CQG &) * S, on the Hilbert space H; @ H, given by the S * S, valued matrix

(id® iU 0

0 (id ® ir)Us ) ’

Similarly, the free product corepresentation of an arbitrary family of CQG corep-
resentations are defined.

The minimal and maximal tensor product of two CQG’s also admit natural CQG
structure [31]. The free product and maximal tensor product have the following
universal properties (see [25, 31]).

Proposition 1.2.22 1. The canonical injections, say iy, i, (ji1, ja respectively)
from Sy and S; to S1 x Sy (51 @™ S, respectively) are CQG morphisms.

2. Given any CQG C and morphisms my : S§; — C and 7, : S; + C there always
exists a unique morphism denoted by 7 := m * m; from S| x S, to C satisfying
moir =mfork =1,2.

3. Furthermore, if the ranges of m| and 7, commute, i.e., 71(a)m(b) = m(b)m(a)
Ya e Sy, b €S, we have a unique morphism 7’ from Sy ®™* S, to C satisfying
o jy =m fork =1, 2.

4. The above conclusions hold for free or maximal tensor product of any finite
number of CQG’s as well.

1.2.3 The CQG U,(2)

We now introduce the compact quantum group U, (2). We refer to [11] for more
details.
As a unital C* algebra, U,(2) is generated by 4 elements 11, u12, Usy, U2 satis-

fying:

Uiy = puUg, (1.2.3)

Ujuz) = pu gy, (1.2.4)

UppUp = [U2UI2, (1.2.5)

Uz1U2p = HUULYL, (1.2.6)

UppUa) = Uz1U12, (1.2.7)

iy — upuy = (i — p . (1.2.8)

and the condition that the matrix u = (Z; Z; ) is a unitary. Thus, the above matrix

u is the fundamental unitary for U, (2).
The CQG structure is given by
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Au;j) = Z Uik @ ugj, k(uij) =uj*, e(u;;) = 0. (1.2.9)
k=12

The quantum determinant D), is defined by
Dy, = upjua — puata) = Uiy — 1 Uity (1.2.10)

Then, D,*D, = D,D,* = 1. Moreover, D, belongs to the center of U,(2).

1.2.4 The COG SU,(2)

Let u belongs to [—1, 1]. The C* algebra SU,,(2) is defined as the universal unital
C* algebra generated by «, ~ satisfying:

afa+ vty =1, (1.2.11)
ot + Pyt =1, (1.2.12)
V=" (1.2.13)
e = oy, (1.2.14)
wy* o = ay®. (1.2.15)

The fundamental corepresentation of SU,,(2) is given by: (?; _5 3 ) .

There is a coproduct A of SU,,(2) given by:
Al@=a®@a— " ®y, A()=78a+a"®7,

which makes it into a CQG. Let & denote the Haar state and H = LZ(SU# (2)) be
the corresponding G.N.S space.

Haar state on SU,(2)

We restate the content of Theorem 14, Chap.4 (page 113) of [11] in a convenient
form below. Forallm > 1,n,1,k > 0, k" # k",

2
h(()) = ll_—uﬁiﬂ B = 0, h(@™y") = 0, h("¥4™) =0,
(1.2.16)
Corepresentations of SU,,(2)
For each n in {0, 1/2, 1, ...}, there is a unique irreducible corepresentation 7" of
dimension 2n + 1. Denote by #;; the ij th entry of 7". They form an orthogonal
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basis of H. Denote by ¢;; the normalized #/; s so that {¢;; : n = 0,1/2,1,...,i, j =

—n, —n + 1, ...n} is an orthonormal basis.
We recall from [11] that

12 12 12 12
t*l/Z,*l/Z =, t71/2,1/2 = —/.1/7*, t1/2,,1/2 =7, t1/2,1/2 =a". (1217)

1.2.5 The Hopf %-algebras O(SU,,(2)) and U, (su(2))

We define the Hopf *-algebra O(SU,,(2)) following the notations of [11].
O(SL,(2)) is the complex associative algebra with generators a, b, ¢, d such that

ab = pba, ac = pca, bd = udb, c¢d = pdc, bc = cb, ad — pubc = da — /,Lile =1.
(1.2.18)

The coproduct is given by
Ala)=a®a+b®c, Ab)=aQ@b+bRd,
Ac)=c®a+d®c, Ald)=c@®b+d®d.
The antipode is given by:
k(a) =d, k(b) = —b, k(c) = —c, k(d) =a
Finally, the counit is given by:
ela) =¢e(d) =1, e(b) =¢€(c) =0.
For all p in R, there is an involution of the algebra O(SL,(2)) determined by
a*=d, b* = —pc. (1.2.19)

The corresponding Hopf x-algebra is denoted by O(SU,(2)).

Proposition 1.2.23 O(SU,(2)) can be identified with (SU,,(2)),, i.e. the Hopf *-
algebra generated by the matrix elements of irreducible unitary corepresentations
of SU,(2), via the isomorphism given on the generators by

ara, Yo, o >d, Y —p'b. (1.2.20)
Proof (SU,(2)),, is generated by the matrix elements of the fundamental unitary of

SU,(2), that is, the x-algebra generated by « and . On the other hand, inserting
(1.2.19) in (1.2.18), we see that O(SU,(2)) is generated by 4 elements a, b, ¢, d
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such that ac = pca, ac* = uc*a, cc* = c*c, a*a+c*c =1, aa™ + uzc*c =1.
Comparing with the defining equations of SU,(2), that is, (1.2.11)-(1.2.15), it is
clear that the above correspondence gives the required isomorphism. (]

Next, we recall from [33] the Hopf * algebra U4, (su(2)) which is the dual Hopf
x-algebra of O(SU,,(2)). Itis generated by elements F, E, K, K ~1 with the defining
relations:

KK '=Kk 'K =1, KE=puEK, FK = uKF, EF—FE = (u—p~ )" W(K*-K7?),
with involution given by E* = F, K* = K and comultiplication given by:
AE)=E®K+K'®E, A(F)=FRK+K '®F, A(K)=K®K.

The counit is given by e(E) = e(F) = ¢(K — 1) = 0 and antipode x(K) =
K™, K(E) = —pE, k(F) = —u~'F.

There is a dual pairing (., .) of 4, (su(2)) and O(SU,(2)) given on the generators
by: (K*', o*) = (K¥', a) = pu*3, (E,~) = (F, —puy*) = 1

and zero otherwise.

The left action > and right action < of ¢, (su(2)) on SU,(2) are given by:

fex=(fxg)xqy, x<f =(fixn)xe, x € OSULQ2), f € Ulsu(2)),
where we use the Sweedler notation A(x) = x(1) ® x().

The actions satisfy:

(fo0)* = k() & 2% (xaf) =x* <rv(), foxy = (fo e Do e
), xy<f=(x<fu)y<fo)

The action on the generators is given by:

Eva=—puvy* E>~=a" Ev~*=0, Evao*=0,

Fo(—py)=a F>a" =7, Foa=0, F>~v=0,
Kv>a =/f%a, K> (") =,u%'y*, Kl>'y=;f%’y, Ko =u%a*.
(1.2.21)
y<E=«a o <E=—puy*, a<E=0, Y*<E =0
a<xF=vy —pupy*<F=qa" ~vy<F=0, a*<aF =0,
a<1K:,u_%a,fy*<1K=/f%7*,7<1K=,u%7,a*qK:u%a*.
(1.2.22)

1.2.6 The CQG SO, (3)

Here we recall the CQG S 0O,,(3) as described in [34].
S0,,(3) is the universal unital C* algebra generated by elements M, N, G, C, L
satisfying:



1.2 Quantum Groups 21

L*L = —N)I —p~2N),LL* = (I — i®N)(I — u*N), G*G = GG* = N2,
M*M =N — N2, MM* = >N — u*N?%, C*C = N — N2,
CC* = 2N — *N2, LN = /*NL, GN = NG,
MN = i*NM, CN = i*NC, LG = ;*GL,
LM = p>ML, MG = 12GM, CM = MC,
LG* = p*G*L, M? = n~'LG, M*L = =1 — N)C, N* = N.
(1.2.23)

This CQG can be identified with a Woronowicz subalgebra of SU,,(2) by taking:

N =~"y, M = avy, C =ay", G=’yz, L =a?,

where «, «y are as in Sect. 1.2.4.

1.3 Coaction of Compact Quantum Groups
on a C* Algebra

In this section, we discuss the notion of coaction of compact quantum groups on C*
algebra, as defined in [34].

Definition 1.3.1 We say that the compact quantum group (S, A) coacts on a unital
C* algebra B, if there is a unital C*-homomorphism (called a coaction) @ : B —
B ® S satisfying the following:

(bi) (¢ ®id) o = (id ® A) o «, and

(bii) the linear span of a/(B)(1 ® S) is norm dense in B® S.

It is known (see, for example, [34, 35]) that (bii) is equivalent to the existence of
a norm dense, unital x-subalgebra By of B such that a(By) S By ®a1¢ So and on By,
(id ® €) o = id.

We shall sometimes say that « is a ‘topological’ or C* coaction to distinguish it
from a normal coaction of von Neumann algebraic quantum group.

Definition 1.3.2 Let o be a C* coaction of (S, A) on the C* algebra B. We say that
the coaction « is faithful if there is no proper Woronowicz C*-subalgebra S; of S
such that v is a C* coaction of S on B. A continuous linear functional ¢ on B is
said to be invariant under « if

(¢ @id)a(b) = ¢(b).1s.

Remark 1.3.3 A coaction o of a CQG S on a C* algebra A is faithful if and only if
the C* algebra generated by {(w ® id)a(a) : a € A, w is a state on A}, coincides
with A.

For the study of ergodic coactions on compact quantum groups, we refer to [36].
We record the following simple fact for future use.
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Lemma 1.3.4 Let B, S be a unital C*-algebras and ¢ a state on B. Moreover,
assume that o : B — B ® S is a unital C*-homomorphism such that the following
two conditions hold:

(1) (1 ®id)a(a) = 7(a).1s,

(2) a(B)(1 ® S) is norm-total in B S.

Thena : B S — B® S defined by a(b ® s) = a(b)(1 ® s) extends to an S
linear unitary of the Hilbert S module L*(B, ¢) ® S. In particular, if S is a COQG
and o a coaction of S on B, then & is a unitary corepresentation of S on L*(B, ¢).

Proof By condition (1), we have < a(x), a(y) >s=< x,y > lg, where < -, - >g
denotes the S-valued inner product of the Hilbert module L?(B, ¢) ® S. This proves
that & defined as above extends to an S-linear isometry on the Hilbert S-module
L%(B, ¢) ® S. Moreover, by condition (2), the S-linear span of the range of a(13) is
dense in the Hilbert module L?(B, ¢) ® S. Thus, the isometry & has a dense range
and so it is a unitary. ([

1.3.1 Coactions on Finite Quantum Spaces

Now, we recall the work of Shuzhou Wang done in [35]. We refer to [37, 38] for
more details.

The quantum permutation group A, (n) is defined to be the universal C* algebra
generated by a;; (i, j = 1,2, ...n) satisfying the following relations:

. .
=aj=a;,1,j=12,...n,

2
ajj ij

J

n
>la;=1.i=1.2...n,
j=1

Day=1.i=12...n
i=1

The name comes from the fact that the universal commutative C* algebra gen-
erated by the above set of relations is isomorphic to C(S,) where S, denotes the
permutation group on n symbols.

Let us consider the category with objects as compact groups acting on a n-point set
X, = {x1,x2, ..., x,}. If two groups G and G, have actions «; and o, respectively,
then a morphism from G to G, is a group homomorphism ¢ such that a; (¢ x id) =
a1. Then C(S,) is the universal object in this category. It is proved in [35] that the
quantum permutation group enjoys a similar property.

We have that C(X,) = C*{e; 1 e} = ¢; = ¢f, D '_je, = 1,i =1,2,...,n}.

Then A;(n) has a C* coaction on C(X,) given by:



1.3 Coaction of Compact Quantum Groups on a C* Algebra 23

n

a(ej)zzei®aij,j =1,2,...n.

i=1

Proposition 1.3.5 Consider the category with objects being CQGs having C* coac-
tions on C(X,) and morphisms being COG morphisms intertwining the coactions.
Then Ag(n) is the universal object in this category.

We note the following facts for future use.

Lemma 1.3.6 Let o be a coaction of a COQG S on C(X) where X is a finite set
and Dx x = {(x,x) : x € X}. Then o automatically preserves the functional T
corresponding to the counting measure:

(T ®@id)(a(f)) = 7(Hls.

Thus o induces a unitary & € B(I>(X)) ® S given by a(f ® q) = a(f)q. If we
define a® : C(X)®C(X) - C(X)®@C(X)®S by a® = (id, @ ms)on(a® a),
where m g denotes the multiplication map from S QS to S and id; denotes the identity
map on C(X) ® C(X), then a® leaves the diagonal algebra C(Dyxx) invariant.

Proof Let X = {1,...,n} for some n € IN and denote by ¢; the characteristic
function of the point i. Let a(d;) = Zj 0; ® q;ji where {g;; 1 i,j = 1...n} are
the images of the canonical generators of the quantum permutation group as above.
Then 7-preservation of a follows from the properties of the generators of the quantum
permutation group, which in particular imply that > g =1= > 4qij-

Using the fact that g;; and gy; are orthogonal for i, j, k € {1,...,n}, j # k, we
obtain

a2, ®6) = Z5j ® & ® qjiqni = Z5j ®9; ®qji,
J-k j

from which the invariance of the diagonal under a® is immediate.
The other statements follow easily. (I

Corollary 1.3.7 We observe that since/oj(i)/is a unitary, it leaves the T-orthogonal
complement of C(Dxxx) in 1*>(X x X), i.e., the space of functions on the set Y =
{(x,y) :x,y € X, x # y}invariant as well.

It is easy to note that if M, denotes the multiplication operator on /*(X) for a
function f on a finite set X, then

a(f)y=aM; @ Dha ', a? =agyanes), (1.3.1)

where we have used the leg numbering notations explained before.
We also observe the following:
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Lemma 1.3.8 Let « be a coaction of a COG S on C(X) where X is a finite set. For
all functions f on X, we have

a'(M;®Da = (id®ra(f),
where K denotes the antipode on S.

Proof For g in[*(X) and ¢ in S, using the commutativity of C(X), we have
a (M@ 1)ag®q)

=a (g0 f ®gm9) = go0 f) ® K€M f1)81 4

= f080)©0) ® K(f1)E(E0m)E&md = f0&wn @ K(fu)r(gmm)gnag
= f08&wo ® k(fu)e(m)g = f0g ® k(fu)g

= (d® r)a(f)(g ®q).

Wang also identified the universal object in the category of all CQG’s having C*
coactions on M, (C) (with the obvious morphisms) such that the functional %Tr is
kept invariant by the coaction. However, no universal object exists if the invariance
of the functional is not assumed. The precise statement is contained in the following
theorem.

Before that, we recall that M,(C) = C*{e;; : ejjey = djreir, e;."j = ¢ji,
> e =10,k 1=12,...n}

Proposition 1.3.9 Ler A, (M, (C), %Tr) be the C* algebra with generators afjl and
the following defining relations:

kv vl Koo
E a“ re=0ra;, 1, j, k,Lr,s=1,2,...,n,

Za% S=sal i gk s =1,2,...,n,

afl" =al%. i j.k1=12, ..

Zakl_ék,,kl_l 2

Za,ﬁ[:ék], k,l=1,...,n
r=I1

Then,
(1) Ay (M, (C), Tr) isa CQG with coproduct A defined by A(akl) = Z" ak!

r,s=1"rs
®al’;, z,j,k,l:l 2,.
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(2) Ay (M, (C), ﬁTr) has a C* coaction a; on M,(C) given by o(e;j) =
ZZ,[:I ey ® a{‘j’, i,j = 1,2,...,n. Moreover, Ay (M,(C), Il—lTr) is the univer-
sal object in the category of all COG s having C* coaction on M, (C) such that the
functional %Tr is kept invariant under the coaction.

(3) There does not exist any universal object in the category of all CQG s having
C* coaction on M, (C).

Proposition 1.3.10 Since any faithful state on a finite dimensional C* algebra A is
of the form Tr(Rx) for some operator R, it follows from Theorem 6.1, (2) of [35]
that the universal CQG acting on any finite dimensional C* algebra preserving a
faithful state ¢ exists which will be denoted by A, (A, ¢).

1.3.2 Free and Half-Liberated Quantum Groups

Let us now recall the universal quantum groups from [25, 39, 40] and the references
therein. For an n x n positive invertible matrix Q = (Q;;).let A, ,(Q) be the compact
quantum group defined and studied in [35, 40], which is the universal C*-algebra
generated by {quj, k,j=1,...,n}suchthatu := ((quj)) satisfies

w* =1, =u*u, 'QuQ~'=1,=0uQ 'u. (1.3.2)

Here u’ = ((uj;)) and u = ((u )) The coproduct, say A, is given by:

A(u,j) = Zu ® ukJ

We refer the reader to [40] for a detailed discussion on the structure and classifi-
cation of them.

Remark 1.3.11 Tt was proved in [25] that in the case where Q = I, r(u];) = u'}
and hence x> = id holds for A, (I).

Let us also observe the following fact about the Wang algebras, which will be
needed in Chap. 3.

Lemma 1.3.12 Let {e;}; be the standard basis of C". Let S be a unital C*-algebra
generated by {s;; : 1 < i, j < n}suchthatthere exists alinearmapV : C" — C"®S
given by V(e;) = Do ek ® sy satisfying the following conditions:

() V € My(C) @S = L(C" ® S) defined by V(e: ® s) = Diek @susisa
unitary,

(2)(T® ld)(V(x ® V)" ) =71()1s,

(3) (7' @i (V) '(x ®id)V) = 7' (1)1,

for all x € M, (C), and where 7(x) = Tr(Q” x), and 7/(x) = Tr((Q~")Tx).
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Then, there is a surjective unital x-homomorphism 7 : A, ,(Q) — S such that
W(MIQI) = Sij-

Proof For the proof, we refer to Proposition 3.4 of [41] which is a reformulation of
Proposition 3.1 of [42] in the context of quantum families. O

Remark 1.3.13 Tt has been noted in Remark 3.3 of [41] that when S is a CQG and
V a unitary corepresentation of S on C", each of the conditions (2) and (3) implies
the other.

We will sometimes denote the quantum group A,, n(/) simply by the symbol
A, (n). In the literature, it is sometimes denoted by the symbol U,". It is easy to
see that the quotient C* algebra of A, (n) by the commutator ideal is the space of
continuous functions on the compact group U (n). It is due to this reason that A, (n)
is also called the free unitary group.

The free version of the orthogonal group is given by the following:

Definition 1.3.14 The quantum subgroup of A, (n) defined by the ideal generated
by the relation u;; = uj‘] foralli,j = 1,2,...,n is called the free orthogonal
quantum group and denoted by A, (n).

A,(n) is also denoted by the symbol O (n). We refer to [43, 44] for the corep-
resentation theory of the quantum groups A,(n) and A, (n) respectively.

The orthogonal half-liberated quantum group A} (n) was discovered by Banica
and Speicher in [45]. Its corepresentation theory was studied in [46].

Definition 1.3.15 The orthogonal half-liberated quantum group A} (n) is the quan-
tum subgroup of the free orthogonal quantum group A,(n) defined by the ideal
generated by the relation ab*c = cb*a, ¥ a,b,c € {u;j,1,j =1,...,n} where
u;js are as in the definition of A, (n).

There is more than one way to half-liberate the free unitary group. The following
version will be of use to us later on.

Definition 1.3.16 [47] A’ (n) is the quantum subgroup of A, (n) defined by the ideal
generated by the relations

ab*c = cb*a Ya,b,ce{uy, i,j=1,...,n}. (1.3.3)

There are two other possible ways to “half-liberate” the free unitary group. Instead
of ab*c = cb*a (equivalent to a*bc* = c*ba*), one can consider respectively the
relation a*bc = cba* (equivalent to abc™ = ¢*ba and to the adjoints ab*c* = c*b*a
and a*b*c = cb*a*) or abc = cba (equivalent to a*b*c* = c¢*b*a*) for any triple
a,b,c € {u;j, i,j = 1,...,n}. In fact, the half-liberated quantum group obtained
from the relation abc = cba was considered in [48] and was denoted by A}*(n).

The analogue of projective unitary groups was introduced in [44] (see also Sect. 3
of [46]).
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Definition 1.3.17 We denote by P A, (n) the C*-subalgebra of A,(n) generated by
{(uij)*ug 2 i, j, k, 1 =1,...,n}. This is a CQG with the coproduct induced from
A,(n).

The projective version of any quantum subgroup of A, (n) can be defined similarly.
The following result connects the projective unitary group with the quantum
automorphism group of M, (C).

Proposition 1.3.18 ([/44, 46]) We have PA,(n) >~ A(M,,(C), % Tr).
Like A’ (n), the projective version of A’ (n) is also commutative.
Proposition 1.3.19 ([47]) The CQG P A’ (n) is isomorphic to C(PU (n)).

For combinatorial and free probabilistic aspects of many of the above quantum
groups, we refer to the papers [45, 49-52] and the references therein. The quantum
permutation group A, (n) as well as A, (n) and A} (n) are examples of orthogonal easy
quantum groups, the theory of which first appeared in [45]. Subsequently, the easy
quantum groups and its classification program gained a lot of attention, for which we
refer to [49, 53—57] and the references therein. More recently, the unitary analogues
of orthogonal easy quantum groups and their classifications are being studied. For
this, we refer to [58] and the references therein.

1.3.3 The Coaction of S O,,(3) on the Podles’ Spheres

We have already defined the CQG SO,,(3) in Sect. 1.2.6 and discussed its realization
as a Woronowicz subalgebra of SU,,(2). In this subsection, we will define the Podles’
sphere discovered in [59] and discuss the coaction of SO, (3) on it. In fact, we will
start with two equivalent descriptions of the Podles’ spheres.
The original definition by Podles’
Letc € R. The Podles’ sphere wa is the universal C* algebra generated by elements
e_1, ey, e; such that:
ef=e_;, i=-1,0,1,

(14 1D (erer + p2erer) + eo® = (1 + 1A e + D,

eoe_1 — pre_reg = (1 — ey,

(1 + p*)(e—rer —ere_1) + (1 — pHe” = (1 — pP)eo,

ereo — eger = (1 — pi)ey.
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Let X
B=e, A={+p> (1—e). (1.3.4)

Then we have an alternate description of the Podles’ spheres, that is, the universal
C* algebra generated by elements A and B satisfying the relations:

A*=A, AB = ;"*BA,
B*B=A—A>+cI, BB* = 1PA — *A% +cl.

The Podles’ spheres as in [60]

We take p in (0, 1) and ¢ in (O, 1]. For n belonging to R, let [n], = %
Then Sﬁ,c be the universal C* algebra generated by elements x_;, xo, x; satisfying

the relations:

x_1(xo — 1) = pi(xo — Dx_y, (1.3.5)
x1(xo — 1) = 2 (xg — 1)x1, (1.3.6)
— [2J1x1 + (Pxo + D (xo — 1) = [2°(1 = 1), (1.3.7)
—R2Ixix_ g 4+ (u w0 + ) (xo — 1) = [21°(1 — 1), (1.3.8)

wherec =1~ —¢,¢t > 0.

. . 2 . .
The involution on S, . is given by

x* = —p Xy = Xo. (1.3.9)
Setting
P T SR S P (13.10)
= — = X_1, .
112 H K 1

one obtains [60] that Si,c is the same as the Podles’ sphere defined in [59].
Itfollows (Sect. 5.1.3 of [61]) that we have the following expressions of x_1, x¢, X
in terms of SU,,(2) elements:

_ pa? 4 p(L+ phoy — py?

X_| ] , (1.3.11)
p(l + p?)>
xo = —py e+ p(1 — (1 + 2)y*y) — ya, (1.3.12)
242 1 2 koK *2
X = Py = pu(l 4+ p)ary* — po ’ (1.3.13)

(1+ )2
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where p?> = R a—
2+ (1-1)

The coaction of SO, (3)
The canonical coaction of SU,,(2) on S2 0> that is the coaction obtained by restricting
the coproduct of SU,(2) to the subalgebra S, ., is actually a faithful coaction of
S0,(3).

With respect to the ordered basis {x_;, xo, X1}, this coaction on the subspace
generated by them is given by the following SO, (3)-valued 3 x 3-matrix:

NC’

L —p(l+ ) C p*G*
1 1
Zi= [ Ak M 1= pu pON —p(L 2 me | (13.14)
G (1+p2)2C* L*

1.4 Dual of a Compact Quantum Group

Let (S, A) be a compact quantum group and Sy be its canonical dense Hopf -
algebra. We will use the notations introduced after Proposition 1.2.19. We define S
to be the space of linear functionals on S defined by ¢ — h(aq), for a € Sy, where
h is the Haar state on S. Then Spisa subspace of the dual S’.

Note that (see [26]) Sy is a #-subalgebra of S” and as a *-algebra it is the algebraic
direct sum of matrix algebras of the form @ crep(s)Ma, Where M, is the full matrix
algebra of size dr x dr and the matrix unit e identified with p7  is given by
lej, >< ey, where {eT, ..., ez }is the standard orthonormal basis. Clearly we get a
nondegenerate pairing between :S‘\o = @rerep(s)Ma, and Sy given by < q;;, eg; >=
0ip0js0r. In fact it can be shown that 31) is a multiplier Hopf *-algebra in the
sense of [62]. It has a unique C* norm and by taking the completion we get a C*
algebra. It is called the dual discrete guantum group of S denoted by S. It has a
coassociative *-homomorphism A:S > MS® S) called the dual coproduct
satisfying (id ® A)A (A ® zd)A.

Theorem 1.4.1 Let U be a unitary corepresentation of a CQG S on a Hilbert space
H.ThenTly : S — B(H) defined by 1y (w)(§) := (idQw)U (§) is a non degenerate
x-homomorphism and hence extends as a *x-homomorphism from ./\/l(g) to B(H).
Conversely, any nondegenerate x-homomorphism from StoH is of the form Iy for
some unitary corepresentation U of S on H.

Proof Consider the spectral decomposition H = ®nrez i<i<m, H}, U lpr, 1 =
1,...,m, is equivalent to the irreducible corepresentation of type m. Moreover,
fix an orthonormal basis e;;, j=1,...,d:i=1,...,my;for H such that

Ue) = D el ®uj,
k
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for all 7 € Rep(S). Now for a fixed 7 € Rep(S), p,r = 1,...,d, observe that
My (p,)(€) = Oforall § € ’H?/ such that 7 # 7. Also My (pp,)(ef;) = 5j,e,?;,
ie., My (P ) 1z is nothing but the rank one operator |el’.;, >< e |. This proves that
[Ty (w) is bounded for w € §0, and moreover identifying :S'\o with the direct sum of
matrix algebras @ ecgep(s) M., we see that Iy is nothing but the map which sends
X € My to X ® 1w in B(H). This proves that 1y extends to a nondegenerate
x-homomorphism.

Now we prove the converse direction. Given a nondegenerate *-homomorphism
P S — B(H) and 7 in Rep(S), let P, denote the projection in H given by
Py = p(Zf;l lef >< e7|). Clearly, P;’s are orthogonal for different 7’s and
> erep(s) Pr = 1B(1)- Now, the restriction of p to the direct summand My, < Sisa
x-homomorphism of the full matrix algebra M,_. Hence, we must have an orthogonal
decomposition of P,H into m, many copies of C% for some non negative integers
my such that m,d, = dim(H,) and p|y, is unitarily equivalent to m, copies of
idy, . Itis now easy to define a corepresentation V of H as a direct sum of m copies
of the irreducible corepresentation 7, for 7 in Rep(S), such that [Ty = p. ]

There is an abstract definition of discrete quantum groups due to van Daele [17]
which is given below:

Definition 1.4.2 A discrete quantum group is a pair (C, A) where

(i) C is a C* algebra isomorphic with the C*-direct sum of finite dimensional
matrix algebras, say C = @,e;M,, (C), where I is some index set and n, are
positive integers,

(ii) A is a coassociative nondegenerate *-homomorphism from C to M(C ® C),
and

(iii) The linear maps Tj, T, defined by 7 (a ® b) = A(a)(l ®b), Th(a ®b) =
Aa)(b®1), a, b € Cy (where Cy denotes the dense x-subalgebra obtained by taking
the algebraic direct sum of M, , o € I) map Cy ®ae Co bijectively onto itself.

It is not difficult to see that the duals of compact quantum groups are discrete
quantum groups. The converse is also proved by van Daele, thus establishing a one-
to-one correspondence between the abstract discrete quantum groups defined above
and the duals of compact quantum groups. For more details on discrete quantum
groups, we refer to [62, 63].

1.5 Coaction on von Neumann Algebras by Conjugation
of Unitary Corepresentation

‘We now discuss an analogue of ‘coaction’ (as in [34]) in the context of von Neumann
algebra implemented by a unitary corepresentation of the CQG. Let Q be a CQG,
with the Haar state 4 and the canonical dense Hopf *-algebra Q. Moreover, let Q"
and Q, be the corresponding universal and reduced versions of Q as discussed in
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Sect. 1.2.2. We will use the various definitions and notations of Sect. 1.2.2, especially
those related with the spectral decomposition of unitary corepresentations.

Given a unitary corepresentation V of a CQG Q on a Hilbert space H, often
we consider the x homomorphism ady on B(H) or on some suitable von Neumann
subalgebra M of it. We say ady leaves M invariant if (id ® ¢)ady (M) C M for
every state ¢ of Q. We define M™ = P, (M), where P, = (id®p™)oady : M — M
is the spectral projection corresponding to the irreducible corepresentation 7. Clearly
each P, is SOT continuous. We define Mg := Sp{M7™; ® € Rep(Q)}, which is
called the von Neumann algebraic spectral subalgebra. Then we have the following,
in analogy with the spectral subalgebra corresponding to a C* coaction:

Proposition 1.5.1 M, is dense in M in any of the natural locally convex topologies

of M, i.e., My" = M.

Proof This result must be quite well known and available in the literature but we
could not find it written in this form, so we give a very brief sketch. The proof is
basically almost verbatim adaptation of some arguments in [16, 29]. First, observe
that the spectral algebra M, remains unchanged if we replace Q by the reduced
quantum group Q, which has the same irreducible corepresentations and dense Hopf-
x algebra Qp. This means we can assume without loss of generality that the Haar
state is faithful. The injective normal map (3 := ady restricted to M can be thought
of as a coaction of the quantum group (in the von Neumann algebra setting as in [16,
29]) Q,”, where the double commutant is taken in the GNS space of the Haar state
and it follows from the results in [29] about the implementability of locally compact
quantum group coactions that there is a faithful normal state, say ¢, on M such that 3
is Q,"-invariant, i.e. (¢®id)(B3(a)) = ¢(a)1 Ya € M. We can replace M, originally
embedded in B(H), by its isomorphic image (to be denoted by M again) in B(L?(¢))
and as the ultraweak topology is intrinsic to a von Neumann algebra, it will suffice
to argue the ultraweak density of M in M C B(L?(¢)). To this end, note that Vaes
has shown in [29] that § : M — M ® Q,” extends to a unitary corepresentation on
L?(¢), which implies in particular that M is dense in the Hilbert space L?(¢). From
this the ultraweak density follows by standard arguments very similar to those used
in the proof of Proposition 1.5 of [16], applying Takesaki’s theorem about existence
of conditional expectation. For the sake of completeness let us sketch it briefly. Using
the notations of [29] and noting that § = 1 for a CQG, we get from Proposition 2.4
of [29] that V,; commutes with the positive self adjoint operator V, ® Q where Vg
denotes the modular operator, i.e., generator of the modular automorphism group O’;b
of the normal state ¢. Clearly, this implies that 3 := ady, satisfies the following:

[0] [0]
Boo, =0, Ty,

where 7; is the automorphism group generated by Q~!. Next, as in Proposition 1.5 of
[16], consider the ultrastrong * closure M; of the subspace spanned by the elements
of the form (id ® w)(B(x)), x € M, w is a bounded normal functional on Q. It is
enough to prove that M; = M, as that will prove the ultrastrong * density (hence also



32 1 Preliminaries

the ultraweak density) of M, in M. This is clearly a von Neumann subalgebra as 3 is
coaasociative, and o (id @ w) (B(x)) = (id @ w o 7,) (B (of’ (x))). Then by Takesaki’s
theorem ([1], 10.1) there exists a unique normal faithful conditional expectation E
from M to M, satisfying E(x) P = Pxp where P is the orthogonal projection as
in [16]. Clearly, the range of P contains elements of the form (id ® w)(3(x)). So
in particular it contains M, which is dense in L?(¢). Thus P = 1 and E(x) = x
proving M; = M. O

Lemma 1.5.2 1. ady |, is algebraic, i.e., ady (Mg) C Mo Qaig Qo

2. M is the maximal subspace over which ady is algebraic, i.e., My = {x €
Mady (x) € M Qauie Qo}-

3. If My C M is SOT dense *-subalgebra such that ady leaves M invariant,
then Sp{P,(M)|m € Rep(Q)} is SOT dense in M.

Proof Part 1. of the Lemma can be proved by verbatim adaptation of the arguments
of [34, 64] and hence we omit the proof.

For part 2, we reproduce the arguments of [64] for the sake of completeness. For
any b € M such that ady (b) C M ®q, Qo, we have

dr
ady (b) = Z Z bl @ uj;,

TESCRep(Q) i, j=1

where S is a finite subset of Rep(Q). Observe that foreachw € S,i,j =1,...,d,,
bl?“j =(dQ® pi;) o ady (b) € My. As (ady ® id) oady (b) = (id @ A) o ady (b), we
have '

d- d-
> Dlady®peul= > > b euleq.

TeESCRep(Q) i, j=1 TeSCRep(Q) i,j,s=1
Applying (id ® id ® py;) on both sides, we get

dr
ady (b)) = D b, @ uf} (1.5.1)

i=1

Now if we take b = > _¢ Zf;l bT., we get by (4),

i’

dx
ady(b) = D> b, @uj;.

TeS k=1

Soady (b) = ady (b)) and as ady is one-one, b = b € M,.
Part 3 follows from part 2 and the SOT continuity of each spectral projection Py,
where 7 is in Rep(Q). U
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Notations:
We conclude this section on quantum groups by fixing some notations which will be
used throughout this book. In particular, given a compact quantum group (S, A), the
dense unital Hopf *-subalgebra of S generated by the matrix elements of the irre-
ducible unitary corepresentations will be denoted by Sy. Moreover, given a coaction
v: B — B®S of the compact quantum group (S, A) on a unital C*-algebra B, the
dense, unital x-subalgebra of I3 on which + is a coaction by the Hopf x-algebra S
will be denoted by Bjy. We shall use the Sweedler type convention of abbreviating
v(b) € By Rag So by by ® by, for b in By. However, for the coproduct A of a
CQG, we will use the notation A(g) = g1y ® q)-

Moreover, for a linear functional f on S and an element ¢ in Sy we recall the
‘convolution” maps f <c¢ := (f ® id)A(c) and c> f := (id ® f)A(c). We also
define convolution of two functionals f and g by (f ¢ g)(¢) = (f ® g)(A(c)).
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Chapter 2
Classical and Noncommutative Geometry

Abstract We discuss classical Riemannian geometry and its noncommutative geo-
metric counterparts. At first the definition and properties of the Hodge Laplacian
and the Dirac operator are given. We also derive the characterizations of isome-
tries (resp. orientation preserving isometries) in terms of the Laplacian (resp. Dirac
operator). This is followed by discussion on noncommutative manifolds given by
spectral triples, including the definitions of noncommutative space of forms and the
Laplacian in this set up. The last section of this chapter deals with the quantum group
equivariance in noncommutative geometry where we discuss some natural examples
of equivariant spectral triples on the Podles’ spheres.

2.1 Classical Riemannian Geometry

In this section, we recall some classical facts regarding classical differential geometry
manifolds that will be useful for us.

2.1.1 Forms and Connections

Let M be an n-dimensional compact Riemannian manifold. Let x (M) denote the
C*(M)-module of smooth vector fields on the manifold M. A linear or affine con-
nection V on M is given by an assignment x(M) > X +— Vy, where Vy is an R-
linear map from x (M) to x (M) such that y(M) > X > Vyx is C*°(M)-linear and
Vx(fY)= fVx(Y)+ X(f)Y,forallY € x(M), f € C>®(M). Given a local chart
in M and coordinates x;, the Christoffel symbols of the connection V are the func-
tions Fl{f]. defined by: V 2 % =>4 Fl"w—ik A linear connection is called symmetric
or torsionless if Vy (Y) — Vy(X) = [X, Y]forall X, Y € x(M). Itis said to be com-
patible with the Riemannian metric if (Vx (Y), Z) + (Y, Vx(Z2)) = X (Y, Z) for all
X,Y,Z € x(M), where (-, -) denotes the Riemannian inner product on the tangent
bundle. There is a unique linear connection on M [1], which is torsionless and com-
patible with the metric, called the Levi-Civita connection on M.
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Let QX(M) (k = 0, 1,2, ...n) be the space of smooth k-forms. Set Q¥(M) = {0}
for k > n. The de-Rham differential d maps QK (M) to QM (M). Let Q = Q(M) =
@ 2K (M). We will denote the Riemannian volume element by dvol. We recall that
the Hilbert space L?(M) is obtained by completing the space of compactly supported
smooth functions on M with respect to the pre-inner product given by (fi, f2) =
f M fl fgd vol.

In an analogous way, one can construct a canonical Hilbert space of forms. The
Riemannian metric (., .),, (for m in M) on T,, M induces an inner product on the
vector space T M and hence also A¥T* M, which will be again denoted by (. , .),, .
This gives a natural pre-inner product on the space of compactly supported k-forms
by integrating the compactly supported smooth function m +— (w(m), n(m)),, over
M. We will denote the completion of this space by HY(M). Let H = @y H*(M).

Then, one can view d : 2 — 2 as an unbounded, densely defined operator (again
denoted by d) on the Hilbert space H with the domain 2. It can be verified that it is
closable.

2.1.2 The Hodge Laplacian of a Riemannian Manifold

We recall that the Laplacian £ on M is an unbounded densely defined self-adjoint
operator —d*d on the space of zero forms H°(D) = L*(M, dvol) which has the local
expression

, 0
L(f)= —(g"’\/det(g)gf)

1 Z )
Jdet(g) by’ Ox;
for f in C>(M) and where g = ((g;;)) is the Riemannian metric and g~' = ((g")).

We begin with a well-known characterization of the isometry group of a (classical)
compact Riemannian manifold. Let (M, g) be a compact Riemannian manifold and
let Q' = Q' (M) be the space of smooth one forms, which has aright Hilbert-C (M)-
module structure given by the C* (M)-valued inner product << -, - >> defined by

(w, n) (m) = (w(m), n(m)) |m,

where < -, - > |, is the Riemannian metric on the cotangent space 7, M at the point
m € M. The Riemannian volume form allows us to make Q2! a pre-Hilbert space, and
we denote its completion by H;. Let Hy = L?(M, dvol) and consider the de-Rham
differential d as an unbounded linear map from Hj to H;, with the natural domain
C>®(M) C Hy, and also denote its closure by d. Let £ := —d*d. The following
identity can be verified by direct and easy computation using the local coordinates:

(OL) (B, ¥) = L(Y) — LY — L) =2 << dp,dyp >> for ¢, € C(M).
(2.1.1)

Let us recall a few well-known facts about the Laplacian £, viewed as a negative
self-adjoint operator on the Hilbert space L>(M, dvol). It is known (see [2] and
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references therein) that £ has compact resolvents and all its eigenvectors belong to
C*°(M). Moreover, it follows from the Sobolev Embedding Theorem that

() Dom(L") = C*(M).

n>1

Let {e;j, j=1,...,d;;i =0,1,2, ...} be the set of (normalized) eigenvectors of L,
where e;; € C°°(M) is an eigenvector corresponding to the eigenvalue A;, 0 = [A\o| <
A1l < |A2] < .... We have the following:

Lemma 2.1.1 The complex linear span of {e;;} is norm-dense in C(M).

Proof This is a consequence of the asymptotic estimates of eigenvalues J;, as
well as the uniform bound of the eigenfunctions e;;. For example, it is known
([3], Theorem 1.2) that there exist constants C, C" such that ||e;j]lcc < C|/\,-|"4;I,
d; < C’|)\,~|%, where n is the dimension of the manifold M. Now, for f € C*(M) C
Nis1 Dom(£*), we write f as an a priori L?-convergent series zij fijeij (fij € C),
and observe that > | fi;|*|\;|* < oo for every k > 1. Choose and fix sufficiently
large k such that >"._, [\i|""172 < 0o, which is possible due to the well-known
Weyl asymptotics of eigenvalues of £. Now, by the Cauchy—Schwarz inequality and
the estimate for d;, we have

1=

1
> fiillleifleo < €7D 11PN (Zm"‘l‘”‘) < o0.
ij

ij i=0

Thus, the series ZU fijeijconvergesto finsup-norm,soSpi{e;;, j = 1,2, ...,d;;i =
0, 1,2, ...} is dense in sup-norm in C*°(M), hence in C (M) as well. O

2.1.3 Spin Groups and Spin Manifolds

We begin with the Clifford algebras. Let Q be a quadratic form on an n-dimensional
vector space V. Then CI(V, Q) will denote the universal associative algebra C
equipped with a linear mapi : V — C, such thati (V) generates C as a unital algebra
satisfying i (V)? = Q(V).1

Let 8:V — CI(V, Q) be defined by ((x) =—i(x). Then, CI(V, Q) =
Ccl%v,Q) @ CI'(V,Q) where CI%V,Q)={xeCI(V,Q):B(x)=x},
CI'(V,0)={x e Cl(V, Q) : B(x) = —x}.

We will denote by C, and CC the Clifford algebras CI(R", —x} — ... — x2) and
CI(C", 22 + ... + 22), respectively.

We will denote the vector space c2ta! by the symbol A,. It follows that
Cf = End(A,) if n is even and equals End(A,) & End(A,) is n is odd. There is
a representation Cff — End(A,) that is the isomorphism with End(A,) when n is
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even and in the odd case, it is the isomorphism with End(A,) & End(A,,) followed
by the projection onto the first component. This representation restricts to C,, to be
denoted by «x, and called the spin representation. This representation is irreducible
when n is odd and for even n, it decomposes into two irreducible representations,
which decomposes A, into a direct sum of two vector spaces A and A} .

Pin(n) is defined to be the subgroup of C, generated by elements of the form
{x :|lx|l = 1,x € R"}. Spin (n) is the group given by Pin(n) N C,?. There exists
a continuous group homomorphism from Pin(n) to O (n), which restricts to a 2-
covering map A : Spin(n) — SO (n).

Let M be an n-dimensional orientable Riemannian manifold. Then we have the
oriented orthonormal bundle of frames over M (which is a principal SO (n) bundle)
which we will denote by F.

Such a manifold M is said to be a spin manifold if there exists a pair (P, A)
(called a spin structure) where

(1) P is a Spin(n) principal bundle over M.

(2) A is amap from P to F such that it is a 2-covering as well as a bundle map
over M.

(3) A(p.g) = A(p).g where \(g) = g, g € Spin(n).

Given such a spin structure, we consider the associated bundle S = P Xspinn) An
called the ‘bundle of spinors’.

2.1.4 Dirac Operators

We follow the notations of the previous subsection. On the space of smooth sections
of the bundle of spinors S on a compact Riemannian spin manifold M, one can define
an inner product by

<S1,Sz>s=/ (s1(x), $2(x)) dvol(x).
M

The Hilbert space obtained by completing the space of smooth sections with
respect to this inner product is denoted by L?(S) and its members are called the
square integrable spinors. The Levi-Civita connection on M induces a canonical
connection on S which we will denote by V5.

Definition 2.1.2 The Dirac operator on M is the self-adjoint extension of the fol-
lowing operator D defined on the space of smooth sections of S:

(Ds)(m) = D kp(X;(m))(V5,$)(m),
i=1

where (X1, ...X,) are local orthonormal (with respect to the Riemannian metric)
vector fields defined in a neighborhood of m. In this definition, we have viewed
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X, (m) belonging to T,,,(M) as an element of the Clifford algebra Clc(T,, M), hence
Ku(X;(m)) is a map on the fiber of S at m, which is isomorphic with A,. The self-
adjoint extension of D is again denoted by the same symbol.

We recall three important facts about the Dirac operator:

Proposition 2.1.3 (/) C>*(M) acts on S by multiplication and this action extends
to a representation, say , of the C* algebra C(M) on the Hilbert space L*(S).

(2) For f in C®°(M), [D, w(f)] has a bounded extension.

(3) Furthermore, the Dirac operator on a compact manifold has compact resol-
vents.

As the action of an element f in C®(M) on L*(S) is by multiplication operator,
we will use the symbol My in place of w(f).

The Dirac operator carries a lot of geometric and topological information. We
give two examples.

(a) The Riemannian metric of the manifold is recovered by

d(p,q) = SUPyec=(m), l1D. M1 <1 |[p(P) — p(q)] . (2.1.2)

(b) For a compact manifold, the operator e™" D* s trace class forallt > 0. Then

the volume form of the manifold can be recovered by the formula

Tr(Mfe_’Dz)

/Mfdvol=c(n)limf—>0 Tr(e D)

where dimM = n, c(n) is a constant depending on the dimension.

2.1.5 Isometry Groups of Classical Manifolds

Let M be a Riemannian manifold of dimension n. Then the collection of all isome-
tries of M has a natural group structure and is denoted by ISO(M). The aim of this
subsection is to prepare the necessary background for defining the notion of “quan-
tum isometry”’of a noncommutative manifold. Therefore, for a classical Riemannian
(resp, spin) manifold, we give characterizations of an isometry (resp, orientation
preserving isometry) in terms of the Hodge Laplacian (resp, Dirac operator). more-
over, motivated by the work of Woronowicz and Soltan on “quantum families”, we
give characterizations of classical families of isometries (resp, orientation preserving
isometries). We should mention that Proposition2.1.4 and Theorem?2.1.12 are well
known [4, 5], but for the sake of completeness, we give detailed proofs.

The topology on ISO(M) is defined in the following way. Let C and U be, respec-
tively, a compact and open subset of M and let W(C,U) = {h € ISO(M) : h.C C
U}. The compact open topology on ISO(M) is the smallest topology on ISO(M)
for which the sets W(C, U) are open. It follows (see [4]) that under this topology,
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ISO(M) is a closed locally compact topological group. Moreover, if M is compact,
ISO(M) is also compact.
Characterization of ISO(M) for a Riemannian manifold

We start with the characterization of a single isometry.

Proposition 2.1.4 A smoothmap v : M — M is a Riemannian isometry if and only
if v commutes with L in the sense that L(f oy) = (L(f)) oy forall f € C*(M).

Proof If v commutes with £ then from the identity (2.1.1), we get for m € M and
¢, e C¥(M):

< d¢|7(m)» dwh(m) > |7(m)
=<<d¢,dy >> (y(m))

1
= 5(8/:(@ ¥) 0 y)(m)

1
= Eaﬁ(tb 07, ¢ oy)(m)

—<<d($o),d@ o) >> (m)
=< d(¢ © "7/)|m’ d(¢ o 7)|m > |m
=< (d’Y|m)*(d¢|~,/(m))’ (d’7|m)*(dw|'y(m)) > |mv

which proves that (dv|,,)* : T’\?((m)M — TM is anisometry. Thus, ~ is a Riemannian
isometry.

Conversely, if 7 is an isometry, both the maps induced by v on Hy and Hy, i.e.,
Ug : Ho — Hp given by Uf,,)(f) = fo~vyand UA} i H!' — H! given by U;(quﬁ) =
(f oy)d(¢ o ~y) are unitaries. Moreover, d o US = UA} odon C®(M) C Hy. From
this, it follows that £ = —d*d commutes with Ug . ]

Next, we move on to the characterization of a family of isometries, which will
need the following lemma.

Lemma 2.1.5 Let H,, H, be Hilbert spaces and for i = 1,2, let L; be (possibly
unbounded) self-adjoint operator on H; with compact resolvents, and let V; be the
linear span of eigenvectors of L;. Moreover, assume that there is an eigenvalue of
L; for which the eigenspace is one-dimensional, say spanned by a unit vector ;. Let
W be a linear map from Vy to Vs, such that Lo,V = WL, and V(&) = &. Then we
have

(&, W(x)) = (&1, x) Vx € V4. (2.1.3)

Proof By hypothesis on W, it is clear that there is a common eigenvalue, say Ay,
of £, and L,, with the eigenvectors &; and &, respectively. Let us write the set of
eigenvalues of £; as a disjoint union {\o} U A; (i =1, 2), and let the correspond-
ing orthogonal decomposition of V; be given by V; = C& @, V' = C5 @V,
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say, where V;\ denotes the eigenspace of L; corresponding to the eigenvalue \. By
assumption, ¥ maps V{\ to Vé\ whenever \ is an eigenvalue of £,, i.e., VzA # {0}, and
otherwise it maps V]’\ into {0}. Thus, W (V]) € Vi. Now, (2.1.3) is obviously satisfied
forx = &, soitis enough to prove (2.1.3) for all x € V|. But we have (£, x) = 0 for
x € V|, and since ¥ (x) € V) =V, N{&}H, it follows that (&, W(x)) = 0 = (&, x).
O

Now let us consider a compact metrizable (i.e., second countable) space ¥ with
a continuous map 0 : M x Y — M. We abbreviate 0(m, y) as my and denote by &,
themap M > m +— my.Leta: C(M) - C(M)® C(Y) = C(M x Y) be the map
given by a(f)(m,y) := f(my)fory € Y,m € M and f € C(M). For a state ¢ on
C(Y), denote by a the map (id ® ¢) o o : C(M) — C(M). We shall also denote by
C the subspace of C(M) ® C(Y) generated by elements of the form a( f)(1 ® ),
feCM),y e C(Y).Since C(M) and C(Y) are commutative algebras, it is easy
to see that C is a x-subalgebra of C(M) ® C(Y). Then we have the following

Theorem 2.1.6 (i) C is norm-dense in C(M) @ C(Y) if and only if for every y € Y,
&y is one-to-one.

(ii) The map &, is C™ for every y € Y if and only if a,(C*(M)) € C*(M) for all
@.

(iii) Under the hypothesis of (ii), each &, is also an isometry if and only if oy commutes
with (L — \)~" for all state ¢ and all X in the resolvent of L (equivalently, o
commutes with the Laplacian L on C*®°(M)).

Proof (i) First, assume that &, is one-to-one for all y. By Stone-Weierstrass Theorem,
it is enough to show that C separates points. Take (my, y;) # (my, y2) in M x Y.
If y; # y,, we can choose ¥ € C(Y) that separates y; and y,, hence (1 ® ) € C
separates (my, y;) and (m,, y2). So, we can consider the case when y; =y, =y
(say), but m; # m,. By injectivity of &, we have m;y # m2y, so there exists f €
C(M) such that f(my) # f(myy),ie., a(f)(my, y) # a(f)(m,, y). This proves
the density of C.

For the converse, we argue as in the proof of Proposition 3.3 of [6]. Assume that C
isdense in C(M) @ C(Y),and lety € Y, m, mp, € M such that m;y = m,y. That
is, a(/)(1 @ ¥)(m1, y) = a(f)(1 @ $)(ma, y) for all f € C(M), ¢ € C(Y). By
the density of C, we get x(my, y) = x(my, y) forall y € C(M x Y), so (my,y) =
(my, ), i.e., m; = ms.

(i1) The ‘if part’ of (ii) follows by considering the states corresponding to point
evaluation, i.e., C(Y) 2 ¢ — #(y), y € Y. For the converse, we note that an arbi-
trary state ¢ corresponds to a regular Borel measure £ on Y so that ¢(h) = [ hdp,
and thus, a,(f)(m) = f fmy)du(y) for f € C(M). From this, by interchanging
differentiation and integration (which is allowed by the Dominated Convergence
Theorem, since (. is a finite measure), we can prove that o (f) is C*° whenever f
is so.

The assertion (iii) follows from Proposition2.1.4 in a straightforward way. [l
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Lemma 2.1.7 Let Y and o be as in Theorem2.1.6 and let A3° denote the complex
linear span of the eigenvectors of L, where A = C*®(M). Then the following are
equivalent.

(a) For every y € Y, &, is smooth isometric.

(b) For every state ¢ on C(Y), we have oy (A € A, and ayL = Loy on A,

Proof We prove only the nontrivial implication (b) = (a). Assume that oy leaves
Ag° invariant and commutes with £ on it, for every state ¢. To prove that « is
smooth and isometric, it is enough (see the proof of Theorem2.1.6) to prove that
ay(A%®) € A% for all y € Y, where o, (f) := (id @ evy)(f) = f 0§, ev, being
the evaluation at the point y. Let My, ..., M; be the connected components of the
compact manifold M. Thus, the Hilbert space L>(M, dvol) admits an orthogonal
decomposition GafleLz(M,-, dvol), and the Laplacian L is of the form &, L;, where
L; denotes the Laplacian on M;. Since each M, is connected, we have Ker(L;) = Cy;,
where Y; is the constant function on M; equal to 1. Now, we note that for fixed y and i,
the image of M; under the continuous function £, must be mapped into a component,
say M;. Thus, by applying Lemma?2.1.5 with H; = L?(M;),H, = L*(M;), ¥ = &,
and the L-continuity of the map f oy (f) = f o&,, we have

/ ay(f)(x)dvol(x)z/ f(x)dvol(x)
M; M;

for all f in the linear span of eigenvectors of £;, hence (by density) for all f in
L*(M;). It follows that [,, oy (f)dvol = [, fdvol for all f € L*(M), in particular
for all f € C(M). Since v, is a x-homomorphism on C (M), we have

(ay(f), ay(g)) = /M oy (fg)dvol = /M fgdvol = (f. g),

for all f, g € C(M). Thus, o, extends to an isometry on L%(M), to be denoted by
the same notation, which by our assumption commutes with the self-adjoint operator
L on the core AF°, and hence o, commutes with £" for all n. In particular, it leaves
invariant the domains of each £", which implies o, (A%) € A%. O

Consider the category with objects being the pairs (G, o), where G is a compact
metrizable group acting on M by the smooth and isometric action «. If (G, o) and
(G, ) are two objects in this category, Mor((G1, ), (G2, (3)) consists of group
homomorphisms 7 from G to G, such that § o m = «. Then the isometry group of
M is the universal object in this category.

More generally, the isometry group of a classical compact Riemannian manifold,
viewed as a compact metrizable space (forgetting the group structure), can be seen
to be the universal object of a category whose object class consists of subsets (not
generally subgroups) of the set of smooth isometries of the manifold. Then it can
be proved that this universal compact set has a canonical group structure. Thus,
motivated by the ideas of Woronowicz and Soltan [7, 8], one can consider a bigger
category with objects as the pair (S, f) where S is a compact metrizable space and
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f 1S X M — M such that the map from M to itself defined by m — f (s, m) is a
smooth isometry for all s in S. The morphism set is defined as above (replacing group
homomorphisms by continuous set maps). Thus, summarizing the above discussion
and recalling that the span of eigenvectors of the Laplacian is norm-dense in C (M),
we have the following result.

Theorem 2.1.8 Let M be a smooth Riemannian compact manifold and (C*(M))g
denote the span of eigenvectors of the Laplacian. Then ISO(M) is the universal object
of the category with objects as pairs (C(Y), o) where Y is a compact metrizable
space and « is a unital C*-homomorphism from C(M) to C(M) @ C(Y) satisfying
the following:

a. Sp(a(C(M))(1 ® C(Y)) = C(M) ® C(Y),

b.ay = (id ® ¢p)aumaps (C*(M))y into itself and commutes with L on (C*(M))o,
for every state ¢ on C(Y).

Example 2.1.9 1. The isometry group of the n-sphere S” is O(n + 1) where the
action is given by the usual action of O (n + 1) on R"**!. The subgroup of O (n + 1)
consisting of all orientation preserving isometries on §” is SO (n + 1).

2. The isometry group of the circle S! is §' ><1Z,. Here the Z,(= {0, 1}) action
on S' is given by 1.z = Z, where z is in S! while the action of S! is its action on
itself.

3.1ISO(T") = T" ><1(Z; ><S,,) where S, is the permutation group on n symbols.
Here an element of S, acts on an element (zy, z2, ..., z,) € T" by permutation. If the
generator of i-th copy of Z) is denoted by 1;, then the action of 1; is given by
1:(21, 225 ey Zn) = (21, ooy Zi1s Zis Zit1s -+ Zn) Where (z1, 22, ..., 7o) € T". Lastly,
the action of T” on itself is its usual action.

Characterization of orientation preserving isometries of a spin manifold

This characterization is in the terms of the Dirac operator [9]. For the characteri-
zation of isometries of a Riemannian manifold in terms of the Hodge Dirac operator,
we refer to [10].

We begin with a few basic facts about topologizing the space C* (M, N) where
M, N are smooth manifolds. Let 2 be an open set of R". We endow C*°(£2) with the
usual Fre’chet topology coming from uniform convergence (over compact subsets)
of partial derivatives of all orders. The space C*°(£2) is complete with respect to this
topology, so is a Polish space in particular. Moreover, by the Sobolev imbedding
Theorem (Corollary 1.21, [2]), Ni>0 Hr (2) = C*°(£2) as a set, where H; (£2) denotes
the k-th Sobolev space. Thus, C*(2) has also the Hilbertian seminorms coming
from the Sobolev spaces, hence the corresponding Frechet topology. We claim that
these two topologies on C*°(£2) coincide. Indeed, the inclusion map from C*°(£2)
into Ny H;(£2), is continuous and surjective, so by the open mapping theorem for
Frechet space, the inverse is also continuous, proving our claim.
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Given two second countable smooth manifolds M, N, we shall equip C*°(M, N)
with the weakest locally convex topology making C*(M,N)> ¢+ fo¢e
C°°(M) Frechet continuous for every f in C*(N).

For topological or smooth fiber or principal bundles E, F over a second countable
smooth manifold M, we shall denote by Hom(E, F) the set of bundle morphisms
from E to F. We remark that the total space of a locally trivial topological bundle such
that the base and the fiber spaces are locally compact Hausdorff second countable
must itself be so, hence in particular Polish (that is, a complete separable metric
space).

In particular, if E, F are locally trivial principal G-bundles over a common base,
such that the (common) base as well as the structure group G are locally compact
Hausdorff and second countable, then Hom(E, F) is a Polish space.

We need a standard fact, stated below as Lemma2.1.11, about the measurable lift
of Polish space valued functions.

Before that, we introduce some notions.

A multifunction G : X — Y is a map with domain X and whose values are non-
empty subsets of Y. For A C Y, weput G"'(A) = {x € X : G(x) N A # ¢}.

A selection of a multifunction G : X — Y is a point map s : X — Y such that
s(x) belongs to G (x) for all x in X. Now let ¥ be a Polish space and ox a o-algebra
on X. A multifunction G : X — Y is called ox measurable if G~!(U) belongs to
o for every open set U in Y.

The following well-known selection theorem is Theorem5.2.1 of [11] and was
proved by Kuratowski and Ryll-Nardzewski.

Proposition 2.1.10 Let ox be a o algebra on X and Y a Polish space. Then, every
ox measurable, closed valued multifunction F : X — Y admits a ox measurable
selection.

A trivial consequence of this result is the following:

Lemma 2.1.11 Let M be a compact metrizable space, B, B Polish spaces such that
thereis ann-coveringmap A : B — B.Thenany continuousmap § : M — B admits
a lifting f M — B, which is Borel measurable and A o f &. In particular, if B
and B are topological bundles over M, with A being a bundle map, any continuous
section of B admits a lifting which is a measurable section of B.

We shall now give an operator-theoretic characterization of the classical group of
orientation preserving Riemannian isometries, which will be the motivation of our
definition of its quantum counterpart. Let M be a compact Riemannian n-dimensional
spin manifold, with a fixed choice of orientation. We recall the notations as in
Sect.2.1.3. In particular, the spinor bundle S is the associated bundle of a princi-
pal Spin(n)-bundle P on M which has a canonical 2-covering bundle-map A from
P to the frame-bundle F' (which is an S O (n)-principal bundle), such that A is locally
of the form (idy; ® \) where A is the two covering map from Spin(n) to SO (n).
Moreover, the spinor space will be denoted by A,,. Let f be a smooth orientation pre-
serving Riemannian isometry of M, and consider the bundles E = Hom(F, f*(F))
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and E = Hom(P, f*(P)) (where Hom denotes the set of bundle maps). We view
df as a section of the bundle E in the natural way. By the Lemma?2.1.11 we obtain
a measurable lift d~f ‘M — E , which is a measurable section of E. Using this, we
define a map on the space of measurable section of § = P X gpinm) A, as follows:
given a (measurable) section & of S, say of the form £(m) = [p(m), v], with p(m) in
P, vin A,, we define U¢ by (U€)(m) = [df (f~'(m))(p(f~"(m))), v]. Note that
sections of the above form constitute a total subset in L>(S), and the map & — U¢&
is clearly a densely defined linear map on L2(S), whose fiber-wise action is unitary
since the Spin(n) action is so on A,,. Thus it extends to a unitary U on H = L>(S).
Any such U, induced by the map f, will be denoted by Uy. It is not unique since the
choice of the lifting used in its construction is not unique.

Theorem 2.1.12 Let M be a compact Riemannian spin manifold (hence orientable,
and fix a choice of orientation) with the usual Dirac operator D acting as an
unbounded self-adjoint operator on the Hilbert space 'H of the square integrable
spinors, and let S denote the spinor bundle, with T'(S) being the C*° (M) module
of smooth sections of S. Let f : M — M be a smooth one-to-one map which is a
Riemannian orientation preserving isometry. Then the unitary Uy on H commutes
with D and UfM(/)U; = My.y, for any ¢ in C(M), where My denotes the operator
of multiplication by ¢ on L*>(S). Moreover, when the dimension of M is even, Uy
commutes with the canonical grading v on L*(S).

Conversely, suppose that U is a unitary on 'H such that UD = DU and the
map oy (X) = UXU™! for X in B(H) maps A= C(M) into L°(M) = A". If the
dimension of M is even, assume furthermore that U commutes with the grading
operator . Then there is a smooth one-to-one orientation preserving Riemannian
isometry f on M such that U = Uy.

Proof From the construction of Uy, it is clear that U fMéU;l = M, y. Moreover,
since the Dirac operator D commutes with the Spin(n)-actionon S, wehave Uy D =
DUy on each fiber, hence on L?(S). In the even dimensional case, it is easy to see
that the Spin(n) action commutes with ~y (the grading operator), hence Uy does so.

For the converse, first note that vy is a unital *-homomorphism on L*°(M, dvol)
and thus must be of the form @ — 1 o f for some measurable f. We claim that
f must be smooth. Fix any smooth g on M and consider ¢ = g o f. We have to
argue that ¢ is smooth. Let  denote the generator of the strongly continuous one-
parameter group of automorphism £3,(X) = e/'? Xe~'P on B(H) (with respect to
the weak operator topology, say). From the assumption that D and U commute
it is clear that ooy maps D :=[),., Dom(d7,) into itself and since C*(M) C D,
we conclude that ay (M) = Mo, belongs to D. We claim that this implies the
smoothness of ¢. Let m be a point of M and choose a local chart (V, 1)) at m, with the
coordinates (xy, ..., X,), suchthat Q@ = (V) € R" has compact closure, S|y is trivial
and D has the local expression D = i Z;le j1(ej)V;, where V; = V o denotes the
covariant derivative (with respect to the canonical Levi-Civita connect/ion) operator
along the vector field 0% on L%() and w(v) denotes the Clifford multiplication

by a vector v. Now, ¢ o i/)’l € L®(Q) € L*(Q) and it is easy to observe from the



48 2 Classical and Noncommutative Geometry

above local structure of D that [D, M ] has the local expression ; iM g ® plej).
.’(j

Thus, the fact M, € (-,
integer tuple (ji, ..., ji), ji € {1, ..., n}, where d; := % In other words, ¢ o 1~ is
in H*(Q) for all k > 1, where H*(2) denotes the k-th Sobolev space on 2 (see [2]).
By Sobolev’s theorem (see, for example. [2], Corollary 1.21, page 24) it follows that
¢ o~ lisin C®(Q).

We note that f is one-to-one as ¢ — ¢ o f is an automorphism of L>°. Now, we
shall show that f is an isometry of the metric space (M, d), where d is the metric
coming from the Riemannian structure, and we have the explicit formula (2.1.2)

Dom(&},) implies ¢ o 1)~ is in Dom(d}, ...d;,) for every

d(p,q) = SUPgecoo (M), (D, M,]<1 lo(p) — 9(q)].

Since U commutes with D, we have |[D, My lll =I[D, UMzU*]|| =
IUID, MslU*|| = |I[D, Myl|| for every ¢, from which it follows that d(f(p),
f(g)) =d(p, q). Finally, f is orientation preserving if and only if the volume form
(say w), which defines the choice of orientation, is preserved by the natural action
of df on the space of n-forms. This will follow from the explicit description of w in
terms of D, given by (see [12] page 26, also see [13])

w(pod¢r...ddy) = T(eMy, [ D, My,]...[D, My, 1),

where ¢y, ..., ¢, belong to C*°(M), € =1 in the odd case and ¢ = -y (the grad-
ing operator) in the even case and 7 denotes the volume integral. In fact, 7(X) =

Lim,_ o 2 X (where Lim is as in Sect. 2.2.2), which implies 7(U XU*) = 7(X)

Tr(e~'P%)

for all X in B(H) (using the fact that D and U commute). Thus,

w(goo fd(grof)...d(dno [))
= 7(cUM¢y,U*U[D, My, JU*...U[D, My, 1U*)
= 7(UeMy,[D, My,1...[D, My, 1U*)
= T(eMy,[D, My,]...[D, My, 1)

= w(Qod Py ...ddy).

O

Now we turn to the case of a family of maps. We are ready to state and prove the
operator-theoretic characterization of a ‘family of orientation preserving isometries’.

Theorem 2.1.13 Let X be a compact metrizable space and 1 : X x M — M is a
map such that 1, defined by 1, (m) = ¥ (x, m) is a smooth orientation preserving
Riemannian isometry and x +— 1, € C®(M, M) is continuous with respect to the
locally convex topology of C*° (M, M) mentioned before.
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Then there exists a (C(X)-linear) unitary Uy on the Hilbert C(X)-module
H® C(X) (where H = L*(S) as in Theorem2.1.12) such that for all x belong-
ing to X, Uy := (id ® ev,)Uy, is a unitary of the form Uy, on the Hilbert space
H commuting with D and UM ,U' = M sourt- If in addition, the manifold is even
dimensional, then Uy, commutes with the grading operator .

Conversely, if there exists a C(X)-linear unitary U on H ® C(X) such that
U, :=({d®ev,)(U) is a unitary commuting with D for all x, (and U, com-
mutes with the grading operator +y if the manifold is even dimensional) and (id ®
ev,)ay (L®(M)) C L*®(M) forall x in X, then there existsamap ) : X x M — M
satisfying the conditions mentioned above such that U = U,.

Proof Consider the bundles F=XxFandP =X x PoverX x M , with fibers at
(x, m) isomorphic with F,, and P,,, respectively, and where F and P are, respectively,
the bundles of orthonormal frames and the Spin(n) bundle discussed before. More-
over, denote by W the map from X x M to itself given by (x, m) — (x, Y (x, m)).
Let 7y : Hom(F, W*(F)) — X be the obvious map obtained by composing the pro-
jection map of the X x M bundle with the projection from X x M to X and let us
denote by B the closed subset of the Polish space C (X, Hom(I:“ \If*(I:“ ))) consisting
of those f such that for all x, mx(f(x)) = x. Define B in a similar way replacing
F by P. The covering map from P to F induces a covering map from B to B as
well. Let dw : M — B be the map given by d/,(m)(x) = )(x, m) = di|,n. Then

by Lemma?2.1.11 there exists a measurable lift of d//, say dl'p from M into B. Since

d,l’b (x,m) € Hom(F,,, Fy(x,m), it is clear that the lift dl/) (x, m) will be an element of
Hom(P,, Pyex,m))-

We can identify 'H ® C(X) with C(X — H), and since H has a total set F
(say) consisting of sections of the form [p(-), v], where p : M — P is a measurable
section of P and v belongs to A,, we have a total set F of H ® C(X) consisting
of F valued continuous functions from X. Any such function can be written as
[E,v]withE: X xM — P,veA,, and E(x, m) € P,, and we define U on F
by U[E, v] = [®, v], where

O, m) = d,(x, ¥ (m)(E(x, ¥y (m))).

It is clear from the construction of the lift that U is indeed a C (X)-linear isometry
that maps the total set F ontoitself, so extends to a unitary on the whole of H ® C(X)
with the desired properties.

Conversely, given U as in the statement of the converse part of the theorem, we
observe that for each x in X, by Theorem2.1.12, (id ® ev,)U = Uy, for some ),
such that 1), is a smooth orientation preserving Riemannian isometry. This defines
the map ¢ by setting 1 (x, m) = 1), (m). The proof will be complete if we can show
that x — v, € C*°(M, M) is continuous, which is equivalent to showing that when-
ever x, — x in the topology of X, we must have ¢ o ¢,, — ¢ o 9, in the Fre’chet
topology of C*(M), for any ¢ € C*°(M). However, by Lemma 1.1.10, we have
(id ® evy, ) ay ([D, My]) — (id ® ev,)ay([D, My]) in the strong operator topol-
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ogy where oy (X) = UXU™!. Since U commutes with D, this implies
(id ® evy,)[D ®id, ay(My)] — (id Q@ evy)[D ®id, ay(My)l,

that is, for all £ in L2(S),

12
[D, Mgoy, 1§ = [D, Myoy, 5.

By choosing ¢ with support in a local trivializing coordinate neighborhood for
S, and then using the local expression of D used in the proof of Theorem?2.1.12,

we conclude that di (¢ o 1y,) ii di(¢ o ¥y) (where dy is as in the proof of Theo-
rem2.1.12). Similarly, by taking repeated commutators with D, we can show the L?
convergence with di replaced by d, ...d, for any finite tuple (ki, ..., k). In other
words, ¢ o ¢, — ¢ o 1), in the topology of C*° (M) described before. (]

2.2 Noncommutative Geometry

In this section, we recall those basic concepts of noncommutative geometry, which
we are going to need. We refer to [14—19] for more details.

2.2.1 Spectral Triples: Definition and Examples

Motivated by the facts in Proposition2.1.3, Alain Connes defined a noncommutative
manifold based on the idea of a spectral triple:

Definition 2.2.1 A spectral triple or spectral data is a triple (A, H, D) where
‘H is a separable Hilbert space, A is a * subalgebra of B(H), (not necessarily
norm closed) and D is a self-adjoint (typically unbounded) operator such that for
all @ in A, the operator [D, a] has a bounded extension. Such a spectral triple
is also called an odd spectral triple. If in addition, we have ~ in B(H) satisfying
v=~*=~"", Dy=—vD and [a,y] = 0 for all a in A*, then we say that the
quadruplet (A>, H, D, ) is an even spectral triple. The operator D is called the
Dirac operator corresponding to the spectral triple.

Furthermore, given an abstract x-algebra B, an odd (even) spectral triple on B
is an odd (even) spectral triple (7(B), H, D) (respectively, (7(B), H, D, v)) where
m : B — B(H) is a x-homomorphism.

Since in the classical case, the Dirac operator has compact resolvent if the manifold
is compact, we say that the spectral triple is of compact type if A is unital and D
has compact resolvent. For nonunital C* algebras, interesting spectral triples are not
of compact type. Examples of such spectral triples include semifinite spectral triples
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for which we refer to [20, 21], and the references therein. Since, our final goal is to
study quantum isometry groups of spectral triples of compact type, all the spectral
triples under discussion will be assumed to be of compact type.

Definition 2.2.2 We say that two spectral triples (m(A), Hy, D) and (m,(A),
‘H», Dy) are said to be unitarily equivalent if there is a unitary operator U : ‘H; — H»
such that D, = UDU* and my(.) = Um(.)U* where 7;, j = 1, 2 are the represen-
tations of A in H,, respectively.

Real structure on a spectral triple

We now give a definition of the real structure along the lines of [22, 23], which is
a suitable modification of Connes’ original definition (see [14, 24]) to accommodate
the examples coming from quantum groups and quantum homogeneous spaces.

Definition 2.2.3 An odd spectral triple with a real structure is given by a spectral
triple (A%, H, D) along with a (possibly unbounded, invertible) closed antilinear
operator J on H such that D := Dom(D) € Dom(J), J JD € D, J commutes with
D on D, and the antilinear isometry J obtained from the polar decomposition of
J satisfies the usual conditions for a real structure in the sense of [23], for a suit-
able sign-convention given by (e, ¢') € {£1} x {£1} as described in [12], page 30,
ie,JJ?=¢l,JD =¢DJ,andforall x, y € A®, the commutators [x, JyJ~!] and
[JxJ ' [D, y]] are compact operators.

If the spectral triple is even, a real structure with the sign-convention given by a
triplet (e, €, €”) as in [12], page 30, is similar to a real structure in the odd case (with
the sign-convention (e, €)), but with the additional requirement that J~v = €"~J.

Next, we give a few examples of spectral triples in classical and noncommutative
geometry. We will give more examples in the later chapters of the book.

Example 2.2.4 Let M be a smooth spin manifold. Then from Proposition2.1.3, we
see that (C*°(M), H, D) is a spectral triple over C*° (M) and it is of compact type if
M is compact.

We recall that when the dimension of the manifold is even, A, = AT @ A, . An
L? section s has a decomposition s = s; + s, where s, (m), s, (m) belongs to A (m)
and A, (m) (for all m), respectively, where A,ﬁf(m) denotes the subspace of the fiber
over m. This decomposition of L?(S) induces a grading operator v on L>(S). It can
be seen that D anticommutes with .

Example 2.2.5 This example comes from the classical Hilbert space of forms dis-
cussed in Sect.2.2.2. One considers the self-adjoint extension of the operator d + d*
on H = @ H*(M), which is again denoted by d + d*. C*°(M) has a representa-
tion on each H* (M) which gives a representation, say 7 on 7{. Then it can be seen
that (C*°(M), H,d + d*) is a spectral triple and d + d* is called the Hodge Dirac
operator. When M is compact, this spectral triple is of compact type.

Remark 2.2.6 Letus make it clear that by a ‘classical spectral triple’ we always mean
the spectral triple obtained by the Dirac operator on the spinors (so, in particular,
manifolds are assumed to be Riemannian spin manifolds), and not just any spectral
triple on the commutative algebra C*(M).



52 2 Classical and Noncommutative Geometry

Example 2.2.7 The Noncommutative torus

We recall from Sect. 1.1.1 that the noncommutative 2-torus Ay is the universal C*
algebra generated by two unitaries U and V satisfying UV = ™V U, where 0 is
a number in [0, 1].

There are two derivations ¢, and d, on Ay obtained by extending linearly the rule:

di(U)=U, di(V) =0,
d,(U)=0, dr(V)=V.
Then d; and d, are well defined on the following dense x-subalgebra of Ay :

AP ={ Z A U™ V" 2 sup, |mkn]am,,| < oo forallk,lin IN}.

m,nel

There is a faithful trace on 4, defined as follows:
7O amU"V") = ag.

Let H = L?(7) @ L?(7) where L*(7) denotes the GNS Hilbert space of .4y with
respect to the state 7. We note that AJ° is embedded as a subalgebra of B(H) by
N (a 0)

O0al”

Now, we define D = di —Oid2 d —Bldz .

Then, (A°, 'H, D) is a spectral triple of compact type. In particular, for § = 0,
this coincides with the classical spectral triple on C (T?).

Example 2.2.8 Spectral triples on SU,(2)

In this example, we discuss the spectral triple on SU,(2) constructed by
Chakraborty and Pal in [25]. We recall from Sect.1.2.4 that by the symbols 7/,
we will denote the (i, j)-th matrix element of the (2n 4 1) dimensional corepresen-
tation of SU,(2). Moreover, elf’j’s will denote the normalized (with respect to the
Haar state h) ti"j’s.

Then the spectral triple is given by (O(SU,,(2)), L*(SU,,(2), h), DSY«®), where

D3V is defined by

DSU“(Z) (elnj)

= (2n+1)e;’j, n#i

=—-2n+ l)e;’j, n=i.
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Example 2.2.9 A class of spectral triples on the Podles’ spheres
We discuss the spectral triples on Sﬁc discussed in [26].

1 1
Lets = —c72A_, A\p = % + (c+ }t)z.
For all j belonging to %ﬂ\’ i
u] = (a* — sv")(a* — ;f sY9)......(a* —p
= (o — pusy)(a — p2s7y)........ (o — p*s7),
U_ j = E¥ wj,
Up = wy = 1
yi=4p )7ty — e’ — peza?),
Ny = [F e n' Vil |-
Define

2.,%2

L 1
v = NF T s (7 ), e sNo, jok=—L—l+1 ... Q21

Let M y be the Hilbert subspace of L2(SU 1,(2)) with the orthonormal basis {vfn’ N
I =|N|, IN|+1, ....... ,m=—I, ... I}.
Set
H = ./\/L% ©® ./\/l%

Then it is easy to check that x; keeps H for all i € {—1, 0, 1}. In particular,

I+1
m—+i,N°

(2.2.2)

xivh v = o (,m; N)Um+11v +a?(l,m;N)vfn+i,N+Oz;“(l,m;N)v

where o, of, «; are some constants.

Thus, (2.2.2) defines a representation 7 of Sf“. on H.

We will often identify 7(S7, ) with S7. ..

Finally by Proposition 7.2 of [26], the followmg Dirac operator D gives a spectral
triple (O(S? u,c)’ ‘H, D) which we are going to work with :

D(vfn,i%) = (cil + cQ)ij%, (2.2.3)

where ¢y, ¢; are elements of R, ¢; # 0.

2.2.2 The Noncommutative Space of Forms

We start this subsection by recalling the universal space of one forms corresponding
to an algebra.

Proposition 2.2.10 Givenanalgebra BB, there is a (unique upto isomorphism) B — B
bimodule Q' (B) and a derivation § : B — QY(B) (that is, §(ab) = §(a)b + ad(b)
for all a, b in B), satisfying the following properties:
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(i) Q(B) is spanned as a vector space by elements of the form ad(b) with a, b
belonging to B; and

(ii) for any B — BB bimodule E and a derivation d : B — E, there is an unique
B — B linear map n : Q"(B) — E such thatd =1 o 6.

The bimodule Q' (B) is called the space of universal 1-forms an B3 and  is called
the universal derivation.

We can also introduce universal space of higher forms on B, QK (B), say, for
k = 2,3, ..., by defining them recursively as follows: QT1(B) = Q¥(B) @5 Q'(B)
and also set Q°(B) = B.

Next, we briefly discuss the notion of the noncommutative Hilbert space of forms
for a spectral triple of compact type. We refer to [27] (page 124 -127) and the
references therein for more details.

Definition 2.2.11 A spectral triple (A, H, D) of compact type is said to be ®-
summable if ¢'2” is of trace class for all 7 > 0. A ©-summable spectral triple is
called finitely summable when there is some p > 0 such that 2 Tr(e™'P 2) is bounded
on (0, 8] for some § > 0. The infimum of all such p, say p’, is called the dimension
of the spectral triple and the spectral triple is called p’-summable.

Remark 2.2.12 We remark that the definition of ®-summability to be used in this
book is stronger than the one in [14] (page 390, Definition 1.) in which a spectral
triple is called ®-summable if Tr(e’Dz) < 00.

)
IrTe 2 ) for A\ > 0. We note that

For a ®-summable spectral triple, let o) (T) = —
(e X7 )
A+ o0, (T) is bounded.

Let .
1 d

T)\(T)Z—/ Uu(T)—Mfor)\zaze,
log A J, u

Now consider the quotient C* algebra By, = Cj([a, 00))/Co([a, o0)). Let for T
in B(H), 7(T) in By, be the class of A — 7,(T).

For any state w on the C* algebra By,, Tr,(T) = w(r(T)) for all T in B(H)
defines a functional on B(). As we are not going to need the choice of w in this

_ip?
book, we will suppress the suffix w and simply write Lim;_, g+ TTrEZ:_rDL;)) for Tr,(T).

Te(Te 'P?)
. . . - T .
with the functional Lim;_, ¢+. Moreover, Tr,(T) coincides (upto a constant) with the

Dixmier trace (see Chapter IV, [14]) of the operator T'| D|~? when the spectral triple
has a finite dimension p > 0, where | D|™? is to be interpreted as the inverse of the
restriction of | D|” on the closure of its range. In particular, this functional gives back
the volume form for the classical spectral triple on a compact Riemannian manifold.

Let QF(A*) be the space of universal k-forms on the algebra 4> which
is spanned by agd(ay) - --d(ax), a; belonging to A%, where ¢ is as in Proposi-
tion2.2.10. There is a natural graded algebra structure on 2 = €, ., QF(A>), which

This is a kind of Banach limit because if lim,_, o+

exists, then it agrees
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also has a natural involution given by (§(a))* = —d(a™), and using the spectral
triple, we get a x-representation IT : Q — B(H) which sends aypd(a;) - - - d(ay) to
apdp(ay) - - - dp(ax), where dp(a) = [D, a]. Consider the state 7 on B(H) given
Tr(Xe~'P%)
Tr(e'P?%) °
tive semi definite sesquilinear form on Q¥ (A>) by setting (w, ) = 7(IT(w)*I1(n)).
Let K* = {w € QX(A®) : (w, w) =0}, fork > 0,and K~ := (0). Let Q%) be the
Hilbert space obtained by completing the quotient Q(A>)/K* with respect to the

by, 7(X) = Lim,_, o+ where Lim is as above. Using 7, we define a posi-

inner product mentioned above, and we define 'H’,‘j = Pkl Q’,‘), where P denotes
the projection onto the closed subspace generated by §(K*~!). The map D’ :=
d+d* =dp+dj on Hyra = Py HkD has a self-adjoint extension (which is
again denoted by d + d*). Clearly, 'HkD has a total set consisting of elements of the
form [apd(ay) - - - (ay)], with a; in A% and where [w] denotes the equivalence class
P (w + K*) for w belonging to ¥ (A™). There is a *-representation 74+ : A —
B(Hata+), given by mapq+(a)([aod(a)) - - - 0(ax)]) = [aapd(ay) - - - 6(ax)]. Then it is
easy to see that

Proposition 2.2.13 (A, Hyi4+, d + d*) is a spectral triple.

Let us mention that for the classical spectral triple (C* (M), L?(S), D) on a com-
pact Riemannian spin manifold M, the above construction does give the usual Hilbert
space of forms discussed in Sect. 2.1.1. Moreover, the volume form on C* (M) using
D’ = d + d* inplace of D agrees with the usual volume form. It is enough to explain
this for smooth functions supported in a small coordinate neighborhood on which
the restriction of the spinor bundle S is trivial. Combining the local expressions
(5.45), (5.48) and (5.49) in [15], one can easily see that D? has the following local
expression:

D>*=AQ® I+ A,
where A is a first order differential operator, A = — 3",  g" %%
cian on the manifold, k is the dimension of the fiber of S, {x1, x», ..., x,} are local
coordinates, ((g;;)) is the Riemannian metric and ((g")) = ((g;;)) "
On the other hand, we can obtain the following local expression for (D’)? on a
suitable trivializing neighborhood for the bundle of forms:

is the Lapla-

(D) =L ® Icn,

where L is the Hodge Laplacian on M as in Sect.2.1.2 and m is the dimension of
the fiber of A*M.

A direct calculation shows that £ — A is a first order differential operator. As
L£~7 and A~ are of Dixmier trace class, it follows from the discussion in page 307
of [14] and the references cited there that

Tr,(M;L72) = Tr, (MfA™2),
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where M ; denotes the operator of multiplication by a smooth function f supported
in a small enough coordinate neighborhood on which both S and A*M are trivial.
Hence we have

Tr,(M; (D)%) _ Tro(M;(D*)~%)
Tr, (D)%) Tr, (D)%)

2.2.3 Laplacian in Noncommutative Geometry

Now we want to formulate and study an analog of the Hodge Laplacian in noncom-
mutative geometry. We recall that in the classical case of a compact Riemannian
manifold, £ = —d},dp coincides with the Hodge Laplacian —d*d (restricted on the
space of smooth functions), where d denotes the de-Rham differential. We need some
mild technical assumptions on the spectral triple to define the associated Laplacian.

Definition 2.2.14 Let (A*°, B(H), D) be a ®-summable spectral triple of compact
type. Assume furthermore that it satisfies the following conditions:

(1) Itis QC*°, thatis, A% and {[D, a], a € A} are contained in the domains
of all powers of the derivation [| D], -].

(2) Under condition (1), 7 defined by 7(X) = Lim,_,¢ T;Ei 8;1,52)) is a positive trace
on the C*-subalgebra generated by A and {[D, a] : a € A*}. We assume that 7
is also faithful on this subalgebra.

(3) The unbounded densely defined map dp from H% to H}, given by dp(a) =
[D, a] for a in A, is closable and let dp also denote the closure.

(4) £ := —d},dp has A% in its domain.

Then, we call £ the noncommutative Laplacian and 7, = e'£ the noncommutative
heat semigroup. Moreover, the *-subalgebra of A generated by Af° will be denoted

by .Ao.

Let us record the following observation.

Lemma 2.2.15 Under the conditions of the Definition2.2.14, then for x € A%, we
have L(x*) = (L(x))*.

Proof It follows by simple calculation using the facts that 7 is a trace and dp (x*) =
—(dp(x))* that

T(LEM)y)
= 7(dp(x)dp(y)) = 7(dp(y)dp(x)) = —7((dp(y"))"dp(x))
=<y L(x) >=7(L(X)) = T(L(Kx)y),

for all y € A™. By density of A* in HY, (a) follows. O
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It is well known that for compact Riemannian spin manifolds, the conditions (1)
and (2) of Definition 2.2.14 are satisfied. On the other hand, we know from Sect.2.1.2,
(for example, Lemma?2.1.1) that the Hodge Laplacian on a compact Riemannian
manifold satisfies the properties (3) and (4).

In the noncommutative case, the conditions (1) and (2) hold for many spectral
triples including those coming from Rieffel deformations. The content of the next
lemma is about the other conditions.

Lemma 2.2.16 Let (A*, H, D) be a spectral triple of compact type and of finite
dimension, say p. Suppose that for every element a € A, the map R >t —
o, (X) = exp(it D) Xexp(—it D) is differentiable at t = O in the norm-topology of
B(H), where X = a or [D, a). Then the conditions (3) and (4) of Definition2.2.14
are satisfied. Moreover, we have:

(a) L maps A into the weak closure of A in B(H%).

(b) If T, = exp(tL) maps HY into A for all t > 0, then any eigenvector of L
belongs to A

Proof We first observe that 7(«,(A)) = 7(A) for all ¢+ and for all A € B(H),
since exp(itD) commutes with |D|~7. If moreover, A belongs to the domain
of norm-differentiability (at + = 0) of «, i.e., M — i[D, A] in operator-
norm, then it follows from the property of the Dixmier trace that 7([D, A]) =
ll lim,_, o 227 — (. Now, since by assumption we have the norm- differentia-
bility atz = 0 of a, (A) for A belonging to the x-subalgebra (say B) generated by A
and [D, A, it follows that 7([D, A]) =0 VA € B. Let us now fix a, b, c € A®
and observe that

<adp(b),dp(c) >

= 7((a dp(b))*dp(c) >

= —7([D, [D, b*la*c]) + 7([D, [D, b*]a*]c)
= 7([D, [D, b*]a"]c),

using the fact that 7([D, [D, b*]a*c]) = 0. This implies
| <adp(b),dp(c) > | < |[D,[D,b*la*1|7(c*e)> = ID, [D, b*1a*]lll|c]l2,

where ||c|, = T(C*C)% denotes the L%-norm of ¢ € H%. This proves that a dp(b)
belongs to the domain of d}, for all a, b € A*, so in particular d}, is dense, i.e., dp
is closable. Moreover, taking a = 1, we see that dp(A*) € Dom(d},), or in other
words, A* € Dom(d},dp). This proves (3) and (4). The statement (a) can be proved
along the line of Theorem 2.9, page 129, [27]. To prove (b), we note that if x € H%
is an eigenvector of £, say £(x) = Ax (\ € C), then we have T} (x) = ¢ x, hence
x=eMT,(x) e A®. O
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2.3 Quantum Group Equivariance in Noncommutative
Geometry

We have already seen (Theorem 2.1.12) that the classical Dirac operator is equivariant
with respect to the natural action of the group of orientation preserving Riemannian
isometries. Itis natural to explore similar equivariance of a spectral triple with respect
to quantum group coactions. Let us begin by giving a precise definition of quantum
group equivariance.

Definition 2.3.1 Consider a spectral triple (A*, H, D) along with a coaction «
of a CQG Q on the C*-algebra A obtained by taking the norm closure of A in
B(H). We say that (A*°, H, D) is a Q-equivariant spectral triple if there is a unitary
corepresentation U of Q on H such that

(i) ady () = a(), }

UMD =D NHU.

It was not very easy to get examples of spectral triples, which are equivariant with
respect to “a genuine (i.e., noncommutative as a C* algebra) quantum group". In
[25] (i.e., Example 2.2.8), the first example of an SU,(2)-equivariant spectral triple
was constructed. It was followed by the work of a number of mathematicians, see
[26, 28-30] and the references therein. In the next two subsections, we show that the
spectral triples of Examples2.2.8 and 2.2.9 are indeed equivariant.

2.3.1 The Example of SU,,(2)

We deal with Example2.2.8 here. Let U be the regular corepresentation of SU,(2)
on LZ(SU/,,(Z), h). Then ady (x) = A(x) for all x in SU,(2). We recall from Exam-

ple2.2.8 the normalized vectors e;’s. Then U(e};) = D h ”e?k ® 1;); from
i

A
which it easily follows

Proposition 2.3.2 (/25]) The spectral triple (O(SU,(2), L2(SU# (2), h), DSUs@)
of Example2.2.8 is SU,,(2)-equivariant.

2.3.2 The Example of the Podles’ Spheres

Here, we consider the spectral triple constructed in [26] and explained in Exam-

ple2.2.9. We will use the notations of Example2.2.9. From [26], we see that the

vector spaces Vi:l = Span{v Lim= —I[, ....I} are (2] 4+ 1) dimensional Hilbert
2 m,x3

spaces on which the SU,,(2) corepresentation is unitarily equivalent to the standard

[-th unitary irreducible corepresentation of SU,(2), that is, if the corepresentation
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: 1 _ I I I :
is denoted by Uy, then Uo(vl.i%) => vj’i% Qt;; where L denotes the matrix

elements in the /-th unitary irreducible corepresentation of SU,,(2).
‘We now recall Theorem 3.5 of [31].

n

Proposition 2.3.3 Let Ry be an operator on 'H defined by Ry(v} ) = p 2! vl
U2 L)

Then Tr(Rge”Dz) < oo (for all t > 0) and one has
(Tr, ®1d) (Uo(x @ DUy ) = 78, (x).1,

for all x in B(H), where Tg,(x) = Tr(x Roe™'>").

—2i,n

We define a positive, unbounded operator R on H by R(vlfZ L) =p vl
T2 T2

Proposition 2.3.4 ady, preserves the R-twisted volume. In particular, for x in

W(SZ’C) and t > 0, we have h(x) = :Zg’fi, where Tg(x) := Tr(xRe™'P"), and h

denotes the restriction of the Haar state of SU,(2) to the subalgebra Sﬁ’c, which

is the unique SU,,(2)-invariant state on Sﬁ’c.

Proof It is enough to prove that 7 is ay,-invariant. Let us denote by P%, P_% the
projections onto the closed subspaces generated by {vf ,} and {vf 1}, respectively.
) »T2

Moreover, let 71 be the functionals defined by 74 (x) = Tr(x Ry P, 1 e*tDz)_ Now

observing that Ry, e~'P * and Uy commute with Py and using Proposition2.3.3, we

have, for x belonging to B(H),

(T+ @ id) (ay, (x))

= (Tr ® id)(Uo(x ® DTy (RyPy1e”” @ id))
= (Tr@id)(Uo(x Pyy ® DTy (Roe " ® id)
= (7, ® id)(a, (x Py))

= TRO(XP:‘:%)

=T7+(x).1,

that is, 74 are oy, -invariant.

_ 2. . . . .
Thus, x — Tr(x RoPi%e D7) is invariant under a,. Moreover, since we have

RPi% = ;FROPi%, the functional 7¢ coincides with y~!7, + u7_, hence is ay,-

invariant. U

Theorem 2.3.5 The spectral triple described on the Podles’ sphere Si,c as described
in Example2.2.9 is SU,,(2) equivariant. If o : SZ’C — Sic ®50,3) € SU,2Q) ®
S$0,,(3) denotes the canonical coaction of §O,,(3) on Sﬁ,c (Sect. 1.3.3) and Uy is as

above, then ady, (m(x)) = (1 ® id)a(x) Moreover, ady, preserves Tg.
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Proof

(D ®iUs(v),,) = (D @i v, 1 ®1})

= (a1l + ) Zv;# ® té’i

2

= (1l +e)Vo(v; 1)
T2
= UoD(; ,.,)-

Thus, the above spectral triple is equivariant w.r.t. the corepresentation Uj.

For the second statement, let U denote the right regular corepresentation of
SU,(2) on L2(SUN(2), h), so that Uy = U|y. We already noted that the coaction
a of SU,(2) is the restriction of the coproduct, that is, a(x) = U(x ® 1)U* for
X € Sﬁ,c c B(LZ(S/%’C)). Now, m(x) = x|, and we also observed that both x and U
(hence U*) leaves ‘H invariant. Thus,

ady, (m(x)) = Up(m(x) ® id)Us = (U (x @ id)U™)|ugso,3) = a(X)|He50,3)
= (7 ® id)(a(x)).

Finally, ady, preserves 7 by Proposition2.3.4. O

2.3.3 Constructions from Coactions by Quantum Isometries

In this subsection, we shall briefly discuss the relevance of quantum isometry group to
the problem of constructing quantum group equivariant spectral triples, which is
important to understand the role of quantum groups in the framework of noncom-
mutative geometry. There has been a lot of activity in this direction recently, see, for
example, the articles by Chakraborty and Pal [25], Connes [32], Landi et al. [28], and
the references therein. In the classical situation, there exists a natural unitary repre-
sentation of the isometry group G = ISO(M) of a manifold M on the Hilbert space
of forms, so that the operator d 4+ d* (where d is the de-Rham differential operator)
commutes with the representation. Indeed, d 4+ d* is also a Dirac operator for the
spectral triple given by the natural representation of C°° (M) on the Hilbert space of
forms, so we have a canonical construction of G-equivariant spectral triple. Our aim
in this subsection is to generalize this to the noncommutative framework, by proving
that dp + dj, is equivariant with respect to a canonical unitary corepresentation on
the Hilbert space of ‘noncommutative forms’.

Consider an admissible spectral triple (A>, H, D) and moreover, make the
assumption of Lemma2.2.16,i.e., assume that t > e''Pxe~'" is norm-differentiable
at t = 0 for all x in the x-algebra 3 generated by A and [D, A*].

Lemma 2.3.6 In the notation of Lemma2.2.16, we have the following (where b, ¢ €
AX): X
d}(dp(b)c) = -3 (bL(c) — L(b)c — L(bc)) . (2.3.1)
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Proof Denote by x (b, ¢) the right hand side of Eq. (2.3.1) and fix any a € A*. Using
the facts the the functional 7 is a faithful trace on the *-algebra B, £ = —d},dp and
that 7([D, X]) = O for any X in B3, we have,

(@ x(b, ¢))

= —%{T(a*bﬁ(c)) — 7(ca*L(b)) — T(a*L(bc))}

1
= 5 {r(D. a*blD, c]) — 7([D, ca™1[D, b]) — 7(ID, a*1[D, be)}

1
= E{T(a*[D’ bI[D, c]) = 7(ID, cla*[D, b)) = 7(c[D, a*1[D, b)) — 7([D, a*1[D, blc)}

= —7([D, a*][D, b]c)
=7([D,al*[D, b]c)
= (dp(a),dp(b)c)

= 7(a*(d}(dp(b)C))).

From this, we get the following by a simple computation:
1
(adp(b), d'dp (b)) = —ET(b*‘I’(a*a’, b)), (2.32)

fora,b,a’, b’ € A, and where W (x, y) := L(x)y — xL(y). Now, let us denote the
quantum isometry group of the given spectral triple (A*, H, D) by (G, A, ). Let
Ay denote the x-algebra generated by AS° and G denote the *-algebra of G generated
by matrix elements of irreducible corepresentations. Clearly, o : Ag — Ap ®alg Go
is a Hopf-algebraic coaction of Gy on Aj. Define a C-bilinear map U (Ao Rag
Go) x (Ap ®ag Go) = Ao ®aig Go by setting

V((xr®q), (X ®¢") = W(x, x)® (qq).
It follows from the relation (£ ® id) o @ = av o L on A that
T (ax), a(y)) = a(¥(x, y)). (2.3.3)

We now define a linear map o'" from the linear span of {adp(b) : a,b € Ay} to
H}, ® G by setting

aP(adp(®)) = > a"dp(b") ® ab}?,

iJj

where for any x € Ay we write a(x) = [x[(l) ® xi(z) € Ay ®aig Go (summation
over finitely many terms). We shall sometimes use the Sweedler convention of writing
the above simply as a(x) = x ® x®. It then follows from the identities (2.3.2)
and (2.3.3), and also the fact that (7 ® id)(«(a)) = 7(a)1 for all a € A that
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(a@WD(a dp (b)), V(@ dp)))g

1 ;
= —5(7 ® id)(a(b") W (a(a*a’), a(b)))
1
= —E(T ® id)(a(b*)a (¥ (a*d’, b))
= —%(T ® id)(a(b* Y (a*d’, b))

= —%T(b*\ll(a*a’, b'Nlg
= (adp(b), d'dp(b))1g.

This proves that o'V is indeed well-defined and extends to a G-linear isometry on
HL ® G, to be denoted by UV, which sends (adp (b)) ® ¢ to o'V (adp(b))(1 ® q),
a,b e Ay, g € G. Moreover, since the linear span of (A7) (1 ® §) is dense in
H% ® G, itis easily seen that the range of the isometry U M is the whole of H'D ®3a,
i.e., UM is a unitary. In fact, from its definition it can also be shown that U™V is a
unitary corepresentation of the compact quantum group G on H},.

In a similar way, we can construct unitary corepresentation U ™ of G on the Hilbert
space of n-forms for any n > 1, by defining

U™ ((apdp(a))dp(az)...dp(ay)) ® q)
=ai"dp@)...dpa") ® (a(()z)aiz)...aff)q),
(where a; € A°, ¢ € G, and Sweedler convention is used),

and verifying that it extends to a unitary. We also denote by U® the unitary corep-
resentation & on HY, discussed before. Finally, we have a unitary corepresentation

U=@,.0U" of G on H =, M}, and also extend dp as a closed densely

defined operator on H in the obvious way, by defining dp(apdp(ay)...dp(a,)) =
dp(ag)...dp(ay,). It is now straightforward to see the following:

Theorem 2.3.7 The operator D' := dp + dj, is equivariant in the sense that U (D' @
=D e HU.

We point out that there is a natural corepresentation 7 of A on H given by
7(a)(apdp (@y)...dp(ay)) = aaydp(ar)...dp(a,), and (m(A®), H, D') is indeed a
spectral triple, which is G-equivariant.

Although the relation between spectral properties of D and D’ is not clear in
general, in many cases of interest (e.g., when there is an underlying type (1, 1)
spectral data in the sense of [27]) these two Dirac operators are closely related. As
an illustration, consider the canonical spectral on the noncommutative 2-torus Ay,
which is discussed in some details in the next section. In this case, the Dirac operator
D acts on L2(Ag, 7) ® C2, and it can easily be shown (see [27]) that the Hilbert space
of forms is isomorphic with L?(Ag, 7) ® C* = L?*(Ag) ® C?; thus D’ is essentially
same as D in this case.
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2.3.4 R-twisted Volume Form Coming from the Modularity
of a Quantum Group

Let (S, A) be acompact quantum group and (A>, H, D) be an S-equivariant spectral
triple with a unitary corepresentation V on H commuting with D. In this subsection,
our aim is to show the existence of a densely defined positive functional on B(H),
to be interpreted as a generalization of “volume form”, which is kept invariant under
adV .

The Hilbert space H, on which D acts decomposes into finite dimensional
eigenspaces Hy (k > 1) of the operator D, i.e., H = @;Hy. Since D commutes
with V, V preserves each of the H;’s and on each Hy, V is a unitary corepresenta-
tion of the compact quantum group Q. Then we have the decomposition of each H;
into the irreducibles, say

Hi = @rer,C" @ C",

where m ; is the multiplicity of the irreducible corepresentation of type 7 on H; and
Ty is some finite subset of Rep(Q). Since R commutes with V, R preserves direct
summands of Hy. Let {e] : i = 1,2, - - -d;} be an orthonormal basis of C% such that
V(el) = Zj e; @uj;.

Let £p denote the WOT-dense *-subalgebra of B(H) generated by rank one oper-
ators of the form £ >< 7|, where &, n are eigenvectors of D. We note that since V
maps Hy into Hy ®ae So for all k, ady will map Ep into Ep ®qig So-

With the above set up and notations, we give the following definition.

Definition 2.3.8 An R-twisted spectral data (of compact type) is given by a quadru-
plet (A%, 'H, D, R), where

1. (A%, H, D) is a spectral triple of compact type.

2. R a positive (possibly unbounded) invertible operator such that R commutes
with D.

We shall also sometimes refer to (A, H, D) as an R-twisted spectral triple.

Remark 2.3.9 Weremark that in the above definition, we do not need the full strength
of Definition 2.2 in [33].

Definition 2.3.10 The functional 74 defined below on the weakly dense x-subalgebra
Ep of B(H) will be called the R-twisted volume form:

Tr(x) =Tr(Rx), x € &p.

We now characterize those R for which ady preserves the functional 7.

Theorem 2.3.11 Let (A%, 'H, D, R) be an R-twisted spectral data of compact type
which is equivariant with respect to a corepresentation V of a COG S on 'H. Then
ady preserves the R-twisted volume form if and only if R is of the following form:
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Ry, = Orer F™ @ Tk (2.3.4)

for some Ty ; € B(C"+), where F™’s are as in Sect. 1.2.2.

Proof Let{ff'k}j.q;'f be an orthonormal basis for C"~+. Then {e] ® ff’k i=1,2,--
“dr, j = 1,...mq}is an orthonormal basis for H;. As R commutes with D, it leaves
‘Hy invariant. Let us write

R(e] @ 7% =D R™ (s, 1.1, j)e; ® fr.
s,t

Let & denote the extension of the Haar state of S to a vector state on B(L2(S, h))
given by h(x) =< 1,x1 > .

Forafixed m, k, denoting e, ff’k, R™F(s,t, 1, J)byei, fj, R(s,t,i, j),respec-
tively, and for a in £p, we have the following:

(R ®@Mady(@) = D < V(@ ® f;® 1), @® DV R(e ® f}) >
ij
= D <a®fi® ) Rt ale, ® f) ® (uf)* >

i,jk.s,tu

R(s,t,i,j
= Z % <erQ fi,ale, ® fi) > 0is F™(k, u)

™

i,j.k,s,t.u

R, 1., )) .
= D>~ <a®fiae® f) > Frku).

ijktu g

On the other hand

Tr(a.R)
= Z <e ® fj,aR(e; @ fj) >
i,j

> Rtk j) <e® fjale,® f)>.

k,ju,t

Tr(a)

Now observe that if R is of the form given in the theorem, then R(s, t, 1, j) =
F™(i, s)Tz x(j, t). Plugging this in the expressions for (7 ® h)ady(a) and 7z (a)
obtained above, and using the fact that M, = >", F™(i, i), we get (Tg ® h)ady (a) =
Tr(a). It follows easily that ady preserves 7g.

‘We now prove the necessity part of the theorem. We note that (7 ® h)ady (a) =
Tg(a) implies:
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RG.1.0. ]
z % <er® fi,ale, ® fi) > FT(k,u)

i,j.k.tu

= D> R.t.k.j)<e® f.ale,® f) > . (2.3.5)

k,jout

Now fix u, tp and consider a € B(H) such that a(e,, ® f;,) = ¢, ® f, and zero on
the other basis elements. Then from (2.3.5), we get

R(, ty,i,]
>R e fe® fy > Fkuw)

ij.k T

=D Rl ok, j) < ex ® fj. e, ® fy >,
k.j

which gives 3", X o Rt (. ug) = R(ug, to, p, q)-
This proves that R |1, = Brez, F™ ® T with some T, € B(C") given by

T x(to.q) =2, W :
As an immediate corollary, we get the following:

Proposition 2.3.12 Let R = Ty (¢1) € B(H), where ¢ is the functional defined in
Proposition 1.2.19 and Tly is as in Theorem 1.4.1. Suppose also that L € B(H) is
(S, V) equivariant. Then we have:

a. R is a (possibly unbounded) positive operator with Dom(R) containing the
subspaces Hy, k > 1.

b. RD = DR.

c. ady preserves the functional .

Thus, given a spectral triple (A, H, D) (of compact type) which is S-equivariant
with respect to a corepresentation V of a COG S on 'H, we can always construct a
positive (possibly unbounded) invertible operator R on H such that (A*, H, D, R)
is a twisted spectral data and ady preserves the functional Tg.

Proof This follows from Theorem2.3.11 as R is of the form (2.3.4) with T, = I
for all m, k. O

Remark 2.3.13 1f L in Proposition2.3.12 is such that RL is trace class, then the
functional x is defined and bounded on B(7) and the conclusion of the proposition
holds as well.

Remark 2.3.14 (a)When the spectral triple in question has a real structure as in
Definition 2.2.3, there is a canonical choice of R (see Remark 3.3.3).

(b) When the Haar state of S is tracial, then it follows from the definition of R
and Theorem 1.5 part 1. of [34] that R can be chosen to be 1.

We record the following lemma for future use.
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Lemma 2.3.15 The ady -invariance of the functional Tg on Ep is equivalent to the
ady -invariance of the functional X + Tr(XRe™'P") on Ep for each t > 0. If, fur-
thermore, the R-twisted spectral triple is ®-summable in the sense that Re™'D’

is trace class for every t > 0, then ady preserves the functional B(H) > x —

¢ Re—1D? . . .
%, where Lim is as defined in Sect. 2.2.2.

LimtaOJr
Proof If W) denotes the eigenspace of D corresponding to the eigenvalue, say A, itis
clear that 74 (X) = ¢V Tr(Re™'P* X) forall X = |€ >< n| with&, n belonging to W),
and forany ¢ > 0. Thus, the ady -invariance of the functional 74 on £p is equivalent to
the ady -invariance of the functional X + Tr(XRe™’ Dz) on &p for each t > 0. This
can be argued as follows. Let ady be 7¢ invariant on £p, thatis, for all |£ > < 7| with
&, nbelonging to W), (1 ® id)ady (| >< n|) = 7r(|§ >< n]).1 Therefore, (7x ®
idyady (| >< n)) = 7R(I€ >< n]).1 = X Tr(Re '’ |¢ > < n|). Onthe other hand,
(T @ id)ady (|€ >< n]) = e (Tr(Re'” ) ® id)ady (|¢ >< n]). If the R-twisted
spectral triple is ®-summable, the above is also equivalent to the ady-invariance of
the bounded normal functional X +— Tr(X Re™’ Dz) on the whole of B(H). In partic-

ular, this implies that ady preserves the functional B(H) > x +— Lim;_ o+ TTT&R—‘:Z;_)).
e

O
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Chapter 3
Definition and Existence of Quantum
Isometry Groups

Abstract Under some reasonable assumptions on a spectral triple (A, H, D)
(which we call admissibility), we prove the existence of a universal object in the
category of compact quantum groups admitting coaction on the closure of A* which
commutes with the (noncommutative) Laplacian. This universal object is called the
quantum isometry group w.r.t. the Laplacian. Moreover, we discuss analogous for-
mulations of the quantum group of orientation (and volume or a given real structure)
preserving isometries. Sufficient conditions under which the action of the quantum
isometry group keeps the C* algebra invariant and is a C* action are given. We
also mention some sufficient conditions for the existence of the quantum group of
orientation preserving isometries without fixing a choice of the ‘volume-form’.

In this chapter, we describe in details the definition and existence of quantum isometry
groups in different set-ups. We begin with the approach based on the Laplacian of
the spectral triple and then discuss the concept of quantum group of orientation
preserving isometries. In the first case, our construction makes sense only when the
Laplacian obtained from the spectral triple is sufficiently nice. In the case of quantum
group of orientation preserving isometries, we only need the data coming from the
spectral triple. In a private communication, L. Dabrowski suggested an alternative
terminology, namely, ‘Laplace type’/ Dirac type quantum isometry group to describe
the quantum isometry groups coming from these two approaches mentioned above.
Towards the end of the chapter, we also describe the natural analogue of a quantum
isometry group of a real spectral triple.

3.1 The Approach Based on Laplacian

The motivation for our definition comes from Theorem 2.1.8. Thus, for defining the
quantum isometry group, we are led to consider a category of CQG’s which coact
on a noncommutative manifold such that it preserves the Riemannian structure in
a suitable sense. Then we prove that under some assumptions, a universal object in
this category exists.

© Springer (India) Pvt. Ltd 2016 69
D. Goswami and J. Bhowmick, Quantum Isometry Groups,
Infosys Science Foundation Series, DOI 10.1007/978-81-322-3667-2_3
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3.1.1 The Definition and Existence of the Quantum Isometry
Group

Let (A%, 'H, D) be a ®-summable spectral triple of compact type satisfying the
conditions of Definition 2.2.14. We recall from Sect.2.2 the Hilbert spaces of
k-forms H’,‘j, k =0,1,2,... and also the Laplacian £ = —d},dp as in Definition
2.2.14.

To define the quantum isometry group, we need the following additional assump-
tions:

Assumptions

1. £ has compact resolvents. Thus, it has a discrete spectrum and H% has a
complete orthonormal basis consisting of eigenvectors of L.

2. L keeps the subspace A% invariant.

3. Every eigenvector of £ belongs to A™.

4. Let A° = Span{a : a is an eigenvector of £}. We assume that .A5°, is norm
dense in A%.

5. The kernel of L is one dimensional, spanned by the identity 1 of A%, viewed
as a unit vector in H%. This assumption will be referred to as the “connectedness
assumption”.

Definition 3.1.1 We say that a spectral triple satisfying the assumptions 1.—4. admis-
sible.

Remark 3.1.2 Our terminology in this book differs slightly from that of [1], where
the definition of admissibility included the connectedness assumption 5. We know
from Sect. 2.1.2, (for example, Lemma 2.1.1) that the Hodge Laplacian on a compact
Riemannian manifold satisfies the properties 1.—4. as above. Moreover, if the man-
ifold is connected, then the condition 5. is satisfied. In the noncommutative world,
some of these assumptions follow from some additional conditions on the spectral
triple (see for example, Lemma 2.2.16). The necessity of having the admissibil-
ity conditions as well as the connectedness assumption 5. is discussed in details in
Sect.3.1.2.

In view of the characterization of smooth isometric action on a classical compact
manifold (Theorem 2.1.8 in Chap. 2), the following definition was given in [1].

Definition 3.1.3 Let A be the C* algebra obtained by completing .A* in the norm
of B(H%). A quantum family of smooth isometries of (A%, H, D) is a pair (S, «),
where S is a separable unital C* algebra and o : A — A ® S is a unital C*
homomorphism, satisfying the following:

a. Span(a(A)(1®8) =A® S,

b. for every state g on S, oy = (id @ p)a(AF°) € AF° and oy commutes with £
on AF.

The quantum family of isometries (S, «) is called volume-preserving if for all
a € A®, (1 ®id)(a(a)) = 7(a)ls.
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In case the C* algebra has a coproduct A such that (S, A) is a compact quantum
group and « is a coaction of (S, A) on A, we say that (S, A) coacts smoothly and
isometrically on the noncommutative manifold.

We point out that the volume preserving condition for a quantum family of smooth
isometries is automatic if the connectedness condition 5 is satisfied. This is the content
of Lemma 3.1.5. To prove it, we need the following observation.

Lemma 3.1.4 Suppose (A, H, D) is admissible satisfying the connectedness
assumption 5. Let W : A — AF° be a norm bounded linear map, such that
V(1) =1and ¥V o L = L oV on the subspace A;°. Then T(V(x)) = 7(x) for all
x € A%

Proof By Lemma 2.1.5 with H; = H,; = H%, & =& =1, we have 7(W(x)) =
7(x) for all x € AJ°. By the norm-continuity of ¥ and 7 it extends to the whole of
A>. O

Before proceeding to the proof of the existence of the quantum isometry group,
we fix our notations and some basic facts.

Notations and Some Basic Facts

1. The category with the object class consisting of all quantum families of isome-
tries (S, a) of (A%, H, D) and morphisms Mor((S, a), (§’, @’)) being the set of
unital C* homomorphisms ¢ : S — &’ satisfying (id ® ¢)a = o’ will be denoted
by Q~.

2. We will denote by Q' the category whose objects are (S, A, o) where (S, A)
is a CQG coacting smoothly and isometrically on (A>, H, D) and « is the coaction.
The morphisms of Q' are the morphisms of compact quantum groups which are also
morphisms of the underlying quantum families.

3. The forgetful functor F : Q, — Q¥ is faithful so that we can view F Q) as
a subcategory of Q%. Let Q% and (Q;)o denote the full subcategories of Q~ and
Q/; respectively obtained by restricting the object-classes to the volume-preserving
quantum families.

4. Given such an admissible spectral triple (A*°, H, D), the Laplacian £ has a
countable set of eigenvalues each with finite multiplicity, let us denote them by
X = 0,1, Az, ..., where Vy, Vy, ... are the corresponding finite dimensional
eigenspaces. We have V; € A for each i. As L(x*) = (L(x))*, V; is closed
under *. Clearly, H), = &; V.

5. Let {e;j,j = 1,...,d;} be an orthonormal basis of V;. Then, A3° =
Span{e;;, j = 1,...,d;; i > 0} and {e;‘j,j = 1,...,d;} is another orthonormal
basis for V; as 7(x*y) = 7(yx*) for x, y € A*. AF° is norm dense in A If the
spectral triple also satisfies the connectedness assumption 5., we have V,, = ClI.

6. We shall denote by U the quantum group A, 4 (), (as defined in Chap. 1,
Sect. 1.3.2) where d; is the dimension of the subspace V;. We fix a corepresentation
Bi + Vi = Vi Qe U; of U; on the Hilbert space V;, given by §;(e;j) = D, eix ® ’41(;]‘)7
()
¥

forj=1,...,d;, where u; = (u ;) are the generators of U; satisfying
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wiul = 1lg = uiu;, wu; =1z =uu;,
with u; = ((u(k))) and u; ((ugf)*)). Thus, both u; and u; are unitaries in
Md, (Au,d (I))
7. We recall from Sect. 1.2.2 that the corepresentations [3; canonically induce a
corepresentation 3 = *; 5; of U := *;U4; on H%, such that the restriction of 3 on V;
coincides with 3; for all i.

Lemma 3.1.5 For an admissible spectral triple (A, H, D) which also satisfies the
connectedness assumption 5, any quantum family of smooth isometries is automati-
cally volume-preserving; hence Q%) = QF and (Q o = Q' as categories.

Proof Let (S, a) be any quantum family of smooth isometries, and w be an arbitrary
state on S. By Lemma 3.1.4, it follows that 7(c,(x)) = T(x)w(l)_for all x € A.
Since w is arbitrary, we have (7 ® id)(«a(x)) = 7(x)1s forall x € A. O

Lemma 3.1.6 Let (S, o) be a quantum family of volume-preserving smooth isome-

tries of an admissible spectral triple (A, H, D). Moreover, assume that o is faithful,

i.e., there is no proper C*-subalgebra S| of S such that a«(A*) C A® ® ;.
Thena: A ® S — A® ® S defined by

ala ®b) .= a(a)(1 ® b)

extends to an S-linear unitary on the Hilbert S-module H, ® S, denoted again by
a. Moreover, there exists a C*-ideal T of U and a C*-isomorphism ¢ : U/T — S
such that o = (id ® ¢) o (id ® I17) o B on A® C 'H%, where Tl7 is the canonical
map fromU toU/T.

In case there is a CQG structure on S given by a coproduct A such that (S, A, o)
is an object in (Q'z)o, the map o : A® — A® ® S extends to a unitary corep-
resentation (denoted again by o) of the CQG (S, A) on H%. In this case, I is a
Woronowicz C*-ideal and the C*-isomorphism ¢ : U/T — S is a morphism of
compact quantum groups.

Proof We have (7 ® id)(a(a)) = T(a)ls for all @ € A and therefore for all
a € A by continuity. Moreover, since a(A)(1 ® S) is dense in A ® S, we see that
a(A®)(1 ® S) is norm-total in A ® S. Therefore, the S-linear span of the range of
a(A®) is dense in the Hilbert module 1% ® S. Thus, we are in a position to apply
Lemma 1.3.4 to deduce that @ is a S-linear unitary on the Hilbert S-module H% ® S.
Next, since o, leaves each V; invariant for every state w on &, it is clear that
for all i, a(V;) € Vi ®ug S. Let us write a(e;;) = >, e ® v,((lj) for some v,((’j)
(j,k=1,...,d)in S. Then v; := ((v,g.))) is a unitary in My (C) ® S and the
*- subalgebra generated by {vk i i >0,,j,k>1}isdensein S since « is faithful.
Since « is a C*-coaction on A, we have a(e;“j) = (ale)))" = Zk e, ® vg)*,
and since {e;kj} is also an orthonormal basis of V;, the matrix ((v,ig)*)) is unitary. By

universality of If;, there is a C*-homomorphism from ¢4; to S sending u k) to v,E'J), nd
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by definition of the free product, this induces a C*-homomorphism, say IT, from U
onto S, so that U/ /Z = S, where Z := Ker(IT).

In case S has a coproduct so that (S, A) is a CQG and « is a quantum group
coaction, it is easy to see that the subalgebra of S generated by {v,ﬁ’j), i>0,j,k=
1,...,d;} is a Hopf algebra and A(v,g.)) =>, v,ﬁ? ® vl(;). It follows that IT is Hopf-
algebra morphism and therefore, Z is a Woronowicz C*-ideal. (]

Theorem 3.1.7 For any admissible spectral triple (A>°, H, D), the category (Q%)o
has a universal (initial) object, say (G, a). Moreover, G has a coproduct Ay such
that (G, Ag) is a COG and (G, Ag, ap) is a universal object in the category (Q' »)o.
The coaction « is faithful.

Proof We will use the C*-algebra I and the map 8 : HY — HY ® U. By the
definition of 3, B(AF) S AJ° ®ae U. Note that 3 is only a linear map (unitary) but
need not be a x-homomorphism.

We construct the universal object as a suitable quotient of /. We will denote by
17 the quotient map from I/ onto U/ /Z. Let F be the collection of all those C*-ideals
T of U such that

Iz :=>10d®Iz) o f: AY — A ®ue U/L)
extends to a C*-homomorphism from A to A ® (I4/Z), and
(r®1d)(I'z(a)) = T(@)lyz Va € A, ie. (1 ®1d)(B(a)) — (a)ly € T.

The set F is nonempty because the C*-algebra C is an object in (Q%)o and by Lemma
3.1.6 we have an element of F.

Now, let Zj be the intersection of all ideals in F. We claim that Z; is again a
member of F. In order to prove this claim, we first observe that Ker(id ® I17) =
(XeAQU : Ywe A* 1 (w®id)(X) € 7} = A® Z. Then we use Lemma 1.1.9
to conclude that NzcFKer(id ® IN7) = Ker(id ® I1z,). Therefore, for a € Ag° and
7 € F, we have

Iz, @) = [18@) + A® Toll = ||B(a) + Ker(id ® Mz)|| = [|8(a) +
NzerKer(id ® I7)||
= supz.#||B(a) + Ker(id ® I17)|| = supz.£|IT'z(a)|| < supzcxllal| = |lall,

where we have used Lemma 1.1.1 and the contractivity of the C*-homomorphism
I'z.

Since Ag“ is dense in A, I'z, extends to a norm-contractive map on A. Moreover,
fora, b € AandforZ € F,wehave I'z(ab) = I'z(a)I'z(b). Since [17 = Mz oIl7,,
we can rewrite the homomorphic property of I'z as

I'z,(ab) — Tz, ()T'z,(b) € A® (Z/Ty).
This holds for all Z € F and hence we get I'z, (ab) — I'z,(a)T'7,(b) € ﬂzef A®

(Z/Zp) = (0), i.e. 'z, is a homomorphism. Similarly, it can be shown that it is a *-
homomorphism. Since each [3; is a unitary corepresentation of the compact quantum
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group U; on the finite dimensional space V;, it follows that 5;(V;)(1 ® U;) is total
nV;®U;. Thus,YViandVw € V;, w ® 1y, = w ® 1/ belongs to the linear span
of Bi(Vi)(1 @ U;) C B(Vi)(1 ® U). Therefore, AG° ® 1y is a subset of the span of
BAFP)(1®U) and hence A ® 1% is spanned by 'z, (A5°) (1 ®U /1) Since A’ is

norm-dense in A and the quotient map is contractive, A ® U /T is the closure of the
span of I'z, (A5°) (1 ® U/Zy). Thus, we have proved that (U4 /Zy, I'z,) is an object of
the category Q. We also observe that (4 /Zy, I'z,) is an object of the category (Q%)y.
This follows because for a € AY°, we have (7 ® id)(8(a)) — 7(a)ly € IVI € F
and thus (7 ® id)(B(a)) — 7(a)ly € Iy.

Now, we want to show that G := I{/Z is a universal object in (Q%),. To this
end, let (S, a) be any object of the category (Q%)o. We note that we can assume the
coaction to be faithful. Indeed, if the coaction is not faithful, we can always replace
S by the C*-subalgebra generated by the elements {v,i'j)} which appears in the proof
of Lemma 3.1.6. However, by virtue of Lemma 3.1.6 we can also assume that there
exists an ideal Z in F such that S is isomorphic with ¢//Z. Since Z; is contained
in Z, we have a C*-homomorphism from U/ /Z, onto U /Z which sends x + Z; to
x + Z. This C*-homomorphism is a morphism in (Q*) and it is indeed the unique
such morphism as it is uniquely determined on the dense subalgebra generated by
{uf) +Zo. i 20, j.k>1}of G.

We now construct the coproduct on G = U /Zy. Let a® denote the map (I'z, ®
idyol'z, : A > A® G ® G. Clearly, (G ® G, «®) is an object in the category
(Q%)o. By the universality of (G, I'z,), we have a unique unital C*-homomorphism
Ay : G — G ® G which satisfies

(d ® Ag) o T'z,(x) = a@(x) Vx € A.

Putting x = ¢;;, we get

Zeil ® (m7, ® T1,) (Z Ml(llc) ® u]((lj)) = Z e ® Ao(ﬂ’zo(ul(;))).
k !

I

Let A denote the coproduct on . Since Z(ul(;)) =D u,(,’() ® u,((ij), by comparing
coefficients of ¢;;, we deduce that

(77, ® T1,) 0 A = Ag 0 7, (3.1.1)

on the linear span of {u;ik) ,i >0, j, k> 1}, and thus on the whole of /. Therefore,
Ao(Zp) < Ker(mg, ® m7,) = Span(Zo ® 1 + 1 ® Zp) C U ® U. Hence, Iy is a
Woronowicz C*-ideal so that G = U/ /Z, has the canonical compact quantum group
structure as a quantum subgroup of /. It is clear from the relation (3.1.1) that A
coincides with the canonical coproduct of the quantum subgroup U /Z, inherited
from that of /. Since Lemma 3.1.6 implies that any CQG (G, ®) coacting smoothly
and isometrically on the given spectral triple is isomorphic with a quantum subgroup



3.1 The Approach Based on Laplacian 75

U/TZ, for some Woronowicz C*-ideal Z of U, it is easy to check that the object
(G, Ay, I'z,) is universal in the category (Q’z)o.

We sketch the argument for the faithfulness of the coaction ay. Let G; C G be
a x-subalgebra of G such that oy (7\) C A ® G,. Then it can be easily checked that
(G1, Ao, ap) is also a universal object. Moreover, by the universality of G, there is a
unique morphism, say j, from G to G;. If i : G; — G denotes the inclusion, the map
i o j is a morphism from G to itself. By applying universality again, we deduce that
i o j =1idg, so in particular, i is onto, i.e. G; = G. O

Definition 3.1.8 We shall call the universal object (G, Ay) obtained in Theorem
3.1.7 the quantum isometry group of the admissible spectral triple (A>, H, D) and
denote it by QISO* (A, H, D), or just QISO* (A>®) (or sometimes QISO* (A)) if
the spectral triple is understood from the context.

Remark 3.1.9 Tt follows from Lemma 3.1.5 that in case the spectral triple satisfies
both the admissibility and the connectedness assumption, QISOL (A, 'H, D) is the
universal object in the categories Q* and Q.

Remark 3.1.10 QISOE is a quantum subgroup of the CQG U = *; A, 4(I). As
Ay 4, (1) satisfies k% = id, (by Remark 1.3.11) the same is satisfied by Q1SO* so
that by Remark 1.2.16, QISO£ has tracial Haar state.

3.1.2 Discussions on the Admissibility Conditions

In this subsection, we discuss the assumptions of admissibility as well as the connect-
edness condition 5. which were used to prove the existence of the quantum isometry
group. Indeed, some of these assumptions can be avoided and we point out alternative
conditions to ensure the existence of the universal object.

In our definition of quantum family of smooth isometries, we assumed that the
coaction o keeps AJ° invariant. As seen in Chap. 2, in the classical case, this condition
is equivalent to the condition that o keeps the possibly bigger subspace A® =
C*° (M) invariant. Therefore, in the noncommutative situation, we are led to look for
sufficient conditions for invariance of A% under . We state and prove below one
such result.

Lemma 3.1.11 If an admissible spectral triple (A*, 'H, D) satisfies the condition
Dom(L") = A®, and if o : A - A® S is a smooth isometric coaction on A
by a CQG S, then for every state ¢ on S, ay(= (id ® P)a) keeps A invariant.

Proof By Lemma 1.3.4, the map & from A ® S to itself extends to an S-linear
unitary on the Hilbert S-module H% ® S so that & is a unitary in M (K (H%) ®S).
For any state ¢ on S, o, = (id ® ¢) (@) € B(HY). Since « is a smooth and isometric
coaction, the bounded operator o, commutes with the self-adjoint operator £ on
AS°. Since A is a core for £, «y commutes with £" for all n so that it keeps
A% =1, Dom(L") invariant. a
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Next, we come to the connectedness assumption 5. in Lemma 3.1.5. We remark
that the condition 5. is not actually necessary there. We do have admissible spectral
triples not satisfying 5. for which the coaction automatically preserves the volume
form. For example, let X be a set consisting of n points and view A = C(X) on
X as diagonal matrices acting on H = C". If we take the Dirac operator D to be
the identity operator, it follows that the volume form 7 is given by 7(J;) = 1 for
i =1,...,n, where §; denotes the characteristic function of the singleton set {i}.
Now if (S, A, @) is a CQG acting faithfully on A, with a(e;) = > /_ e ® xji,
then the elements {x;}; ; satisfy the relations of the quantum permutation group
A;(n) as in Chap. 1. Therefore, > jXji = 1 for each i and hence « is automatically
T-invariant. Therefore, (Q';)o = Q' even if (A, H, D) is not admissible whenever
n > 2 as £ = 0 has n-dimensional kernel.

On the other hand, with A = M,(C), H = C", D = I, we get an example
of admissible spectral triple not satisfying 5 for which volume-preserving property
is not automatic. Indeed, it suffices to observe that 7 is equal to the usual trace of
M, (C), and there are coactions of compact quantum groups on M, (C) which do
not preserve the trace (see [2]). Observe that any quantum group coaction is trivially
smooth and isometric in this case since £ = 0.

In [3], Connes and Moscovici introduced the notion of twisted or type-III spec-
tral triples. Let (A, H, D) be a o-twisted, Lipschitz-regular spectral triple of
finite-dimension n. Thus, o is a unital algebra automorphism of 4 such that
Va € A%, 0(a)* = 0 '(a*) and Da — o(a)D € B(H). Using the faithful posi-
tive linear functional 7 given by 7(X) = %})Dl‘:;) we can construct analogues of
the Hilbert spaces HY, and H},, by replacing the map dp by d¢ which is defined
by df,(a) = Da — o(a)D. We will say that a o-twisted spectral triple is admissi-
ble if the conditions 1.—4. hold with dp replaced by d7,. We briefly discuss how to
generalize our formulation of quantum isometry groups in this framework. We shall
use the notations V;, {\;} and {e;;} as before and define quantum families of smooth
isometries, smooth isometric coactions by compact quantum groups and volume pre-
serving coactions as in the case of usual spectral triples. We observe that in this case
T is not necessarily a trace and hence {e;*j} need not be orthogonal. However, they are
still linearly independent. Therefore, Q; = (((e;.kj, e;"k>))?f et = ((T(e; je;kk)));{’;k:l is
a nonsingular d; x d; matrix.

Let U7 = A,(Q;) be the compact quantum groups discussed in Sect. 1.3.2, so

that it is the universal C*-algebra generated by {u,;o'j", k,j = 1,...,d;} such that
u = ((ukj")) satisfies

uu* =1, =u*u, W'QuQ; ' =1, = QuQ;'u. (3.1.2)
Weset 37 : V; — Vi Qug U by

Bl (eif) =D e @ug,
p
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and then define a unitary corepresentation 37 of the free product U° = ;U7 on H
by taking 37 = *; 37 as before.

By replacing U with U/, it is easy to derive an analogue of Lemma 3.1.6. We
continue to use the notations used in the proof of Lemma 3.1.6. We observe that
the map @ is an S-linear unitary on the Hilbert module H% ® S, and it keeps the
subspace V/ ® S = Sp{e;“j, j=1,...,d;} ® S invariant so that

alef;) = Ze;kk ® v,£;>*. (3.1.3)
X

Therefore, S-valued matrix v; = ((v,ig)*)) is invertible in M, (C) ® S. Now we
take the S-valued inner product (-, -)s on the Eq.(3.1.3) and using the fact that
(a(x), a(y))s = T(x*y)ls, we obtain Q; = v;Q,7;. Therefore, Q[lngi is the
inverse of v;, from which we see that the relations (1.3.2) are satisfied with u replaced
by v;. This induces natural C*-homomorphism from {7 into S. By replacing ¢/ and
(' by U and 37 respectively, the rest of the proof of Lemma 3.1.6 as well as the proof
of Theorem 3.1.7 go through verbatim. This allows us to define quantum isometry
group of an admissible o-twisted spectral triple.

3.2 Definition and Existence of the Quantum Group
of Orientation Preserving Isometries

3.2.1 Motivation

The formulation of quantum isometry groups in terms of the Laplacian as in the
previous section has a drawback from the viewpoint of noncommutative geometry
since it needs a ‘good’ Laplacian to exist. In noncommutative geometry it may not
be always easy to verify such an assumption about the Laplacian. Therefore, it is
more natural to have a formulation of the quantum isometry group in terms of the
Dirac operator directly. This is what we aim to achieve in this section.

We have already seen in Theorem 2.1.12 that a group action on a Riemannian spin
manifold lifts to a unitary representation on the Hilbert space H of spinors which
commutes with the Dirac operator D if and only if the action on the manifold is
an orientation preserving and isometric. This motivates us to define the quantum
analogue of the group of orientation-preserving Riemannian isometries of a possibly
noncommutative manifold given by a spectral triple (A*°, H, D) by considering a
category Q' of compact quantum groups having unitary corepresentation, say U,
on H, which commutes with D, and the coaction on 5({) obtained by conjugation
maps A into its weak closure. A universal object in this category, if it exists, should
be called the ‘quantum group of orientation preserving Riemannian isometries’ of
the underlying spectral triple. The subtle point to note here is that unlike the classical
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group actions on B(H) which always preserve the usual trace, a quantum group
coaction may not do so. In fact, in the view of Theorem 2.3.12, it makes it quite
natural to work in the setting of twisted spectral data.

As in the previous section, we actually consider a bigger category called the cate-
gory of ‘quantum families of smooth orientation preserving Riemannian isometries’
motivated by the ideas of Woronowicz and Soltan [4, 5], We present several explicit
computations of such universal quantum groups in later chapters of the book. It may
be relevant to point out here that it was not clear whether one could accommodate
the spectral triples on SU,(2) and the Podles’ spheres Sf“ constructed in [6, 7]
respectively in the framework of QISO, since it is very difficult to get a work-
able description of the space of ‘noncommutative’ forms and the Laplacian for these
examples. However, formulation presented in this section makes it possible to accom-
modate these examples. More precisely, we have identified U, (2) and S O,,(3) as the
universal quantum group of orientation preserving (and suitable twisted volume pre-
serving for Sﬁ,c) isometries for the spectral triples on SU,,(2) and S,zl . respectively.
The computations for Sﬁ . have been presented in Chap. 4.

‘We conclude this subsection with an important remark about the use of the phrase
‘orientation-preserving’ in our terminology. We recall from Remark 2.2.6 that by a
‘classical spectral triple’ we always mean the spectral triple obtained by the Dirac
operator on the spinors. This is important since the Hodge Dirac operator d + d*
on the L2-space of differential forms also gives a spectral triple of compact type
on any compact Riemannian (not necessarily with a spin structure) manifold M,
and the action of the full isometry group ISO(M) (and not just the subgroup of
orientation preserving isometries ISOT (M), even when M is orientable) lifts to a
unitary representation on this space commuting with d 4 d*. In fact, the category
of groups acting smoothly on M such that the action is implemented by a unitary
representation commuting with d + d*, has ISO(M), (and not ISO"(M)) as its
universal object. So, we need to stick to the Dirac operator on spinors to obtain the
group of orientation preserving isometries in the usual geometric sense. This also
has a natural quantum generalization, as we shall see in Sect.3.2.4.

3.2.2 Quantum Group of Orientation-Preserving Isometries
of an R-twisted Spectral Triple

In view of the characterization of orientation-preserving isometric action on a clas-
sical manifold (Theorem 2.1.13), we give the following definitions.

Definition 3.2.1 A quantum family of orientation preserving isometries for the (odd)
spectral triple (A*, H, D) is given by a pair (S, U) where S is a separable unital C*-
algebraand U is a linear map from  to H®S such that U givenby U (£®b) = U (€)b
(& € H, b € S) extends to a unitary element of M(C(H) ® S) satisfying the
following:

(i) for every state ¢ on S we have Uy D = DUy, where Uy := (id ® ¢)(17);
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(i) (d® @) cady (a) € (A®)” for all a in A and state ¢ on S, where ady (x) :=
U(x ® 1)U* for x belonging to B(H).

In case the C*-algebra S has a coproduct A such that (S, A) is acompact quantum
group and U is a unitary corepresentation of (S, A) on H, we say that (S, A) coacts
by orientation-preserving isometries on the spectral triple.

In case the spectral triple is even with the grading operator -y, a quantum family
of orientation preserving isometries (A*°, H, D, ) will be defined exactly as above,
with the only extra condition being that U commutes with v® 1.

From now on, we will mostly consider odd spectral triples. However let us remark
that in the even case, all the definitions and results obtained by us will go through
with some obvious modifications. We also remark that all our spectral triples are of
compact type.

Consider the category Q = Q(A*, H, D) = Q(D) with the object-class con-
sisting of all quantum families of orientation preserving isometries (S, U) of the
given spectral triple, and the set of morphisms Mor((S, U), (S', U’)) being the set
of unital C*-homomorphisms ® : § — &’ satisfying (id ® ®)(U) = U’. We
also consider another category Q' = Q'(A*, H, D) = Q'(D) whose objects are
triplets (S, A, U), where (S, A) is a compact quantum group acting by orientation
preserving isometries on the given spectral triple, where U is the corresponding uni-
tary corepresentation. The morphisms are the homomorphisms of compact quantum
groups which are also morphisms of the underlying quantum families of orientation
preserving isometries. The forgetful functor F : Q' — Q is clearly faithful, and we
can view F(Q’) as a subcategory of Q.

Unfortunately, in general Q' or Q will not have a universal object. It is easily
seen by taking the standard example A* = M, (C), H = C", D = I. Any CQG
having a unitary corepresentation on C" is an object of Q' (M, (C), C", I). But by
Proposition 1.3.9, there is no universal object in this category. However, the fact
that comes to our rescue is that a universal object exists in each of the subcate-
gories which correspond to the CQG coactions preserving a given faithful functional
on M,. On the other hand, given any equivariant spectral triple, we recall from
Theorem 2.3.12 of Chap. 2 that there is a (not necessarily unique) faithful functional
which is preserved by the CQG coaction. This motivates the following definition.

Before that, let us recall the definition of an R-twisted spectral data from
Sect.2.3.4. Given an R-twisted spectral triple (A*, H, D, R), we note that
(A®,H, D, R~") is also an R™' twisted spectral data. Let us denote by 7z-1 the
canonical functional attached to the spectral data.

Definition 3.2.2 Given an R-twisted spectral data (A*°, H, D, R) of compact type,
a quantum family of orientation preserving isometries (S, U) of (A%, H, D) is
said to preserve the R and R~'-twisted volume form, (simply said to be volume-
preserving if R is understood) if one has (7x ® id)(ady(x)) = 7g(x).ls and
(Tp-1 ®id)(ady-1(x)) = Tp-1(x).1s for all x in Ep, where Ep and 7 are as in Propo-
sition 2.3.12. We shall also call (S, U) a quantum family of orientation-preserving
isometries of the R-twisted spectral triple.
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If, furthermore, the C*-algebra S has a coproduct A such that (S, A) is a CQG
and U is a unitary corepresentation of (S, A) on H, we say that (S, A) coacts by
volume and orientation-preserving isometries on the R-twisted spectral triple.

We shall consider the categories Qr = Qg(D) and Q% = Qz (D) which are the
full subcategories of Q and Q' respectively, obtained by restricting the object-classes
to the volume-preserving quantum families.

Remark 3.2.3 We have already observed in Chap. 1 that for any object (S, A, U)
of Q’, preservation of one of the two functionals 74 and 73-1 by ady implies the
preservation of both. Thus, in the definition of Q', it is enough to have the condition
of 7 preservation.

Let us mention here that in our paper [8] where the notion of quantum group of
orientation preserving isometries was originally formulated, we made a mistake by
not adding the condition of Tx-1 invariance in the definition of quantum families of
orientation and volume preserving isometries. The definition given above rectifies
this mistake.

Let us now fix a spectral triple (A*°, H, D) which is of compact type. The C*-
algebra generated by A% in B(H) will be denoted by A. Let Ag = 0, A\, A2, - - - be
the eigenvalues of D with V; denoting the (d;-dimensional, 0 < d; < 00) eigenspace
for \;. Let {e;;, j = 1,...,d;} be an orthonormal basis of V;. We also assume
that there is a positive invertible R on H such that (A%, H, D, R) is an R-twisted
spectral data. The operator R must have the form R|y, = R;, say, with R; positive
invertible d; x d; matrix. Let us denote the CQG A, 4, (Rl.T ) by U;, with its canonical

unitary corepresentation 3; on V; = C%, given by Gi(e;j)) = D ek ® u,fjfr. Let
U be the free product of U;,i = 1,2, ... and 3 = *;0; be the corresponding free
product corepresentation of I/ on . We shall also consider the corresponding unitary
element 5 in M(K(H) @ U).

The next two results are analogues of Lemma 3.1.6 and Theorem 3.1.7 and so we
sketch their proofs and refer to [8] for the details.

Lemma 3.2.4 Consider the R-twisted spectral triple (A, H, D) and let (S, U)
be a quantum family of volume and orientation preserving isometries of the given
spectral triple. Moreover, assume that the map U is faithful in the sense that there
is no proper C*-subalgebra Sy of S such that U belongs to M(K(H) ® Sy). Then
we can find a C*-isomorphism ¢ : U/ — S between S and a quotient of U by a
C*-ideal T of U, such that U = (id ® ¢) o (id ® I17) o 3, where Tl denotes the
quotient map fromU to U /T.

If, furthermore, there is a compact quantum group structure on S given by a
coproduct A such that (S, A, U) is an object in Qy, the ideal T is a Woronowicz
C*-ideal and the C*-isomorphism ¢ : U/L — S is a morphism of compact quantum
groups.

Proof Itis clear that U maps V; into V; ®,,S foreachi.Thus,ifv,g.) (. k=1,...,d)
are the elements of S such that U(e;;) = D, eix @ v,?-), then as in Lemma 3.1.6,
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;= ((v(’) )) is a unitary in My (C) ®u, S and the x-subalgebra generated by all

{vg?,l >0,,j, k> 1}isdensein S.

Consider the *-homomorphism «; from the finite dimensional C* algebra A; =
M, (C) generated by the rank one operators {lei;j >< eil, j,k =1, ,d;} to
A; ®a1¢ S givenby o (y) = U (y®1)U*|y.. Clearly, the restrictions of the functlonals
Tg and Tg-1 on A; are nothing but the functionals given by Tr(R; -) and Tr(R; ')
respectively, where Tr denotes the usual trace of matrices. Since «; preserves these

functionals by assumption, we get, by the universality of I; given in Lemma 1.3.12,

a C*-homomorphism from Uf; to S sending u k) = u,fj/ to vk ;> and by definition of
the free product, this induces a C* homomorphlsm say II, from U onto S, so that
U/T = S, where Z := Ker(IT). The rest of the proof is exactly as in Lemma 3.1.6
and hence omitted. ]

Theorem 3.2.5 For any R-twisted spectral triple of compact type (A, H, D), the
category Qg of quantum families of volume and orientation preserving isometries
has a universal (initial) object, say (g, Vo). Moreover, 5 has a coproduct A such
that (G, Ag) is a compact quantum group and (G, Ay, Uy) is a universal object in
the category Q'p. The corepresentation U is faithful.

Proof For any C*-ideal Z of U, we shall denote by I17 the canonical quotient map
fromU ontold /Z,andlet I'r = (id®I17)o (. Clearly, FI = (id®mz) o is aunitary
element of M(IC(H) @ U/T). Let F be the collection of all those C*-ideals Z of U
such that (id ® w) o adr; maps A> into A” for every state w (equivalently, every
bounded linear functional) on ¢//Z. This collection is nonempty, since the trivial
one-dimensional C*-algebra C gives an object in Qg and by Lemma 3.2.4 we do get
a member of F. Now, let Z; be the intersection of all the ideals in F. We claim that 7
is again a member of F. Indeed, in the notation of Lemma 1.1.2, it is clear that for a
in A%, (id®¢)o FIO (a) belongs to A” for all ¢ in the convex hull of Q | J(—£2). Now,
for any state w on U /Ty, we can find, by Lemma 1.1.2, a net w; in the above convex
hull (so in particular ||w;|| < 1 for all j) such that w(x 4+ Zy) = lim; w;(x + Zo) for
all x in U /7.

It follows from Lemma 1.1.10 that (id ® w;)(X) — (id ® w)(X) in the strong
operator topology for all X belonging to M(IC(H) ® U/Zy). Thus, for a in A™,
(id®w)o adf-IO (a) is the limit of (Id®w;) o adf-IO (a) in the strong operator topology,
hence belongs to A”. B

_We are left to show that (G := U/Zy, I'z,) is a universal object in Qg and that
(G, Ao, I'z,) is universal in the category Q’,. These facts follow exactly as in the
proof of Theorem 3.1.7 and hence omitted. |

Consider the *-homomorphism ad := ady,, where (~§ , Up) is the universal object
obtained in the previous theorem. For every state ¢ on G, (id ® ¢) o ady maps A into
A”.However, in ggneral ady may not be faithful even if Uj is so, and let G denote the
C*-subalgebra of G generated by the elements {(f ® id) ocadg(a) : f € A*, a € A}.

Definition 3.2.6 We shall call G the quantum group of orientation-preserving
isometries of R-twisted spectral triple (A%, H, D, R) and denote it by QISO;
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(A®,H, D, R) or even simply as QISO% (D). The quantum group G is denoted
by QISO% (D).

In a private communication to us, Shuzhou Wang kindly pointed out that an
alternative approach to the formulation of quantum isometry group may involve the
category of compact quantum groups which has a C*-coaction on the underlying C*
algebra and a unitary corepresentation with respect to which the Dirac operator is
equivariant. However, Corollary 4.5.16 of Chap. 4 shows that the category proposed
by Wang in general does not admit a universal object in general.

At this point, let us remark that in case of quantum group of orientation preserving

—_—

Riemannian isometry, QISOJIQ (D) depends on the von Neumann algebra (A*°)” and
not on the algebra A% itself. More precisely, we have the following proposition:

Proposition 3.2.7 Let (A, H, D, R) be as in [8]. If we have a SOT dense subalge-
bra Ay of (A®)" C B(H) such that [D, a] € B(H) forall a € Ay, then (Ay, H, D)

is again a spectral triple and

QISO} (Ao, H, D) = QISO) (A, H, D),

and hence QISO} (Ay, H, D) = QISO (A®, H, D).

The Proposition follows from the definition of QISO; (D) and hence we omit its
proof.

We end this subsection with the following observation for which we will need to
recall the notion of universal version of a compact quantum group as mentioned in
Sect. 1.2.2.

Theorem 3.2.8 The quantum groups QISO;;(D), QISO;(D) and QISO* (D) are
universal compact quantum groups.

Proof Let us prove the statement for QISO;(D) only, since the other cases follow

by very similar arguments. Let Q := QISOJ,Q(D) and 9y and Q" be the canonical
Hopf =x-algebra of Q and the universal CQG corresponding to Q respectively. By
definition, we have a surjective CQG morphism 7 : Q* — Q which is the identity
map on Q. To prove that 7 is an isomorphism, it suffices to get a surjective morphism
from Q to Q" which is the identity map on Q.

Let V be the corepresentation of Q on H and let V, be the corresponding corep-
resentation of Q" (see Chap. 1). Clearly, (id ® m)V, = U and moreover, V, = U
on the dense subspace A spanned by the finite dimensional eigenspaces of D. As
V commutes with D, so does V,,. We also have ady, = ady on the weakly dense
subalgebra £p of Proposition 2.3.12. Thus, by Lemma 2.3.15, 7 is preserved by
ady, . Finally, let 4 be the dense subalgebra of (A*°)” as in Lemma 1.5.2 so that
ady (Ao) € Ap ®aig Qo So (id ® 7)(ady, (Ag)) S Ao Qae Qo. But since m = id on
Qo, we have ady, (Ag) S Ay ®ae Qo. This implies that ady, leaves Aj = (A>)”
invariant, i.e., (@, V,) is an object of Qg (D), giving the required surjective mor-
phism from Q to Q.
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3.2.3 Stability and C* Coaction

In this subsection, we are going to use the notations as in Sect.3.2.2, in particular
G, G, Uy, ady. It is not clear whether the coaction ady of QISO}F(D) preserves the
C* algebra A generated by A% in the sense that (id ® ¢) o ady maps A into A for
every ¢. Moreover, even if A is stable under ady, the question remains whether ad
(which is always a von Neumann algebraic coaction) is a C*-coaction of the compact
quantum group QISO} (D). In Chap.4, Sect.4.5.2, we have answered this question
in the negative, by proving the following:

There is an R-twisted spectral triple on the Podles’ sphere Siﬁ Jor which adg does
not keep SZ’C invariant.

In this section, we will show that the CQG QISO;(D) has a C*-coaction for any
spectral triple for which there is a ‘reasonable’ Laplacian. This includes all classical
spectral triples as well as their cocycle deformations (with R = I).

We begin with a sufficient condition for stability of A% under ad,. Let (A%, H, D)
be a spectral triple such that the condition (1) of Definition 2.2.14 is satisfied, that is:
A% and {[D, a], a € A} are contained in the domains of all powers of the deriva-
tions [D, -] and [| D], -].

Let us denote by T, the one parameter group of x-automorphisms on B(H) given
by T;(S) = €!"PSe~"'P for all S in B(H). This semigroup which is continuous in the
strong operator topology. Moreover, let us denote the generator of this group by §.
For X such that [ D, X] is bounded, we have §(X) = i[D, X] and thus

||T,<X>—X||=H/ T(LD. XDds| < t|[D, X]||.
0

Definition 3.2.9 We say that a spectral triple (A*°, H, D) satisfies the Sobolev reg-
ularity condition if

A® = A" ﬂ Dom(§").

n>1

The following result is a natural generalization of the classical fact that under
some conditions, a measurable isometric action automatically becomes smooth.

Theorem 3.2.10 (i) For every state ¢ on G,

(id ® ¢) o adg(A™) belongs to A" ﬂ Dom(d").

n>1

(ii) If the spectral triple satisfies the Sobolev regularity condition then A% (and
hence A) is stable under ad,.

Proof Since Uy commutes with D ® I, it is clear that T‘, commutes with adg =
(id ® ¢) o ady. Therefore, by the continuity of ad, in the strong operator topology,
for a in Dom(d), we have
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T, (adj(a)) — ad] (a)

= ad)) (6(a)).

Thus, ad(‘f keeps Dom(d) invariant and commutes with ¢. In a similar way, (i) can
be proved. The assertion (ii) follows by applying (i) and the Sobolev regularity
condition. 0

Let us now add a strengthened version of assumption (2), Definition 2.2.14, that
is:

Assumption (2') _ N

Let S denote the x-algebra generated by {7;(A>®), T,(A*®)([D,al]) : s >
0, a € A} and Lim be as in Sect.2.2.2. We assume that the spectral triple
is ®-summable, that is, for every ¢t > 0, e™’ D* is trace-class and the functional

T(X) = LimHOTTr((e—t;z)) is a positive faithful trace on S*°.

The functional 7 is to be interpreted as the volume form (we refer to [1, 9] for
the details). The completion of S* in the norm of B(H) will be denoted by S, and
we shall denote by ||a||, and | - ||s the L?-norm T(a*a)% and the operator norm of
B(H) respectively. _ B

By using the definition of 7, it is easy to see that 7; preserves 7. Thus, 7; extends
to a group of unitaries on N := L%(S8™, 7). Moreover, for any X such that [D, X]
is in B(H), so in particular for X in S, we have

1700 - x|
= 7(T,() " (I,(X) — X)) + 7(X*(X — T,(X)))
<2|X - T,(X) | IIXl
< 2s)|[D, X1llooll X -

Thus, for X in §*, the map s +— ﬁ(X) is L2-continuous. The unitarity of ﬁ
implies that the L2-continuity is true for any X in belonging to A/, so that it is a
strongly continuous one-parameter group of unitaries. Let us denote its generator by
d. Then 5 is a skew adjoint map, that is, 9 is self adjoint, and T, = exp(t9). Clearly,
5_5—[ ,-]on 8. B

We will denote L>(A*, 7) C N by HOD and the restriction of d to H% (which is
a closable map from HY% to ') by dp. Thus, dp is closable too.

Throughout the rest of this subsection, we will assume that the spectral triple is
admissible in the sense of Definition 3.1.1.

Clearly, L(AF) € AF°. The x-subalgebra of A> generated by A7 is denoted
by Ap. We also note that £ = P()ZPQ, where £ = (i6)* (which is a self adjoint
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operator on ) and P, denotes the orthogonal projection in A/ whose range is the
subspace HY,.

Theorem 3.2.11 Let (A%, H, D) be an admissible spectral triple satisfying the
condition (1) of Definition 2.2.14 and assumption (2'). In addition, assume that at
least one of conditions (a) and (b) mentioned below is satisfied:

(a) A" € HY.
(b) For any state ¢ on G = QISO; (D), adg(Ao") C A>.

Then ady is a C*-coaction of QISO} (D) on A.

Proof Let ¢ be a fixed state on G. Under either of the conditions (a) and (b), the map
ad¢(A°°) C HY < N. Since ad¢ also commutes with [D, -] on A, adO(S”) CWN.

In fact, using the complete positivity of adg and the fact that ad, preserves 7, we
have

T(ad¢(a) ad (@) < 7'(ad0 (a*a)) = (Id ® ¢)((r ® id)adg(a*a)) = T(a*a).1.

Therefore, adg) extends to a bounded operator from A to itself. Since Uy commutes
with D, it is clear that adcb (viewed as a bounded operator on N') will commute with
the group of unitaries T,. Hence ad commutes with the generator 5 of T, and also
with the self adjoint operator L= 6)2

On the other hand, the definition of G = QISO;F(D) implies that (7 ® id)
(adp(X)) = T7(X)1gV X in B(H) and so in particular for all X € S*. Therefore,
the map S ®a1; G 3 (@ ® g) > ady(a)(1 ® g) extends to a G-linear unitary on the
Hilbert G-module N’ ® G. Let us denote this unitary by W. We remark that we have
used the fact that (id ® ¢)(W)(S® Q¢ G) € N for any ¢, as adg)(S"o) C N. Since
for all ¢, adg commutes with T} W and T} ® idg commute on N’ ® G. Moreover,
adg5 ('HOD) - H% so that W(H% ®RG) C ’H% ® G. Therefore, by the unitarity of W,
it commutes with the projection Py ® 1. It follows that adg commutes with Py, and
since it also commutes with £~ adg commutes with £ = POZPO as well.

Thus, all the (finite dimensional) eigenspaces of the Laplacian £ are preserved
by adg’. Therefore, ady is a Hopf algebraic coaction on the subalgebra A, spanned
algebraically by these eigenvectors. Moreover, the G-linear unitary W clearly restricts
to a unitary corepresentation on each of the above eigenspaces. Let ((g;;)), j) denote
the G-valued unitary matrix corresponding to one such particular eigenspace. Then,
by Proposition 1.2.19, g;; must belong to Gy and we must have e(g;;) = 6;;. Thus,
(id®e€)oady = id on each of the eigenspaces and hence on the norm-dense subalgebra
Ay of A, completing the proof of the fact that ady extends to a C* coaction on A. [J

A combination of the above theorem with Theorem 3.2.10 yields the following
immediate corollary.

Corollary 3.2.12 [f the spectral triple satisfies the Sobolev regularity condition of
Definition 3.2.9, in addition to the assumptions of Theorem 3.2.11, then QISO;'(D)
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has a C*-coaction. In particular, for a classical spectral triple, QISO;“(D) has C*-
coaction.

Remark 3.2.13 Let us remark here that in case the restriction of 7 on A is nor-
mal, A" C H%, and hence by the double commutant theorem, the condition (a) of
Theorem 3.2.11 is satisfied and hence its conclusion holds.

3.2.4 Comparison with the Approach Based on Laplacian

Throughout this section, we shall assume the set-up of Sect.3.2.3 for the existence
of a ‘Laplacian’ £ = L in the sense of Sect.3.1.1 so that we work with admissible
spectral triples (Definition 3.1.1) satisfying the condition (1) of Definition 2.2.14 and
assumption (2') of Sect. 3.2.3. Let us also use the notation of the previous subsections.
In particular, .A5° will denote the complex linear span of the eigenvectors of £. We
will denote the category of all compact quantum groups coacting smoothly and
isometrically on A by the symbol Q/; . Since our spectral triples are assumed to
be admissible, there exists a universal object in Q/ﬁn to be denoted by QISO* =
QISO~».
The following result now follows immediately from Theorem 3.2.11.

Corollary 3.2.14 If (A>, H, D) is a spectral triple satisfying any of the two con-
ditions (a) or (b) of Theorem 3.2.11, then QISOT(D) is a sub-object of QISO*? in
the category Q.

Proof The Corollary follows from the fact that QISO;F(D) has the C*-coaction ad
on A, and the observation already made in the proof of the Theorem 3.2.11 that this
coaction commutes with the Laplacian L. |

Now, we will need the Hilbert space of forms H,, 4+, d = dp corresponding to
a ®-summable spectral triple (A%, H, D) as discussed in Sect. 2.2.2. We recall that
one obtains an associated spectral triple (A%, Hyiq+, d + d*). We assume that this
spectral triple is of compact type, that is, d + d* has compact resolvents.

We will denote the inner product on the space of k forms coming from the spectral
triples (A*°, ‘H, D) and (A, Hyiq+, d+d*) by (, )Hg and ( , )sz respectively,
k=0,]1.

We will denote by mp, 714+ the corepresentations of A% in H and Hyya
respectively.

Let U4+ be the canonical unitary corepresentation of QISO;r d+d*)yonHgpg.
Then the Hilbert space H,44+ decomposes into finite dimensional orthogonal sub-
spaces corresponding to the distinct eigenvalues of (d + d*)? = d*d + dd*. It can
be easily seen that each of the subspaces H’b are kept invariant by (d 4 d*)?. Let us
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denote by V), ; the subspace of ’Hg 14+ Spanned by eigenvectors of (d + d *)2 corre-
sponding to the eigenvalue A and {e;); } ; be an orthonormal basis of V) ;. We observe
that £, is the restriction of (d + d*)? to H%.

At this point, we recall Theorem 2.3.7 which says that QISO*? has a unitary
corepresentation U = U, on H4+" guch that U commutes with d + d*. Thus,
(A*®°, Hyygr, d+d*)isa QISOL’) equivariant spectral triple. Moreover, by Remark
3.1.10, the Haar state of QISO*? is a trace so that by Proposition 2.3.12 and Remark
2.3.14, we have that ady keeps the functional 7; invariant. Summarizing, we have
the following result:

Proposition 3.2.15 The quantum isometry group (QISO*?, U.) is a sub-object of
(QISO;’ (d + d*), Ugig+) in the category Q;(d + d*), so in particular, QISO*? is
isomorphic to a quotient of QISO} (d + d*) by a Woronowicz C* ideal.

Under mild conditions, we shall give a concrete description of the above Woronow-
icz ideal.
Let Z be the C* ideal of QISO; (d + d*) generated by

Useo(@+ar (P ® id)Ugpa(ejr0), ejnr @ 1) j, i > 1},

where Py is the projection onto H%, (., .) denotes the QISO; (d +d*) valued inner
product and o ((d + d*)?) denotes the spectrum of (d + d*)?.
Since Uy, 4+ keeps the eigenspaces of (d + d*)? invariant, we can write

Ugya-(ejro) = E e ® qrjro + E erir @ qujairs
k Iy

for some gxjxo, qujr in QISO; (d + d*).
We note that gy ;i is in Z if i’ # 0.

Lemma 3.2.16 7 is a Woronowicz C*-ideal onISO;r (d+ d*).

Proof 1t suffices to verify that A(X) € Span(Z ® QISO;(d +d*) + QISO;(d +
d*) ® T) for the elements X in Z of the form ((POL ® id)Ugia-(€j20) €jrip @ 1) . We
have:

A((Py" ® id)Uara-(emn0) €jriy ® 1))

= ((Py" ®id)(id ® A)Uyra+(emro), €jniy ® 1 ® 1))

= ((Pg- @ id) U2y Uiz)(€mn0)s €jriy ® 1 ® 1)

= <(POl ® id)U(lz)(Z e ® 1 ® grmro) » €2, ® 1 ® 1>
X


http://dx.doi.org/10.1007/978-81-322-3667-2_2
http://dx.doi.org/10.1007/978-81-322-3667-2_2
http://dx.doi.org/10.1007/978-81-322-3667-2_2

88 3 Definition and Existence of Quantum Isometry Groups

+ Z (P @id)Uq)(ennie @ 1 @ qumni) » €jxi, @ 1® 1)
i'#0.1

= Z:((Pol ® id)(exr0 @ Grrkro ® Grmro) » €jxig ® 1 ® 1)
ok

+ Z ((Pol ® id) (exrkrni @ G kit @ Grmro) » €jxig @ 1 ® 1)
i1£0, k, k"

+ Z (P @ id)(erni ® qrini @ qumrir) + €jnig ® 1 ® 1)
A0, 1, 1

+ Z (P @ id)(errir ® qrrinie ® qimrir) + €jniy ® 1® 1)
i 0, i 1, 1

= Z (exrnir ® qrririr @ qumpo + €jnip @ 1® 1)
0. T k7

+ Z {errir ® qririe ® qumrir > ejnip ® 1® 1)
A0, 1, 1

+ Z {errin ® qrinir ® qunrir > €jxi, ® 1® 1),
IO, i1 10, 1, 17

which is clearly an element of Z ® QISO; (d + d*) + QISO; (d + d*) ® Z, since
gxj»iv is an element of 7 for i’ # 0.

Theorem 3.2.17 If ady,,,. is a C* coaction on A, then we have QISO*" =
QISO; (d +d*)/T.

Proof By Theorem 2.3.7, we conclude that there exists a surjective CQG morphism
7 : QISO} (d + d*) — QISO*?. By construction, the unitary corepresentation U
of QISO“? preserves each of the HY,, in particular 9,. The definition of Z implies
that 7 induces a surjective CQG morphism 7’ : QISO;L d+d9H/T — QISO*»,
which is also a morphism of Q';(d + d*).

Conversely, if V = (1d® pz) o Uy44- is the corepresentation of QISO;r d+d*) )T
on Hyyg+ induced by Ugy g+, where pr @ QISO} (d + d*) — QISO} (d + d*)/T
denotes the quotient map, then by the definition of Z, HY, is preserved by V preserves
H%. Thus, V commutes with Py. Since V also commutes with (d + d*)?, it follows
that V must commute with (d + d*)*>Py = £, that is,

V(d*d PBhb®1) = (d*dPy@ V.

Recall that ady is a C* coaction on A since ady,, . is so by assumption. It is easy to
show from the above that ady is a smooth isometric coaction of QISO;r d+d"/T
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with respect to the Laplacian £ . Thus, QISO; (d +d*)/Z is a sub-object of QISO*»
in the category Q) which completes the proof. O

Now we prove that under some further assumptions, one even has the isomorphism
QISO%» = QISO;L (d + d*). These assumptions are valid for classical manifolds as
well as their cocycle deformations.

The assumptions are as follows:

(A) Both the spectral triples (A*, H, D) and (A*°, Hyiq+, d +d*) are admis-
sible satisfying the condition (1) of Definition 2.2.14 and assumption (2'). Thus, if
D' = d + d*, both QISO*? and QISO*"" exist.

(B) We have

Va, b € A%, (a, b)yy = (a, bl . (dpa, dpb)s; = (dpa, dpb)y; .

Remark 3.2.18 The above assumptions do hold for classical spin manifolds. It fol-
lows from the discussion at the end of Sect.2.2.2 where we saw that the volume
forms corresponding to D? and (D’)? coincide, which is a consequence of the fact
that D?> — (D')? is a first order differential operator.

By assumption (B), we observe that the identity map on .4* extends to a unitary,
say ¥, from H% to H%,. Moreover, we have

Lp=X"LpX,
from which we get the following Proposition:

Proposition 3.2.19 Under the above assumptions, QISO*? = QISO*"'.

The next result identifies the quantum isometry group QISO*? of Sect. 3.1 as the
QISO;r of a spectral triple, and thus, in some sense, accommodates the construction
of [1] in the framework of the present section.

Theorem 3.2.20 [f in addition to the assumptions already made, the spectral triple
(A%, Hp, D) also satisfies the conditions of Theorem 3.2.11, so that QISO;’(D’)
has a C*-coaction, then we have the following isomorphism of CQG s:

QISO*? = QISO} (D) = QISO*"'.

Proof By applying Proposition 3.2.15 we see that QISO“? is a sub-object of
QISOI*(D’) in the category Q}(D’). On the other hand, by Corollary 3.2.14,
QISO; (D’) as a sub-object of QISO*”" in the category Q - Combining these
facts with Proposition 3.2.19, we get the required isomorphism. (I
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3.3 The Case of J Preserving Quantum Isometries

In this section, we are going to work with spectral triples (A, H, D) equipped a
conjugate linear invertible map J on 'H such that the linear span D, of eigenvectors of
D is contained in the domain of J , J Dy € Dy and J commutes with D on Dom(D).
Thus, the real spectral triples defined in Sect. 2.2.1 are a particular class of examples.
We shall work with odd spectral triples. However, in the even case, all the arguments
will go through, with some obvious and minor changes at places.

Given a C*-algebra S we shall denote by Js the antilinear map a +— a*. If Sis
separable, a faithful state always exists. We shall denote the antilinear map a — a*
by Js. We can view this map as a closable unbounded antilinear map on the G.N.S.
space of the state. By a sligﬁt abuse of notation, we will continue to denote the closed
extension of this map by J.

Definition 3.3.1 Suppose that the (odd) spectral triple (A™, H, D) is equipped with
a conjugate linear invertible map J as above. We say that a quantum family of
orientation preserving isometries (S, U) preserves J if the following equation holds
on Dy:

J®Js)oU=Uo1]. (3.3.1)

If the C*-algebra S has a coproduct A such that (S, A) is a CQG and U is a unitary
corepresentation of (S, A) on H, we will say that (S, A) coacts by orientation and
J preserving isometries on the spectral triple.

The even case can be similarly dealt with by assuming in addition that U commutes
with 7.

As in Sect.3.2, we consider the category Q7 = Qj(D) with the object-class
consisting of all quantum families of orientation and J preserving isometries (S, U)
of the given spectral triple, and the set of morphisms as before. We also consider
another category Q7 = Q5(D) whose objects are triplets (S, A, U), where (S, A)
is a compact quantum group coacting by orientation and J preserving isometries on
the given spectral triple, with U being the corresponding unitary corepresentation.
We fix the following set of notations.

The C*-algebra generated by A in B(HH) will be denoted by A. As before, let
Ao = 0, A1, A2, ... be the eigenvalues of D with V; denoting the (d;-dimensional,
di < o) eigensgace for A;. Let {e;;,j = 1,...,d;} be an orthonormal basis
of V;. Clearly, {J(¢;;),i > 0, 1 < j =< d;} is a linearly independent (but
not necessarily orthogonal) set, and let 7; denote the positive nonsingular matrix

~ ~ d
((TCeip), T(en)), -

LetU; = A,(T;) and (3 be its canonical unitary corepresentation on V; = C% and
[ = *;3; as in earlier subsections.

Lemma 3.3.2 Let (A*, H, D, J) be as above and let (S, U) be a quantum family
of orientation and J preserving isometries of the given spectral triple. If U is faithful,
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then there exists a C*-ideal T of U and a *-isomorphism ¢ : U/I — S such that
U = ({d® ¢) o (id ® I1;) o B, where I1; denotes the quotient map fromU to U /1.

If, furthermore, there is a CQG structure on S given by a coproduct A such that
(S, A, U) is an object in Q’f(D), I is a Woronowicz C*-ideal and ¢ is a morphism
of COG’’s.

Proof We follow the line of arguments of a similar result in Sect. 3.2. We observe
that for all i, U(V;) € V; ®qg S. Letfor j,k =1,...,d;, v,?j)be the elements of S
suchthat U(e;;) = D, eix ®v,§i) Thenv; := ((v,ﬁ”)) is a unitary in M, (C) ®y, S and
since U is faithful, the x-subalgebra generated by all {vkj ,i>0,7,k=1,...,d;}
must be dense in S.

_ Now, we shall use (3.3.1). Fix any i and let A; = ((77,,)) be the matrix defined by
J(eij) = 2, mijeir. By assumption, A; is invertible and AfA; = T;. The equation

UlTei)) =D Tew ® ()" (3.3.2)
k

yields
> ein® (Z T (”) Ze,m (Z T (0))* ) (3.3.3)

By comparing coefficients of ¢;, in both sides of (3. 3 3), we get >, v ,,3 =

> Tml(vl'))* so that v; A; = A;v;. Therefore, v; = A, v,A and thus v; is invert-
ible, since v; is so. Moreover, taking the S-valued inner product (-, -)s on both sides
of the Eq. (3.3.2), we get T; = v;T;v;. Thus, Tfl v.T; is the inverse of v;, from which
we see that the relations (1.3.2) are satisfied with u replaced by v;.

The rest of the proof is very similar to that of Lemma 3.2.4 and hence is
omitted. ([

Remark 3.3.3 An examination of the proof of Lemma 3.3.2 reveals that if (S, U)
is an object of Q’j(D), then ady preserves the R-twisted volume form, where R is

defined by R|y, = T;. This connects the approach of the present section to that of
Sect.3.2.

The rest of the arguments in Sect. 3.2 go through more or less verbatim and we
have the following result.

Theorem 3.3.4 For any (odd or even) spectral triple (A, H, D) equipped with a
conjugate invertible linear map J as above, the category Q5(D) of quantum fami-
lies of orientation and J preserving isometries has a universal (initial) object, say
(g Uy). Moreover, there exists a coproduct Ay on G such that (g Ag) isa CQG and
(g Ay, Up) is a universal object in the category Q/ (D). The corepresentation Uy is
faithful.

Definition 3.3.5 Let < -,- > denotes the G-valued inner product of the Hilbert
module H ® G. Then let G be defined by the Woronowicz subalgebra of G generated
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by {<{® 1, ady,(@)(n® 1) >, {,n € H, a € A®}. We shall call G the quantum
group of orientation and J preserving isometries of the given spectral triple, and
denote it by QISO"(A>, H, D, J) (or QISOJJr (A, 'H, D) in short). The quantum

group G is denoted by QISO"(A®, H, D, J) (or QISOJJr in short).

Given a compact quantum group Q acting on A, such that the coaction is imple-
mented by a unitary corepresentation U of the quantum group on H, it is easy to
see that the definition of equivariance of the spectral triple with the real structure as
proposed in [10] is equivalent to saying that (Q, U) is an object of Q%. We refer to
[10] for related discussions and examples of such equivariant real spectral triples.

3.4 A Sufficient Condition for Existence of Quantum
Isometry Groups Without Fixing the Volume Form

In this subsection, we make further investigations on the conditions on a spectral triple
(A%, H, D) which can ensure the existence of a universal object in the category Q
or Q. In case such an universal object, say, (S, U) exists, we will denote it by

QISO™ (D). Moreover, the largest Woronowicz subalgebra of QISO™ (D) for which
the coaction ady, is faithful on A will be denoted by QISO™ (D).

Remark 3.4.1 1f QISO™ (D) exists, then by Proposition 2.3.12, there exists an R
such that Q/IS\_O/Jr (D) is an object in the category Q’ (D). Since the universal object
in thls category, that is, Q/IS\(')/Jr (D), is clearly a sub-object of QISO* (D), we have
QISO*(D) QISO;(D) for this choice of R.

The following theorem gives some sufficient conditions for the existence of
QISO™ (D).

Theorem 3.4.2 Let (A*°, H, D) be a spectral triple and assume that D has an one-
dimensional eigenspace spanned by a unit vector &, which is cyclic and separating
for the algebra A>. Moreover, assume that each eigenvector of D belongs to the
dense subspace A*E of H. Then there is a universal object (G, Up) in the category
Q. Moreover, G admits a coproduct A such that (G, Ag) is a compact quantum
group and (Q Ao, Uo) is a universal object in the category Q'.

If {-, -)g denotes the G valued inner product of H ® G, let us define G as the
Woronowzcz C* subalgebra ofg generated by the set: {(adUo @mel, n"® )
n,n € H, ae A}

Then G = G % C(T).

Proof Let V;, {e;;} be as before, and by assumption, for each i, j, there exists a
unique x;; in A such that e¢;; = x;;£. Since ¢ is separating for A%, the vectors
{eij = xi;¢, j =1,..., d;}arelinearly independent. If (S, U) denotes an objectin Q,
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such that U is faithful, then there exists an element ¢ in S such that U (E®]) =£(Rgq.
By the unitarity of U it follows that q is a unitary.

Let W : H — H® S be defined by W (v) = U (v)g~!, so that W=0x1 ®q7.
Then, ady = ady, W =€ ® 1 and W commutes with D ® 1. Therefore, (S, W)
is also an object of Q. Let Dy = Spanfe;; : j = 1,2,...,d;,1 > 0} and define a
conjugate linear invertible operator J : Dy — Dy by J (xg) = x*§. We see that
J (Do) C Dy. Moreover, as U and hence W leaves Dy invariant and W E®1l) =
§ ® 1, we have adw (x;;)§ € Dy for all i, j. Therefore, we have

WI(x9) = WE) = ady ()W (E @ 1) = (adw (1)) (€ @ 1)
= ®Js)@dy(x)(E® 1) = (J ® Js)(W(xE)).

Thus, (S, W) is an object of Qj(D) and clearly, W is faithful because
W) =U@)g ' and g isa unitary By Theorem 3.3.4, we have a surjective C*-

homomorphism, say 7 : QISO+(A°° H,D,J) — S. Hence, we can identify S

with the quotient of QISOJr (A®, H,D,J ) by a clgsed both sided ideal. Since the
rest of the arguments for showing the existence of G are very similar to those in the
proof of Theorem 3.2.5, we omit the proof.

Now we come to the proof of the last part of the theorem. If Uy denotes the
umtary corepresentatlon of go with Up(§) = £ ® qo, then for a in A*®°, we have
Up(aé ® 1) = ady,(@)Up(€ ® ) 1) = ady,(a)(§ ® qo). Since Span{a : a € A*}
is dense in H, it follows that G is generated as a C*-algebra by G and go. Taking
the free product of the inclusion map i : G — G and the canonical map from C(T)
to C*(qo) sending the co-ordinate function z of C(T) to go, we get a surjective *-
homomorphism from G % C(T) to G. Finally, C(T) has a unitary corepresentation
givenby { - {®z, ¢ — ¢; ® 1 foralli, j > 1 and taking the free product
of this corepresentation with the restriction of Wy (where Wy(v) = Uy(v)q, 1) to
the subspace &+, we obtain a unitary corepresentation of G * C(T) which identifies
G * C(T) as a subobject of the category Q7 and completes the proof. ]

Remark 3.4.3 The proof of Theorem 4.18 of [8] regarding the quantum isometry

—~—+
group of C(T?) shows that QISO (D) can exist without the assumption of the
existence of a single cyclic separating eigenvector as above.

Next, we prove a corollary to this theorem which helps in computing QISO™ (D)
for a number of spectral triples satisfying the conditions of the above theorem. The
examples include the Chakraborty-Pal spectral triple on SU, (2) (see [8]) as well as
Connes’ spectral triples on group algebras coming from length functions, the latter
being the content of Chap. 8.

Let (A%, H, D) be a spectral triple which satisfies the conditions of Theorem
3.4.2. Let 7 denote the faithful state (-£, &) and let Aoy = Span{a € A : af is an
eigenvector of D}.
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Moreover, assume that Apo is norm dense in A,
We define D : Ay — Ay by:
D(a)§ = D(a&).

Since ¢ is cyclic and separating for A, D is well defined.

Definition 3.4.4 Let A be the C*-closure of A as above.

Let C be the category with objects (Q, «) such that Q is a CQG with a C* coaction
« on A such that the following hold:

1. ais 7 preserving (where 7 is as above), that is, (7 ® id)(a(a)) = 7(a).1.

2. a(Ago) S Ago Qaig Q-

3.aD = (D ® Ia.

Corollary 3.4.5 There exists a universal object o) of the category C and it is iso-
morphic to the COG G = QISO™' (D) introduced in Theorem 3.4.2.

Proof Since D hence D has compact resolvent, the proof of the existence of the
universal object follows exactly as in the proof of Theorem 3.1.7 by replacing £ with
D. We will denote the coactlon of Q on A by Q.

Now, we prove that Q is isomorphic to G.

Each eigenvector of Disin A® by assumption. From the proof of Theorem 3.4.2, it
easily follows that ady, maps the norm-dense *-subalgebra 4o into Ag ®a1, Go, and
(id®e¢) oady, = id. Therefore, ady, is indeed a C* coaction of the compact quantum
group ¢ G. Moreover, it also follows that 7 preserves ady, and that ady, commutes
with D. Hence, (G, ady,) is an element of Ob](C) so that by the universality of 0,
G is a quantum subgroup of 0.

For the opposite containment, we claim that & induces a unitary corepresentation
W of @ * C(T) on H which commutes with D and ady coincides with a.

Define W (a&) = a(a)(§)q* for all a in A where g is the standard generator of
c(D).

Since « preserves the functional 7, W is a (Q * C(T)-linear) isometry on the
dense subspace A00§ ®alg O and thus extends to H ® (Q * C(T)) as an isometry.
Moreover, since v is a a CQG coaction, Span{a(A)(l ® Q)} is norm dense in A ® Q
so that the range of W is dense. Therefore, W is indeed a unitary. It can be easily
checked that it is actually a unitary corepresentation of OxC (T).

We also have,

WD(a&)

= W(D(a)&) = a(D(a))(€)q*
= (D ® D(@@)&)q* = (D ® W (af),

and hence W commutes with D.

Moreover, it is easy to observe that ady = a. This gives a surjective CQG
morphism from G=G+C(T)to QxC(T), sending G onto Q, which completes the
proof. O
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Chapter 4
Quantum Isometry Groups of Classical
and Quantum Spheres

Abstract We begin by explicitly computing the quantum isometry groups for the
classical spheres and show that these coincide with the commutative C* algebra of
continuous functions on their classical isometry groups. The rest of the chapter is
devoted to the computation of the quantum group of orientation preserving isometries
for two different families of spectral triples on the Podles’ spheres, one constructed
by Dabrowski et al and the other by Chakraborty and Pal.

In this as well as the following chapters, we explicitly compute the quantum isometry
groups of the classical sphere and the quantum Podles’ spheres. These calculations
may appear slightly boring and tedious at places. In fact, the example of the classical
sphere can be derived from the general theory developed in Chap.6. However, we
decide to present some of the computations which do illustrate quite a few general
techniques and principles, to motivate and prepare the reader for the materials of
Chaps. 6 and 7. For quantum isometry groups of free spheres, we refer to Chap. 10.

4.1 Classical Spheres: No Quantum Isometries

Let S be the quantum isometry group of "~ := {(xy,...,x,) € R" : x} + ... +
x,f = 1} and let @ be the coaction of S on C(S"~!). Let £ be the standard Laplacian
on S"~! given by

82

52218—)612,

where x1, x2, ..., x, are the Cartesian coordinates.
The eigenspaces of £ on S"~! are of the form

E, = Span{(Zc,-xi)k cceCi=1,2,...,n, Z:cl2 = 0},
i=1 =1
where k > 1 (see [1], pp. 29-30).
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Lemma 4.1.1 The coaction o satisfies c(x;) = Z;le X; ® Qjj, where Q;; € S,i =
1,2,...,n.

Proof Since « is an isometric coaction, a(Ey) € Ey Qqg S. The lemma follows by
considering the containment a/(E1) € E| ®q, S. Now, E| = Span{(Z?:l CiX;)
ceCi=12,...,n>" c=0}L

For j # 1, both x; +ix;, x; —ix; € E; and hence, x;, x; € E;. Therefore, E; =
span{x|, x2, ..., x,}, which completes the proof. O

We note that the functions xi, ..., x, do not satisfy any nontrivial homogeneous
quadratic relations, thatis, {x;x; : 1 <i < j < n}is linearly independent. This will
imply that S is commutative as a C* algebra. We deduce it from the theorem stated
and proved below, which is going to play a crucial role later in Chap.6 where we
discuss CQG coactions on smooth Riemannian manifolds.

Theorem 4.1.2 Let A be a unital commutative C* algebra and x1, . . ., x, be self-
adjoint elements of A such that the x-algebra generated by {x1, . . ., x,} is norm dense
in A. Moreover, we assume thatV = Span{x, ..., x,,} is quadratically independent,
that is, the set {x;x;, 1 <i < j < n} is linearly independent. If S is a compact
quantum group acting faithfully on A, such that the coaction is injective and it
maps Span{xy, . .., X, } into itself, then S must be commutative as a C* algebra, i.e.,
S = C(G) for some compact group G.

Proof Let us denote the coaction of S by a. Since « is injective and the finite-
dimensional subspace V = Span{xy, ..., x,} is left invariant by «, the restriction of
a to V must be a nondegenerate corepresentation of S, hence a(V) C V ®qy So.
Let A = C(X) for some compact Hausdorff space X, and fix any faithful (i.e., with
full support) Borel probability measure ;2 on X, and denote by ¢,, the correspond-
ing state on A. Consider the convolved state gi)_ﬂ = (¢, ®h)oa on A. This is a
faithful S-invariant state, where faithfulness follows from the injectivity of o and
faithfulness of 4 on Sp. Let @ and H be the corresponding Borel measure and the
L?2-space, respectively, with the inner product < -, - >5 As Ais commutative and x;
are self-adjoint, so are x;x; Vi, j, and hence the inner product < x;, x; >a’s are real
numbers. Thus, Gram—Schmidt orthogonalization on {x, . .. x,} will give an ortho-
normal (w.r.t. < -, - >®7) set {y1, ..., y,} consisting of self-adjoint elements, with
the same span as Span{x, ..., x,,}. Replacing x;’s by y;’s, let us assume for the rest of
the proof that {xi, ..., x,} is an orthonormal set, there are Q;; € S,i,j =1,...,n
such that S = C*(Q;;,i, j =1,...,n) and

a(x;) = ij ® Q,’j, Vi=1,...,n.
j=1

Since x7 = x;, a(x]) = a(x;)* implies that Q;fi =Q;Vi,j=12,...,n.
Next, the relation a(x;x;) = a(x;x;) gives

QijOkj = Qk; 0i;Vi, j. k, (4.1.1)
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QikQji+ QuQjx = Qi Qi + Q1 Qix. (4.1.2)

Now, it follows from Lemma 1.3.4 that « extends to a unitary corepresentation
of S on L*(X, ). But a keeps V = Span{xy, x,, ..., x,,} invariant. Thus « is a
unitary corepresentation of S on V,ie., QO = ((Q;;)) € M,(S) is a unitary, hence
0'=0"=0"=((Qji)as 0}, = Qi; Vi, .

Since the matrix Q defines an n-dimensional unitary corepresentation of S, by
Proposition 1.2.19, we obtain

#(Qij) = Q' = 0], = Qji. (4.1.3)

Now from (4.1.1), we have Q;; Qxj = Qk;Q;;. Applying the antipode on this
equation and using (4.1.3), we have Q1 Qi = Q; O jx Similarly, an application of
k on (4.1.2) yields

01Ok + Q1 O1i = Qi Okj + Ok Q15 Vi, j. k. L.

Interchanging between k and i and also between /, j gives

Qi1Qix+ QuQjk = QjuQu~+ QuQ Vi, j, k, L. 4.1.4)

By subtracting (4.1.4) from (4.1.2), we have

[Qir, Ojl =[Qji1, Qixl.

Therefore,

[Qix, Q1] =0.

Since o is a faithful coaction, the C* subalgebra generated by {g;; : i, j =
1,2,...n}equals S and so S is commutative. O

As S"~! is connected, it follows from the previous chapter that the coaction of
S = QISO‘: oI ) preserves the faithful state coming from the usual Riemannian
volume form coming from $"~!. Hence, the coaction of S is injective and we conclude
that S coincides with C(ISO(S"™ 1)) = C(O(n)).

Remark 4.1.3 We refer the reader to [2] for a more general and elegant no-go result
for Hopf algebra coactions on commutative algebras.

4.2 Quantum Isometry Group of a Spectral Triple
on Podles’ Sphere

In this section, we turn to a noncommutative example, namely the quantum group of
orientation preserving isometries for the spectral triples on the Podles’ spheres Sﬁ’c
already discussed in Chap. 2 and identify it with SO, (3).
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4.3 Descriptions of the Podles’ Spheres

‘We had introduced the Podles’ spheres in Sect. 1.3.3 which is the universal C* algebra
generated by elements A and B satisfying the relations:

A*=A, AB = ;"*BA,
B*B=A—A*>+cl, BB* = A — u* A% + ¢l

These are the relations which we are going to exploit for getting homomorphism
conditions while computing the quantum group of orientation preserving isometries.

Notation: We will denote the coordinate * algebra of SZ’C by O(SE’C).

We will start with yet another equivalent description of the Podles’ sphere given
in [3].

4.3.1 The Description as in [3]

We need the quantum group U, (su(2)) for this description.
Let

Xo=pr(u ' —p) e (1 — K + EK + pFK forallc € (0, 00),
Xo=1-K>.

Onchas A(X.) =1Q@ X. + X. ® K>
Then (as in page 9, [3]) we have the following:
O(S?

e

)={x e OWU,Q2)):x<aX. =0},
where < is as in Sect. 1.2.5. The following is a vector space basis of O(Sic):
(A%, A¥B!, AKB*™ k>0, I,m > 0).

Let 1) be the densely defined linear map on L2(SU, 4(2)) defined by 1 (x) = x < X_.

!
! o ! ool
From [4], page 5, we recall that V< E = POV 1> Vg D F = ik

! — kol !
v, < K = p*v;, for some constants ;.

Lemma 4.3.1 Let Sﬁ,c be the closure of the subspace of L*(SU, 1(2)) generated by

SIZI’C. Then the map ) is closable and we have ? C Ker(v)), where 1) is the closed

e =

extension of ). Moreover, (’)(Sfm) =0lU,2)N Ker(y)) = O(SU,(2)) (N Ker(z)).
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Proof We observe that v}, < (1 —K?) =1 —p*n,, o), <EK =pfoj_,
!

vy, Vi < FK = ol . Hence, v), € Dom(y) with (¥")(v),) = pu?
_ -1 _1
= e
(1 — )+ pkag vl + ,uk“afcv_’j,k_i Hence, O(SU,(2)) € Dom(¢)*)
which shows that ¢ is closable and thus Ker(¢)) is closed. The proof is finished
by observing that (’)(Sﬁ,c) = Ker(y)) C Ker(v)). ([l

4.3.2 ‘Volume Form’ on the Podles’ Spheres

We now derive a few useful facts and formulas concerning the canonical faithful,
S0,,(3)-invariant state on Si,c obtained by restricting the Haar state of SU,,(2) to it.

We recall from [3], page 33 that for every bounded complex Borel function f on
a(A),

h(F(A) = e D f O™ 92 D f g™, 43.1)

n=0 n=0

1 1
where Ay =354 (c+ )7, Al_ =1—(C+D% =A== 27
yo= = PA O —Ao
Lemma 4.3.2 {x_;, xo, x,} is a set of orthogonal vectors.

Proof From (1.3.11) and (1.3.12), we note that x*, x¢ € Span{a*?y*ar, o2, a2y,
a*Z,ya*, 7*04*7*04, ’Y*OZ*, 'Y*CY*’Y*’Y, ’}/*OZ*’}/Oé*, 7*30[, ,Y*Z, ,Y*S,y’ V*Z,Ya*}'
Further, using (1.2.11)—(1.2.15), we note that this coincides with Span{a*~*,

a*v*z’y, a*Z’ 06*2’7*’7, 04*3’7, ,Y*Z’ 7*3,}/’ Oé*’)/*, Oé’}/*3, 7*3}

Then h(x*,x9) = 0 follows using (1.2.16). Similarly, one can prove h(xjx;) =
h(xix_1) =0. O

Lemma 4.3.3

1 2 L=pHA =)
M = 1+ p? han = A = A0 —pd’

Proof Recalling (4.3.1), we have

o0 o0
h(A) =74 D A + 92 D dp
n=0 n=0

A=)V - )
A A0 —ph
A
N R
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Similarly, putting f(x) = x2 in (4.3.1), we have

S S (L= =\
h(A%) =y 3 Np® 42 D N = :
% ' ; Oy = A)(1 = )

O

Lemma 4.3.4 h(x* x_1) = h(xixo) = h(xix)) = £2(1 — p2)(1 — &) " [p2 + 17!
(u* + 202 + 1) + 1 (—p* = 2% — D],

Proof From (1.3.10) we have x* x_; = 'z(lﬂ%‘z)B*B and hence, using Lemma 4.3.3,
we obtain
h(x*,x_1)
(1 + p?) 2 -1
= T[h(A) —h(A°)+ (@ —1).1]

= AT - D+ = A+ (A - )
(1+ p2)(1 — ) ’

from which we get the desired result.

Similarly, the second equality is derived from 2 (x; xo) = t* — 2t>(1 + p?)h(A) +
(1 + ) 12h(A?).

From (1.3.9), x; = —pux*, and hence, xjx; = t>(1 + p?)(u*A — p* A% + c.1),
from which h(xx;) is obtained and can be shown to be equal to the same value as
h(x*,x_1) = h(x;xo). O

4.4 Computation of the Quantum Isometry Groups

We recall the spectral triple on (Si’c, ‘H, D) discussed in Example 2.2.9 (taken from
[5]) and let R as in Theorem 2.3.5. Note that a restatement of Theorem 2.3.5 yields
the following:

Theorem 4.4.1 (SU,(2), Uy) is an object in Qx (D) and ady, is a faithful coaction
of §0,(3).

Here we will compute QISO;(S;ZL’C) of the above-mentioned spectral triple and
show thai it is isomorphic with §O,(3). B

Let (S, U) be an object in Q3 (D) and < -, - >z be the S valued inner product
of H® S and S be the Woronowicz C* subalgebra of S generated by {< (£ ®
D,ady(@)(n®1) >5:&(n € 'H, a € Sﬁ’c}.

Notation: We shall denote ad; by ¢ from now on.
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The computation has the following steps:

Step 1. We prove that ¢ keeps the span of Span{l, A, B, B*} invariant. We will
refer to this property of ¢ as the affineness of the coaction.

Step 2. We use the facts that ¢ is a x-homomorphism and that it preserves the
canonical volume form on Sﬁ which is the restriction of the Haar state of SU,(2).

Step 3. We will compute the antipode of S and apply it to get some more relatlons

Step 4. We will use the above steps to identify S as a subobject of SO, (3) which
will finish the proof.

We shall be brief in our exposition. For the full details, we refer to Chap. 5 of [6]
and [7].

Remark 4.4.2 Step 1. Does not use that ¢ preserves the canonical volume form on
S2 . Thus the conclusion of Step 1. remains valid for any object in Q'(D).

e

Lemma 4.4.3 We have the following:

1. The eigenspaces of D for the eigenvalues (cil 4+ c;) and —(cil + ¢;) are

Span{v! | +v! _,:—l<m<1}and Span{vl , —v!  :—l<m <1}, respec-
°2 * 2 °2 )

tively.
2. The eigenspace of | D| for the eigenvalue (cl.% + ¢) is Span{a, v, af,
7'}

Proof 1. Follows from (2 2. 3) To prove 2., we note that by 1, it is sufficient to

1dent1fySpan{V 1 V] 1 V 1oL Vl 1}

Using (2.2.1) and (1. 2 21) We have

1 1 1
=N’  (y+u 'sa) = N’ v+ 1SN_21 1Q
2°2 202 202
1
Vi
2°2
1 1
PFe Ofu) = NP (@ —sv)
2°2 = 202
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=

Vo
2 2
1 1
=N, Fe(lu_1) = N>, Fe(E>w))
202 2°7 2
1 1
=N, Fo(E>(a—pusy) = N_ZL_LFD(—uv*—usa*)
2°7 2 202
1 1 1
=N’ (a—psy) = N2, ,a—usN* 7.
2°72 272 2272
1
vi
20 2
1 1
=N \F'o(u_y) = Ni_ (Ev(a—psy)
1 1 1
:N; %( Y — psa®) = —,uN; %7 —/J,SN; %a*.
Combining these, we have the result. O
Lemma 4.44 1. 7(A)v, N € Span{vm N> mN, V}nfll\],
W(B)Um N € Span{Vm LN V:n—l,N’ V:,T_II,N )
m(B* )“mN € Span{vm+lN’ LH—],N’ V;il,N}-
2. (AN, ) € Span{vy N, VN sy VK-
3. (A" B")(v, ) € Span{vi, ™, vhmARED
4. m(A"B*)(v], ) € Span{vi TN, visoN L v,
Proof Using (1.3.10) and (2.2.2), we have
(A, y
S g @i Mol a0, mi N Lmy Nyl
- 0 mN oL, m; )va+a0(m )v

1+ p? mN 1+p 1442

! -1
Thus, 7(A)v,, y € Span{vfn’N, VioNs VmNJ-

Similarly, using the expressions for B and B* from (1.3.10) and then using (2.2.2)
just as above, we get the required statements for 7(B) and 7(B*). This proves 1.
Repeated use of 1. now yields 2., 3., and 4. |

4.4.1 Affineness of the Coaction

Let v be a vector in H. Let T, : B(H) — LZ(SU#(2)) be defined as T,(x) = xv,
where we view xv € H as an element of L>(SU 11(2)). The map T, is a continuous


http://dx.doi.org/10.1007/978-81-322-3667-2_1
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map w.r.t. the strong operator topology on B(H) and the Hilbert space topology of
L2(SU,(2)).

Nowifa € SU,(2), R, will denote the bounded linear map on L*(SU 1(2)) defined
by right multiplication by a. Then the map R, T, is a bounded linear map from B(H)
(with Strong Operator Topology) to the Hilbert space L*(SU,,(2)). We now define

T = RoTy+ 1R, T.

Lemma 4.4.5 Let w be a state on S and x € Si,c' Then T (¢,(x)) = ¢, (x) =
Ri(¢,(x)) € $2, C LA(SU,(2)), where ¢,(x) = (id ® w)(B(x)).

e =

Proof Let x € S . € B(H). Using the relation ac* + p>yy* = 1, it follows that

¢
T (x) = x = Ry (x), where we view x in the right-hand side of the equation as an ele-

ment of L2(SU 1(2)). Since ¢, (x) € (SZ’E)”, which is the Strong Operator Topology
closure of Sﬁ,c and T is continuous in the Strong Operator Topology, the conclusion
of the lemma follows. (]

Let

'

s —l=isl <),

V= Span{vf

The eigenspace of | D| for the eigenvalue ¢ + 3, is Span{vf —I <i <}.There-

ca 185Dl -
fore, V I, the subspace V' is kept invariant by U and U*.

Lemma 4.4.6 There exists a subspace V of O(SU,,(2)) which is finite dimensional
1 1 ~
such that R (gbw(A)v]? 11 Ry(9u (A)vj2 L1) belong 1oV for all states w on S.
J=+3 )
The same holds when A is replaced by B or B*.
1 ~ ~ L
Proof We have ¢(A)(v]?il QD =UrA l)U*(v;il ® 1).
JiT3 T3
~ 1 ~
Now, U* (v; L ® 1) e Vi ®alg S, and then using the definition of 7 as well as the
T3
~ 1 ,
Lemma 4.4.4, we get (7(A) ® l)U*(v;il ®1) e Span{v; L1t “'<j<ll'<
»E3 L3
3} ®ue S = V2 ®ug S. Again, U keeps V> ®y, S invariant, 5o R, (¢W(A)(U;i%))
1
isin Span{va*, v € V3}. Similarly, R,($.(A) (W}, ,)) € Spanfvy : v € V3}. So, the
2

statement for A follows by taking V = Span{va™, vy: v € V%} CcOSU,(22). A
similar argument proves the lemma for B and B*. ]

Corollary 4.4.7 There exists a subspace (finite dimensional) V of O(SU,(2)) so
that for all states (hence for all elements w € §*), we have T (¢,,(X)) € V, where X
is A, B or B*.
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Proof This follows since c, v* € Span{v ' ,}. ]

3
JEz
Proposition 4.4.8 ¢(A), ¢(B), ¢(B*) belong to (’)(Si,c) Ralg S

Proof By applying Corollary 4.4.7, Lemmas4.4.5and4.3.1, itfollows that forallw €
S*, we have T (¢, (A)) € V ﬂ . CO(SUL(2)) (" Ker(?)) and hence V ﬂ

VN O(s? 1.c)> Where Vis as in Corollary 4.47. Since V O(S2 .) 1s finite d1men-
sional, there exists a positive integer m such that for all w, T((;SW(A)) ew .=
Span{A*, AFB!, A*B* :0 <k, <m}. Since for all states (and hence for all
bounded linear functional) w on S, we have T (¢, (A)) = Ri(¢.(A)) = ¢, (A).1,
it is clear that ¢,,(A) is in WV for every w in S*.

We recall from Lemma 3.2.4 that S is a quotient of the separable C* algebra
U and is thus separable. Let us choose and fix a faithful state w on S and let £ =
L?*(S, w). Thus, we can view S and £(H ® S) as embedded in B(K) and B(H ® K),
respectively. Then ¢(A) can be viewed as an element of B(H ® K). If {q1, ¢2, . . .}
be elements of S such that it is a countable orthonormal basis of /C, then ¢(A) can
be written as Z?j'=1 #"(A) ® |g; >< q;|, where the series is weakly convergent.
Letw;;(-) = w(g;] - q;) so that ¢/ (A) = (id ® w;;)(¢(A)). Therefore, Vi, j, ¢/ (A)
belong to W. As W is finite dimensional and the series >/ ;_, ¢/ (A) ® |g; >< q;| €
W ® B(K) is weakly convergent, we conclude that ¢(A) € W ® B(K). Hence, if
Ay, ..., Ay is abasis of W, there exists By, Ba, ... B; such that ¢(A) = Zle A ®
B;.

At this point, we claim that By, B;, ... By € S. To this end, let {e;, e, ...} be
an orthonormal basis of H so that any trace class positive operator p in H is of the
form p =37, \jle; >< e;|, where \; are positive scalars such that > ; A; < oo.
Moreover, let r/},, B(H) — Cbe the normal functional defined by v, (x) = Tr(px).
Let 1/1,, L(H® S) — S be the bounded linear map defined by ¢,(X) = Zj Aj <
e;®1,X(e;®1) >5, where X € LIH® S) and < -, -, > g denotes that S valued
inner product of H ® S.

By the linear independence of {Aj, ..., A}, there exists trace class operators
p1, - - prsuchthati, (A;) = land v, (A;) = Ofor j # i. Thus B; = 1, (¢(A)) €
S. Since S is the Woronowicz subalgebra of S generated by {< £ ® 1, p(x)(n ®
1) >5: & 1 € H}, it follows that B, e SV i =1, 2, ..., k. This finishes the proof
for ¢p(A).

The proofs for ¢(B) and ¢(B*) being similar, are omitted. O

Proposition 4.4.9 ¢ keeps the span of 1, A, B, B* invariant.
Proof We prove the Proposition for ¢(A). The proofs for B and B* are similar.

By Proposition 4.4.8, ¢»(A) can be written as a finite sum of the form k=0 AF®
Ok + Zmﬂnﬂn’;ﬁo Am/Bn, ® Rm'ﬂ' + Zr,s,s;éo A"B* ® R;,s'

Let & = v}, y,- We have U(€) € Span{v), . m = —I,...1, N = +3}. Let

7 1 1
UE@D =" D, Vw @ dwny.oms
m=—1,..I N=+1


http://dx.doi.org/10.1007/978-81-322-3667-2_3

4.4 Computation of the Quantum Isometry Groups 107

where qu’ N).(mo.No) D€lONg t0 S. Since ¢ preserves the R-twisted volume, we have

1 1%
Z 9im, N), ', NYL(m,N), (m', Ny = L. (4.4.1)
m',N'

It also follows that U (A&) € Span{vfrlq vom==l, .U I'=1-111+1 N=
+1.
By Lemma 4.4.4, we have ¢(A)U(E® 1) = Zk’ M=, I N=+1 Akvfn, N®

I " i I
qu(m N). (mo.Noy T Zm ' 0, m—fl,...I,N::i:% A" B" v, y® Ry, w 9 m,N), (mo,No)

)
+er s;éO m=-l,..1, N= il A"B*y m N ® Rr,sq(m,N), (mg,No)*
Let m(, denote the largest integer m’ such that there is a nonzero coefficient of

A™ B" ,n’ > 1in the expression of ¢(A). We claim that the coefficient of o=

m—n',N
in ¢(A)U(€ ®1)is Rmo n Q(m N), (mo,No)*
/— —
Indeed, the term vm n” 1\7 can arise in the following ways: it can either come from

a term of the form A™ B""v!,  or Akvl, \ or A”B*v! . for some m”, n” k, .

In the first case, by Lemma 4.4.4, we must have [ —mj—n' =1 —m" —n" +

, 0<t=<2m” and m —n’ =m —n" so that m" = my, +t, and since my, is the
largest integer such that A™ B" appears in ¢(A), we can conclude that ¢ = 0, that is

[—my—n’ . m pn'
m_n'.N appears only in A™0B".

Inthe second case, wehave m — n’ = m implyingn’ = 0, which is a contradiction.
In the last case, we havem — n’ = m + s so that —n’ = s which is possible only when
n’ =s = 0 which is again a contradiction.

Now, coefficient of vm ";0 1\7 in l7(A§ ® 1) is zero if my > 1 (as n’ #0). It
now follows from the above claim, using Lemma 4.4.4 and comparing coef-
ficients in the equality U(A® 1) = (AU E® 1), that Ry wqiy vy, omo.ne) =
0Vn'>1, Vm, N when my > 1. Varying (my, Ny), we conclude that the above
holds ¥ (mo, No). Using (4.4.1), we get Ry w > s v Qlon vy, (D, Ny, Ny =
ovn >1,

thatis, R, » = 0Vn' > 1if my > 1. Proceeding by induction on mj,, we deduce
Ry w=0Ym >1,n>1.

Similarly, we have Oy =0Vk >2and R,  =0Vr>1, s> 1.

Thus, ¢(A) € Span{l, A, B, B*, B?,. B” B*2 . B¥"}. But the coefficient of
vl " N in qb(A)U({ ® 1) is Ry Argulng as before we arrive at the conclusion
that Ro, w =0V n > 2 Ina similar way, we can prove Ro, o =0Vn >2 O

Thus, we can write
A =10T1+ADL+B®T3+B" Q14 (4.4.2)
dB) =105 +ARS+BR® S+ B*® S, (4.4.3)

for some T;, S; in S.
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4.4.2 Homomorphism Conditions

We start with Egs. (4.4.2) and (4.4.3). We shall make use of the relations among T;, S;
coming from the facts that ¢ is a unital x-homomorphism and that it preserves the
R-twisted volume.

Lemma 4.4.10
1-1
I = 5
I+ p
-8
Si=—
1+ p

Proof We use the formulas of A and B in terms of the SU,(2) elements from

Egs. (1.3.12), (1.3.12), and (1.3.13). It follows that #(A) = (1 + ,LLZ)_I and h(B) =
0. Using Proposition 2.3.4 and the equations (h ® id)p(A) = h(A).1 and (h ®
id)¢(B) = h(B).1, we arrive at the conclusion. O

Lemmad44.11 T} =T, T, =T, T = T.
Proof It follows by comparing the coefficients of 1, A, and B, respectively, in the

equation ¢(A*) = ¢(A). O

We shall now assume that p # 1.
Lemma 4.4.12

585+ (1 4+ iS55 + c(1+ 117) S5 S,

= (1 =T+ To) — el + 1D’ TT5 — el + )’ TiTs + c(1+ g1,
(4.4.4)

—28552 + (1+ 42)S§S3 + > (1 4+ 1)) S5 Sa = (1 + 2Ty = DTy — 1 (1 + pH 3T

— (14 DT, (4.4.5)

S38y — 8585 — p*SiSy = —TF + ' I3 T5 + T T, (4.4.6)
S3Sa+ 838 = —(u + )T + T (1 = T), (4.4.7)
SiSy 4+ p2SiSy = —Th T3 — p° T3 T, (4.4.8)

SiSy = —T%. (4.4.9)
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Proof The Lemma is proved by comparing the coefficients of 1, A, A%, B*, AB, and
B? in the equation ¢(B*B) = ¢(A) — ¢(A?) + cI and then substituting S;, T, T,

T, by % % T, Ty, respectively, using the relations in Lemmas 4.4.10 and
4.4.11. O
Lemma 4.4.13

$585 4 c(1 + 1?8385 + c(1 + p>)*S4S;

= 17 (1 = ) (1 + p*To) + (1 + ) TT5 + (14 12’ T3 Ts + (1 + p?)2 1,
(4.4.10)

—28,85 + (1 + p*) S35 + (1 + %) S4S;
=1+ )Ty = 2p* (1 = T) Ty — pO(1 + ) T3Ty — i (1 4 p*) T3 T,

(4.4.11)
— 585 =538 = A+ AT — ' (A =TT — ' T3(1 = Ty),  (44.12)

$285 — pt 838t — 848t = —p* T2 + pSTSTE + p* TS T, (4.4.13)
$28; 4 178385 = —p* T Ts — p° T3 T, (4.4.14)
S38) = —p*Ti. (4.4.15)

Proof This follows by equating the coefficients of 1, A, B, A?, AB, B? in the
equation ¢(BB*) = ji>¢(A) — u*¢(A?) + c.1 and then using Lemmas 4.4.10 and
4.4.11. O

Similarly, we can derive some more relations from the equation ¢p(BA) =
1> ¢(AB).

4.4.3 Relations Coming from the Antipode

Now, we compute the antipode, say x of S.
To begin with, we recall from Lemmas 4.3.2 and 4.3.4 that {x_;, xo, x;} is a set
of orthogonal vectors with same norm.

Lemma 4.4.14 Ifx' |, x{, x| isthe normalized basis corresponding to {x_,, xo, x},
then from (4.4.2) and (4.4.3) we obtain

SO ) =X ® Sy +x)® —pu (142 IS x| @ —u'S,,

() = x', ® —u(l + )Ty + 1) ® T + x| ® (1 + 42)° T,

G(xi) = 2, @ —uSi + 36 ® (1 +42) 23 + x| ® 55,
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Proof As x_j, xo, x; have the same norm, it follows that x; = Kx;, where K =
Il 7 i ={=1,0, 1}.
Now, using (1.3.10) and (4.4.3), we have

¢(xL1)
1
Ki(l 4 p2)?
— (7M¢(B)
I
1
Ki(1+p?)? 1 ¢! _ —y!
ZM“@S]-F 2'xO®S2+ Nx]l®s3+,u(/17x]1)®s4
: s 11+ 12)? 11+ p2)?
S2 S4
=Kx_1®853+Kxg® — rtKxp ® ——
p+ )2 :
(by Lemma 4.4.10)
_1
=x | @S 4+x® —p A +pH) S +x ®—p S,
By similar calculations, we get the second and the third equations. U

Hence, ¢ keeps the span of the orthonormal set {x’ ;, x{, x}} invariant. More-
over, the Haar state h of SU,(2) is preserved by ¢. Therefore, we have a unitary
corepresentation of the CQG & on Span{x’_;, xg, x}}.

Using T3 = T3 from Lemma 4.4.11, the unitary matrix, say Z corresponding to
¢ and the ordered basis {x" ;, x{, x|} is given by

Sy =1+ pPTs —pSy
| —=5_ T S
—p' Sy 12T S:

By Proposition 1.2.19, we have

S*

(D) =Ty, K(T3) = —2—— Kk(S) = 1> + > TS,
(1) =T, K(T3) 20+ D) (82) = p (1 + p)T;
S5) = S, K(Sy) = 128s, K(TT) = —2
K(83) = 83, K(S4) = p~ Sy, K(3)—m,

K(SH) = (1 + pP)Ts, K(S) = S5, K(S]) = p2S;.

Now we derive some more equations by applying « on the equations obtained by
homomorphism condition. For the sake of simplicity, we give one example.
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Lemma 4.4.15

2 * * *
A+ ) T 4 o (1 + p?)? 8385 + ep (1 + )2 S5 S,

= 14 (1 = D)1+ (2T5) + ¢$285 + eS58 + e AL+ p2l, (44.17)
2¢2
S
838y = ——1 2 (4.4.18)
(1 + )
— P4 D ST = 120+ i) T35 = 120+ 2S5 - pt S5 - o) — it (1 - T3,
(4.4.19)
A+ A’ SITE 4 121+ 1D’ T38: = —p2SiTh — 1* TS5 (4.4.20)

Proof The lemma is proved by applying the antipode on (4.4.10), (4.4.15), (4.4.12),
and (4.4.14), respectively. (]

4.4.4 Identification of S O,,(3) as the Quantum Isometry
Group

Now we want to prove that there is a *-homomorphism from S0, (3) to § which
sends M, L,G,N,Cto —(1 + p>)7'Sy, S5, —p~ 'Sy, (14+p>)~'1 =Ty, uTs,
respectively.

To prove this, it is enough to show that all the relations of SO,,(3) (as in (1.2.23))
when translated to relations of QISO;((’)(S,ZM), ‘H, D) via the above map are sat-
isfied. We spell out some of the relations for which we also provide the proofs and
remark that the verification of the remaining relations are quite similar and straight-
forward.

*G = GG* = N2 gives — 5 (—Say — (_Say(_ 50y = (=T 4 -
G*G = GG* = N~ gives u( u)_( H)( u)_(1+;ﬂ)2 implying

2 1=T 2
5i8s = su5p = LU=
(1 + 12
M*M = N — N? gives
$38, 1-T, (-1

A+ 1+ A+

S5 (1) (1-T)—(1-T)*

which means —s = ~
(4+42) (1+42)

implying

$38 = (1 =T’ + Ty).
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M*L = p~'(I — N)C gives —1_“:#53 =p (1 - };Zﬁ)un, that is,

—8583 = (W + T)Ts.
Lemma 4.4.16 S35, = (1 — To) (1 + T»).

Proof Subtracting the equation obtained by multiplying c(1 + ©2) with (4.4.5) from
(4.4.4), we have

(14 2¢(1 + @) S5 + (1 + 1>’ (1 — 1?)S; Sy

= (1 = T2+ To) — c(l + AP + 2Ty — DTy + c(1 + i) (2 — DT T;
+ e+ 4371 4.4.21)

Again, by adding (4.4.4) with c(1 + £i2)” times (4.4.6) gives
(1 + (1 + 1S5Sy + (1 — ) (1 + ) SIS,

= (=T +Tp) — e(l+ p2 T2+l + p2) (4 = DT3TE + (1 + 12 1.
(4.4.22)
Subtracting the equation obtained by multiplying (u> 4+ 1) with (4.4.21) from
(4.4.22) we obtain

—( 4 e+ 1H))S5S: = (1= T (12 + o) — e(1 + p) T}

—(1 4 121 = T2 + T) — e+ 1271+ (1 + 12 (2 + 2T, — DT,

The right-hand side is equal to — (12 + ¢(1 4 12)°)(1 — T) (112 + T»). Thus, S35, =

(1 = ) (u* + Ty). O
Lemma 4.4.17 )

A+ p?) TiTs = (1 = ) (' + To), (4.4.23)

(1 4+’ TTy = (1 = T (1 + 4i* ), (4.4.24)

$8; = (1 = T)(1 + ©°T). (4.4.25)

Proof Equation (4.4.23) is obtained by applying the antipode on Lemma 4.4.16.
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Since Z is a unitary matrix, the (2, 2) position of the matrix Z*Z equals 1.
Therefore, > (1 + uz)T3*T3 + T22 + A+ pHT; Ty =1.

Using (4.4.23) we deduce —(1 + p2)2T3T3* = (T — 1)(1 + p?T»). Thus we
obtain (4.4.24).

Applying k on (4.4.24), we deduce (4.4.25). (]

Lemma 4.4.18 S:S; = 5,87 = (14 112 p2(1 — Ty).

Proof Adding the equations obtained by applying the antipode on (4.4.5) and (4.4.6),
we have —u*(1+ %)’ (1 — ) T3Ts + (1 + 12 (1= pD) 4S5 = — 12 (1 + 412
(1 = pAHT(1 = Ty) — p* (1 = 1), S5

Using p? # 1, we obtain,

3 2 "
A+ D T + 1 (1 + 127 848) = =20 + )T (1 — Tp) — 1125,S5.
Now using (4.4.23) and (4.4.25), we reduce the above equation to

2
pt (14 1%) Sy S;
=12 =TT+ (° Ty + i + p* o) + 2 (1 + ) (A = T) (i + T2)

= 1°(1 = Tp)%.
Thus,
16 2 12 )
pH(l + p?) I+ p)
Applying x, we have S;S; = #(1 — Ty)%.
Thus, S;S4 = S48F = —“ (1 — Ty)*. O

(I+42)
Lemma 4.4.19 —S;S; = (1> + To)Ts.

Proof By applying adjoint and then multiplying by z* on (4.4.7) we have u2S3 S5 +
,quZSz = —[LZT3(/L2 + 1) + ,u2(1 — T»)T5. Subtracting this from (4.4.8) we have
(1 — 128583 = = T3 — (T3 Th + (2 Ts(p? + To) — 1> (1 — T) T3 which implies
—8583 = (W + )Tz as i # 1. (]

We can verify the other relations among S;’s and 7;’s to prove the following.

Theorem 4.4.20 Assume i # 1. The map SO, (3) — S sending M, L, G, N, C to
—(1+ uz)’lSz, S3, — u’1S4, 1+ /ﬂ)’l(l — Ty), uTs, respectively, is a * homo-
morphism.
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We now prove the main result of this subsection.

Theorem 4.4.21 For ;i # 1, QISO(O(S>

c

). H. D)= S0,(3).

Proof Wehave seen in Theorem 4.4.1 that SU,(2) is an object in Qg (D) and SO,,(3)
is the corresponding maximal Woronowicz subalgebra for which the coaction is
faithful. Thus, SO, (3) is a quantum subgroup of QISOJ,Q(D). Now, Theorem 4.4.20
implies that QISO% (D) is a quantum subgroup of S 0,,(3), thereby completing the
proof. |

Remark 4.4.22 We observe that in the proof of Theorem 4.4.21, the only place
where the structure of D was used was in Proposition 4.4.9 and there we used the
fact that the unitary commutes with | D|. Thus, if we replace this spectral triple by
(O(SZ’C), ‘H, | D|), everything remains same and we deduce that

QIS0 (O(S; ). M. |D|) = QISO;(O(S}, ). H. D) = 50,(3).

Remark 4.4.23 With a bit of extra book keeping, the case ;# = 1 can be dealt simi-
larly. Alternatively, it also follows from Subsection5.3.5 of [6].

There are two ways to view the classical group SO (3): as the group of (orien-
tation preserving) isometries of S? and as the automorphism group of M,(C). In
the paper [8], PM. Soltan has proved that the universal object in the category of
compact quantum group acting on M;(C) such that the coaction preserves a certain
functional w), defined in [8] is the quantum group SO,,(3). The characterization of
S§0,,(3) as the quantum isometry group of the quantum sphere Sﬁ)c can be seen as
the noncommutative analogue of the characterization of SO (3).

4.5 Another Spectral Triple on the Podles’ Sphere: A
Counterexample

In this section, we present a concrete example in support of the claim made in Chap. 3
that the homomorphism aiy may not be a C*-coaction of the quantum isometry group
of aspectral triple. The same example also illustrates the nonexistence of the universal
object in the category (suggested at the end of Sect.3.2.2) of CQG’ s which have a
C*-coaction on the underlying C* algebra. This is done by computing the quantum
group of orientation preserving isometries for spectral triples on the Podles’ sphere
S/%’C. constructed by Chakraborty and Pal in [9] for ¢ > 0. The quantum isometry
group turns out to be C*(Z, * Z°°), where Z*° denotes countably infinite copies of
the group of integers.

For the purpose of computation in this section, we are going to use the description
of the Podles’ spheres as the universal C* algebra generated by elements A and B
satisfying the relations:


http://dx.doi.org/10.1007/978-81-322-3667-2_3
http://dx.doi.org/10.1007/978-81-322-3667-2_3
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A*=A, AB = "BA,

B*B=A—A>+cI, BB* = 1*A — *A* +cl.

In this section, we will work with ¢ > 0.

4.5.1 The Spectral Triple

Let us describe the spectral triple on Sﬁ,c introduced and studied in [9].

LetH, =H_=2INUO), H=H,  ®H_.

Let {e,, n > 0} be the canonical orthonormal basis of H, = H_ and N be the
operator defined on it by N(e,) = ne,.

We recall the irreducible representations 7, and 7_ : Hy — H4 asin [9].

Te(Aey = Asp® ey, 5.1
mi(B)en = ci(n)7e, 1, (4.5.2)

where

1

1 1.2
1 =0 de =Sk (c+ ), calm)=Aep” = Oer®)’ e (453)

Let7r=7r+®7randD=(0 N).

N O
Then (Sic, 7, H, D) is a spectral triple.
We observe that the eigenvalues of D are {n : n € Z} and the eigenspace for the
én ) when 7 is nonnegative and by (_ez ) when n is

n

eigenvalue n is spanned by (

n
negative.

Lemma 4.5.1 ]
T (B*)(en) = cy(n+1)2eny,

T (B*)(en) = c_(n+1)2eny1.

Proof <7r(B)(Z,1 n (eo )>, (eO"’ )> = 3, ucs(M? (en1s en) = Cia

o + 1) =3 cocr (' + 1) (en, ewit) =3, Cn

<€n, C+(7’l,+1)%en’+1>:<zncn (%ﬂ), (C+(n’ +01)zen’+1)>_
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Hence, 7, (B*)(e,) = ¢4 (n + 1)en .
Similarly, 7_(B*)(ey) = c—(n + 1) en1. 0

Lemma 4.5.2 If P,, Q, denote the projections onto the subspace generated by
(68') and (e() ) respectively, then P,, Q, belong to W(Sﬁ,c).
n

Proof We claim thatV n # 0, ¢, (n) and c_(n) are distinct.
Let ¢, (n) = c_(n). Therefore, A\, pu*" — ()\Jruz")2 +eo=_p — ()\,/QLZ”)2 +
c. This implies (A + A_)p?" = 1. Thus, u** = 1 and so n has to be 0.

Now, ¥ n > 1, 7(B*B) (e(;) — c+(n)%7T(B*) (enol) =cy(n) (6(;1)
Similarly, Vn > 1, 7(B*B) ( 0 ) =c_(n) (f )

en
Hence,Vn > 1, c4(n) and c_(n) are eigenvalues of B* B with the corresponding
€n
0
projections corresponding to these eigenvalues belong to C*(B*B) C ﬂ'(Sﬁ’ ), and
hence P,, Q, belong to F(Sﬁyc) V>l

Moreover, 7(A) (%’) = (63)) and 7(A) (e(:)) =A- (6(:))'

eigenspaces spanned by ( ) and (e() ), respectively. It follows that the eigen-

Thus, by the same arguments as above, Py, Qg belong to F(Siqc). (I
s v of X1 X2 . o .
Lemma 4.5.3 ©(S;,) ={ EBH®H): X1p =X =0}
e Xo1 X2

Proof 1Ttis sufficient to prove that the commutant w(Sﬁ,c)’ is the von Neumann algebra
C1]

0 C2[
74 and 7_ are irreducible representations.

X1 X . .

Let X = o) e w(S2 )’. Since X commutes with 7w(A), 7w(B), w(B*),
Xo1 X e
we have X, € 7r+(Sl2L,c)’ =ZCand Xy € ﬂ_(Sﬁ’C)/ =C,sothat X1 =c1I, X»n =

¢, I for some ¢y, c3.

of operators of the form ( ) for some ¢y, ¢; in C. To this end, we use that

Moreover,
Xpm_(A) = 7. (A) X1, (4.5.4)
Xpr_(B) =74 (B)X12, (4.5.5)
X (B*) = 1 (B")X12. (4.5.6)

Now, (4.5.5) implies that X1,e9 € Ker(my(B)) = Cey. Let X12¢9 = poeo.
1 1

We have 7. (B)(X12e1) = ¢2(1)X10e9 = poc? (1)ep, that is, 7. (B)(X2¢1) €
CEQ.
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Since it follows from the definition of 7, (B) that 7, (B) maps Span {e; : i > 2}
to ((Ce())L = Span{e; : i > 1}, Xjye; must belong to Span{ey, e;}.
By an inductive argument, we see that V n, Xi,(e,) € Span{eg, ey, ..., e,}.
1

Using the definition of 74 (B*)e, along with (4.5.6), we have c2(1)Xse; =
1

1 4
poci(1ey, thatis, Xjpe; = Pocg—(l)el-
2 (1)

We argue in a similar way by induction that X ,e, = c] e, for some constants c/,.

Now we apply (4.5.6) and (4.5.5) on the vectors e, and e, | to getc,,, | = ”E(—"H)
2 (n+1)
1
and ¢, = CC;(—'HI)]) Since ¢y (n+ 1) #c_(n+ 1) for n > 0, we have ¢, =0.
c (n+
Thus, ¢, = 0V n so that X, = 0. It follows similarly that X»; = 0. [l

4.5.2 Computation of the Quantum Isometry Group

Let (5 , A, U)beanobjectin Q'(D), with & = ady and the corresponding Woronow-
icz C* subalgebra of S generated by {< (6 ® 1), a(x)(n® 1) >5: {,neH, x €
Si’c} is denoted by S. Assume, without loss of generality, that the corepresentation
U is faithful.

As U commutes with D, it preserves the one-dimensional subspaces spanned by

each of the eigenvectors (6”) and (_ez )
Let U () - (
€n €n

U ( ey ) _ ( en
—€, —€,

for some g1, g, in S.

S— N—
®
<
=%

Lemma 4.5.4 We have
4 a4 =aq, 9, vn, 4.5.7)

1 1 1 1
(cyM2 +c-m2)q a7 —a, 107" + 2 — e a7 —q, 147 =0
Vn > 1, (4.5.8)
1 1 1 1
(C+M2 + Mg a5 =g, 147 + e )2 — - 2)g,_ a7 — g 19, =0

Vi > 1, (4.5.9)
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(c+ 1+ 17 +c 1+ D@14, = 4,1a, ) = (s + D2 —c(n+1)7)

X (Gpdd™ — a9, Vo (4.5.10)

Proof Since o maps W(Si’c) into its double commutant, the description of 7T(S2 C)”

as in Lemma 4.5.3 implies that the coefficient of (f? ) in a(A) ( ) must be 0.

To compute this coefficient, we start computing c(A) én ) as follows:

0
(i)

=UA® l)U*(( )® 1)

=10 ® 1)(7*((62) 1+ (_ee) ®1)

=10(m(A) ® 1)[(2”) ®q," + (_ee) ®4,"]

_ 1 ™+(Aey 4 T+ (A)ey —
- 2U[(7r_<A)en) Bd T\ r (e, ) B DY
Using (4.5.1), we see that it is equal to

_1 e + Appe, —
U[(A /”' en ® qn + /\_MZnen ®qn ]

n n * —% O n * —%
=%U[(O)®/\+u2 (¢, +4q, )+(€ )®Au2 (@, = 4,1
n

= ;{17[(2:) ® A (g +4,) + A (g, — q,)) + (_ee) ®
i (qF + g, — Ao (g — g9}

= (2) 397 O (@ + 4,7 + A (g — a7} + (fz ) ®©
10 Oy 1@ + a7 = A (@ = q,7)

€n n - n —3% n - *
=(O)®i{k+u2 (44 g, + A2 (1= g7 q;) + Ay (1 + g, 4;7)

0
— ¥ (g, qF —l)}+( )®l{/\+u2"(l+q,,+q,,*)+/\uz"(l—q,,*qn*)

— A (L4, g + A (g g — D)

Thus, we conclude

Al +4q,q," — (1 + 4 4 1+ A-[1—47q,” +4,4,” —1]1=0 and hence
A+ = A4, 9, — a4, 9, = 0. Therefore, (¢,7q, " — 4, 4, *) =0.

Proceeding in a similar way, (4.5.8), (4.5.9), (4.5.10) follow by equating the

. 0 €n—1 0 . [
coefficients of (en 1) , ( 0 ) and (en+1) in a(B) ( 0

a(B) (eo ) and «(B*) ( ) (respectively). O
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We are now in a position to write formulas for a(A) and a(B) in terms of the
projections P, and Q,,s.

Corollary 4.5.5 We have

- 1
a(A) =D AP ® (1444, + A (1 - g, q;)
n=0 +

oo
1
n=0 -

a(B) = ZBP ® 1 [(C+(n)2 + oo (M) q + 4ray)

s (M) — - DGy + 4,1 )]+ZBQn )[(c+(n) +e_(m)?).

n=I1

- 1 1 s _ "
@ g+ 4, 1a,) — (e ()2 —c_(m)2)(g) g, + 4, 19,))-

Proof We note that m(A) (e(;’) = (W+(§A) w_(()A)) (%1) _ (W+((1)4)€n) _

o [ €n
()

oyl
Similarly, e, ) =

Now, using (4.5.7),

1
o(A) (eo) = ( EO) ® S (L +q,q,") + A p (1= q,q, )

1
= m(4) (60) ® 7 Al +474,) + A1 — g7, ).
+
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Similarly,
(A) 0) = (A) 0 ® L{)\ (I—qf g, )+ (14+4,9,)}
Q en =TT en 2)\_ + qn qn - qu qn N

Thus, a(A) = 3000 AP, ® - (14,7 q,) + A-(1— g, ™)) + + 30,
AQy @ 5i-{(A (1 — g g, ") + A_(1+q,7q,)}

Considering «a(B) (66‘) and «(B) (27 ) the expression for «(B) is
obtained.

Lemma 4.5.6 Letﬁ,, = P, 4+ Q.. Then for eachvector v in'H, a(f’n)v = [~’nv ® 1.

Proof To start with, we recall that P, and Q, belong to W(Sﬁ’c) (Lemma 4.5.2).
Hence, P, € W(Si’c).
We compute

a(P,) (j:) = U, ® D" (j:) = ﬁ((j:) ® 4,
€n _ D €n
= (en) Rl=(FP R 1)((e,,) ® 1).
Next, for k # n,
0(Pc® DU (j) =U(R® 1)((?) ®4;)=0=(A® 1)((2") ® ).

Similarly, (P, ) (_ee ) =P ® 1)((_62 ) ®1),
and for k # n, a(B) (_ee ) =0=(A® 1)((_82 ) ®1).

Combining all these, we get the required result.

Theorem 4.5.7 S = C*q  yo=q5"q] : n>0} Moreover, S=C*z,=
g g, w': n > 1}, where w' is a self-adjoint unitary.
Proof Replacing n + 1 by n in (4.5.10) we have
(e +e g a7 — a4y a7 — cxmF —c Dy ¢ —afa,7) =0
Vn = 1. 4.5.11)

Subtracting (4.5.11) from the equation obtained by applying * on (4.5.8), we
have 2(cy (n)? — c_(n)?)(q; ¢, — q;¢.%,) =0 ¥ n > 1. Now, from the proof
of Lemma 4.5.2, (c4+(n)? — c_(n)7) # 0V n > 1. This implies

g, 9" =q q " foralln> 1. (4.5.12)

Using (4.5.12) in (4.5.11), we have
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g q =q,q, " foralln>1. (4.5.13)
Lety, = g, *q, . Clearly, y, is aunitary because it is a product of unitaries. Moreover,
using (4.5.7), we have g, *q = q;*q,, that is, y, = y*. Now, from (4.5.12), we
have ¢, = g y*_ Vn > 1, so that
g, =qy,—1 foralln > 1. (4.5.14)

Next, from (4.5.13), we obtain g, *g," = qn__*lqlf_1 ¥V n > 1, implying
Yo = Yp—1 foralln > 1. (4.5.15)

By Egs. (4.5.14), (4.5.15) and the faithfulness of the corepresentation U, we conclude
that S is generated by {g," },>0 and yo.

Now we prove the second part of the theorem. B _

Using Lemma4.5.6, we observe thatforallvin H, a(APy)v = a(A)(Pv® 1) =
APV ® s (4 g qr) + A — g gy M+ AQw ® -1 (1 —gfq. ) +
A_(1+q; g, ")} Therefore, a(AP) = AP, ® ﬁ{h(l +qfa )+ A0 —gqf
G+ AQ® (A (1 =g g ) + A1+ g 7).

Now, AP, and AQ; being distinct elements, there el(ist linear functional ¢
such that (APy) = 1, ¢(AQy) = 0. Hence, (¢ @ id)a(APy) = A\ (1+gtq, ) +
A_(1—gtq,*) €S. Similarly, A\ (1 — g,/ ¢,,") + \-(1 +¢,5q,,) € SV m.

Subtracting, we deduce that ¢,/ g, * € S.

Using the formula of a(B) in a similar way, we prove that

1 1 . 1 1 _ "

(4 (M) +c-(m)2)(gy 14 +dp 18, + (cr(n)2 —c_(n)?) (G219, +

1 1 _ 1
Gy14y") €SV n=1and (er(n)? +c-(0)2)(q, 14, +q,-19,) — () —
1
c-m2) (g 97" +q, 97 eSYn > 1.
Adding and subtracting, we have

ar a7 a9, €SVn =1, (4.5.16)

v

Qg+ a9, €SVn > 1. (4.5.17)

Recalling (4.5.15), we have g, = ¢,7 y,—1 = ¢, yo. Using this in (4.5.16), we obtain

Qa4 Gl = 4 40N = 41+ e =
zqn—lq}j_*‘

Similarly, using ¢, = ¢," yo in (4.5.17), one has

Gy 14"+ 4010, = a0 13007 + a0 1 yoa) " = 24,7 y0q,™

This implies that g, ,¢,7* and g, yoq,/* arein SV n > 1.

LetVn > 1, ln = q:_lq,f*, Wy = 61:_1}’0‘];*’

and we observe that

* — 41 +x ok
iaWn =4, Y04, =4,49, -
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Moreover,

a5 a0 = aq @5 ye)" = ag yoag " = qg yoa; i a5 = wiz}.
Hence Vn >0, g,/q," € C*({zn, Waln=1).
Foralln>2, g g,  =q v, @y D' =q" | yevq*=q ¢ =
+ ot
(],,,1(1,1 = Zn>»

q()_ql_* = QJYO(CITJ’O)* = quoygqf* = qg'qi‘_* =z.
Finally,

- +x __ + * otk
9197 = 9u—-1Y09n = Wn

and

95 97" = g3 yoq;" = wy.

From the formulas of «(A) and a(B), it follows that S is generated by ¢,7q, ",
g ar +a, 9", a,197" +4, 9, " By the above observations, these belong
to C*({zn, wy},>1) Which implies that S is a C* subalgebra of C* ({z,, wy},>1)-
Moreover, from the definitions of z,, w, it is clear that C*({z,, w,},>;) is a C*
subalgebra of S.

Therefore, S = C*({z,,, Wy }n>1), by the assumed faithfulness.

In fact, there is a more simple description which can be derived by observing that
ZaWnt1 = G145 G Vo1t = du_1Y04, 01 = 41504, 4, 4,71 = WaZnr1 and so,
Wyl = Zn WpZpy1 SO that {w, },>1 is a subset of C*({z,}n>1, w1).

Letus define w’ = wjz;. Then we note thatz; = g4 yoq; "¢, yiq™ = wi(zfw),
hence wiz; = zjw;. Thus, w’ is self-adjoint. It is a unitary as it is a product of
unitaries.

Thus S = C*{{zn}u=1, W'} O

Lemma4.5.8 A(¢F) =q¢F®qF, A(y) =y Q1.

Proof We use the fact that U is a unitary corepresentation.

(id ® AU (6) =(@(d® A)((e") ®q) = ((e”) ® Alg,).

[ €n €n
en e

UuyUas) (e ) = (en) ®4q; ®q, .

Hence, A(g))) = ¢ ® g

Similarly, A(g,) = ¢, ®gq, .

Moreover, A(y1) = Alg, g, = (q, ® ¢,)(q " ®4q;) =q,9 ®q,q," =
i ® yr. =
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At this point, we consider the quantum group S = C*(Zy x Z™), where Z® =
Z xZ % --- denotes the free product of countably infinitely many copies of Z. By
Remarks 1.1.7, 1.1.4,and 1.1.3,§ = C(Z,) « C(T) « C(T) * - - -

Let r,” denotes the generator of the n-th copy of C(T) and by y the generator of
C(Zy).

The coproduct Ay on S is givenby Ag(rH) =r@rF, Ao(y) =y®y.

Define
()-()en
e, e,
€n _ €n +
V(%)= () e

Lemma 4.5.9 (S, Ao, V) isan object in Q' (D).

Proof As the eigenspaces corresponding to distinct eigenvalues of D are spanned

by (Z") and ( €n ) , V commutes with D.

n
The co-associativity of V follows from the proof of Lemma 4.5.8. As r;" and y
are unitaries, it is easy to see that V is a unitary corepresentation.
Finally, putting ¢~ = r; and g, = r,}'y, it can be checked that the conditions in
Lemma 4.5.4 are satisfied, implying that ady leaves W(Sﬁic)// invariant. O

By defining r,” = r,"y, we note that r,, is a unitary satisfying the following equa-
tions:

ry +*1 =rir* foralln>1. (4.5.18)
rirt = foralln > 1. (4.5.19)
Using r, = r+ r, lrn | (from 4.5.18) in (4.5.19) we have rn =T lr:flrnil.
This 1mphes
rrr " =r et forall . (4.5.20)

Moreover, taking adjoint on (4.5.18) and (4.5.19), respectively, we get

rntlr;* - r;lr;r* =0 foralln > 1. 4.5.21)
rr — =0 foralln > 1. (4.5.22)

Thus, Eqgs. (4.5.7)~(4.5.10) in Lemma 4.5.4 are satisfied with ¢;*’s replaced by r¥’s
and therefore, it follows that there is a C*-homomorphism from StoS sending
v, i to yo and g;f, respectively, which is surjective by Theorem 4.5.7 and is a CQG
morphism by Lemma 4.5.8. In other words, (S, Ag, V) is indeed a universal object


http://dx.doi.org/10.1007/978-81-322-3667-2_1
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in Q'(D). Clearly, the maximal Woronowicz subalgebra of S for which the coaction
is faithful, that is QISO™ (D), is generated by r,:[lrf, n > 1and r(;*yrf”*, SO again
isomorphic with C*(Z, x Z*°).

Thus we have the following theorem:

Theorem 4.5.10 The universal object in the category Q'(D), that is QISO™ (D),
exists and is isomorphic with C*(Z, * Z®). Moreover, QISO™ (D) is again isomor-
phic with C*(Z, x ™).

Remark 4.5.11 For a classical compact Riemannian manifold, the isometry group is
always a compact Lie group, hence has an embedding into the group of orthogonal
matrices of some finite dimension. Theorem 4.5.10 shows that QISO™ need not
be a compact matrix quantum group, that is, it may not have a finite-dimensional
fundamental unitary corepresentation.

We end this chapter by noting that « gives an example where the quantum group
of orientation preserving isometries does not have a C* coaction. Before that, we
recall some useful properties of the so-called Toeplitz algebra from [10].

Proposition 4.5.12 Let 7 be the unilateral shift operator on 1*(IN) defined by
Ti(en) = en—1, n>1, 7(eg) =0. Then the C* algebra C*(1)) generated by i,
called the Toeplitz algebra, contains all compact operators. Moreover, the commu-
tator of any two elements of C*(1) is compact.

Let 7 be the operator on H defined by 7 = 71 ® id.
Lemma 4.5.13 B = 7|B|.

Proof We note that
= \/)\Hﬂ" — Mt + c((e(;‘)) =c,(n)" (60)
and hence 7 | B| ((e(;l)) = C+(n);((en01)) = B((e(;))'

Similarly, 7 | B| (eo ) =B ((? ) This proves the lemma. (]

n

Lemma 4.5.14
a(r) = > (P + Q) @11,

n>1

—~

where rf are the elements of QISO™ (D) introduced before.
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Proof WehaveVn > 1,

e\ =~ o [ en
a(T)(O)_U(T(X)ld)U (0)
1~ i f en en
= ;U@ ®i)l [(en) - (_en)]
1~ . €y + €n —x
_EU(T@)]d)[(en)@r" +(—en)®r" ]
I~ : €n +3% —% 0 + —%
= _U(r®id) ® (41, + ® (r," =, )]
2 0 en
1~
_ [(€n01> ® (}";r* —I—I";*) + ( 0 ) ® (V;r* —}";*)]
€n—1
1~
I [(enl) ® (Zr;li»*) + ( €n—1 ) ® 2]/,;*]
€n—1 —€p—1
_ 1 €n—1 + —+k €n—1 - —%7 __ €n—1 + +k
- E[(enl) ® rnilrn + —€n—1 ®rn71rn ] - 0 ® rnilrn ’

Similarly, a(7) (eo) = ( 0 ) Qrl r*vn>1.

€n—1

Moreover, a(7) (e(;)) = a(r) (eo ) =0.
0

Thus, «a(7) = anl TP, ® r:_lr;r* + anl 70, ® r:_]rj* = anl 7(P, +
Qn) @r, 1™ U

[\

~

Theorem 4.5.15 The x-homomorphism « is not a C* coaction.

Proof We begin with the observation that each of the C* algebras 7 (SZ’C) is nothing
but the Toeplitz algebra. For example, consider C := 7r+(Sﬁ’c). Clearly, T = 7 (B)
in an invertible operator with the polar decomposition given by 7 = 7{|T|, hence
71 € C.Thus, C contains the Toeplitz algebra C* (7). However, by Proposition4.5.12,
C* (1) contains all compact operators. In particular, C*(77) must contain 74 (A) as
well as all the eigenprojections P, of |7w,(B)|, so it must contain the whole of C.
Hence C = C*(7). Similar arguments will work for 7_ (SIZI,C).

Thus, 7 =7 @1 = 7(B)|7(B)|"! € W(SZ’C). If v is a C* coaction, then for any
state ¢ on QISO™ (D) we have oy (1) = (id ® ¢) o a(T) € 7(S;, ), hence vy (T) Py
must belong to C = 7r+(Sﬁ’C), where P, denotes the projection onto H... By Propo-
sition 4.5.12, this implies that [y (7) P4, 71] is a compact operator. We show that for
suitably chosen ¢, this compactness condition is violated, which will complete the
proof.

To this end, fix an irrational number 6 and consider the sequence \, = ¢*>™"?. We
note that the linear functionals which send the generator of C (Z;) (whichis y)to 1 and
the generator of the n-th copy of C(T) (whichis 7,7 r* by Theorem 4.5.7) to A, are

n—1"n
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evaluation maps and hence homomorphisms. Using Remark 1.1.6, we have a unital x-

homomorphism ¢ : QISOT (D) = C(Z,) * C(T)*” — C which extends the above-
mentioned homomorphisms. Therefore, ay (1) = >, A\u7(P, + Q). Moreover,

[a(T) i, 7] (60)

= (d® p)a(r) (e"o“ ) —7(id® qs)[(e"o“ ) CIARTAN
= ot — Ao (6"02) . n=2.

Similarly, [as(7) Py, 1] (60 ) = M\o1 — A) (60

n—2
tator cannot be compact since A, — \,_; does not go to 0 as n — oo.

). Hence, the above commu-

Corollary 4.5.16 The subcategory of Q'(D) consisting of objects (g , U) where ady
is a C* coaction does not have a universal object.

Proof By Theorem 4.5.15, it suffices to prove that if a universal object exists for the

subcategory (say Q}) mentioned above, then it must be isomorphic with QISO™ (D).
To this end, we consider the quantum subgroups Sy, N=1,2,..., of QISO™ (D)
generated by rt,n =1,..., Nand y. Let my : QISOT (D) — §N be the CQG mor-

phism given by ny(y) =y, ay(r)) =rf forn < Nand ny(r;) = 1forn > N.
_Let V denotes the unitary corepresentation of QISO* (D) on ‘H. We claim that

(Sy, Uy :=({d ® my) o V) is an object in Q). To see this, we observe that for
all N, (id ® my)a(A) = 3,00 AP, © - I\ (L +rfyr) + A (1 —rfyrto) +
Z;V:o AQn ® ﬁ{)‘-‘r(l - ”J')’V:*) + )‘—(1 —i—r,fyr,;**)} + ZZO:NJA APn ® i
P+ + A0 =+ 200 A0 @ 5 (A (L =) + A+ ).

Among the four summands, the first two clearly belong to A ® Sy. Moreover,
the sum of the third and the fourth summand equals A(1 — Zﬁ’:l PH)® i{ A (1 +
MAAA =+ A0 =30, 00) ® 5 {A+(1 — y) + A_(1 + )} which is an
element of A ® Sy.

We proceed similarly in the case of B, to observe that it suffices to show that for
all N,

i Bp,,®(c+(”)5+c-(”)5)1+ i BP”®<c+<n)%—c_<n>%>y

n=N+2 2C+ (n) n=N+2 2C+ (n)
> ci(n)? +c_(n)? > (ci(n)? —c_(n)?)y
+ BQn®(—)1— B0, ®
H:ZN-:Q-Z 2c- (l’l) n:ZN-:FZ 2c- (n)
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belongs to A ® Sy. The norm of the second and the fourth term are finite.
1
The first term equals %B(l - ZNH PO(A—A%2+cD) 2+ (A— A%+ CI)71

n=1
1
{ﬁA — (ﬁA)2 +cl} 2] ® 1 and therefore belongs to A ® 37\, The other terms can
be treated similarly.
Let G be the universal object of Q. Then, there is surjective CQG morphism )y
from 'g" to S, ~. Clearly, (§ ~)n=1 form an inductive system of objects in Q'(D), with

the inductive limit being QISO™ (D), and the morphisms )y induce a surjective CQG
morphism (say ) from 5 to QISO™ (D). But g~ is an object in Q'(D), so must be a

quantum subgroup of QISO* (D). This gives the CQG morphism from QISO* (D)
onto G, which is the inverse of ¢, and hence we get the desired isomorphism between

—~—

G and QISO™ (D). O
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Chapter 5
Quantum Isometry Groups of Discrete
Quantum Spaces

Abstract We show that the definitions of quantum symmetry groups for finite metric
spaces and graphs given by Banica and Bichon can be viewed as quantum isometry
groups in our sense. Next, we prove that the quantum group of orientation preserving
isometries of a spectral triple on some approximately finite dimensional C* algebras
arise as the inductive limit of the quantum group of orientation preserving isometries
of suitable spectral triples on the constituent finite dimensional algebras.

In his seminal paper of 1998 [1], Shuzhou Wang defined and studied the
quantum automorphism groups of finite-dimensional C* algebras. The next break-
through came in [2, 3] where the notion of quantum automorphism groups of finite
graphs and finite metric spaces were respectively defined by Bichon and Banica.
These quantum symmetry groups and their variants were further studied by Banica,
Bichon and their collaborators in a series of papers ([4—10] etc.). It is a natural prob-
lem to see whether the quantum isometry groups for suitable spectral triples on finite
metric spaces and graphs have any relations with the quantum symmetry groups of
Banica and Bichon. The first part of this chapter (Sect. 5.1) provides a positive answer
to this question. First, the metric data on a finite metric space or graph is shown to
correspond to natural noncommutative geometric structures on the function algebra
of the metric space or graph so that the quantum isometry groups of these objects
make sense. Then, it is shown that the quantum symmetry groups of finite graphs
or metric spaces coincide with the quantum isometry groups of the corresponding
classical objects equipped with natural Laplacians.

The second question dealt in this chapter is the question of existence of quan-
tum isometry groups for more general zero dimensional manifolds. In [11, 12]
Christensen and Ivan constructed natural spectral triples on approximately finite-
dimensional (AF) C*-algebras. AF algebras provide a natural “connecting bridge”
between the finite and infinite-dimensional noncommutative spaces and thus can be
thought of as 0-dimensional manifolds. This is reinforced by the fact that Chris-
tensen and Ivan showed that on each AF algebra, one can construct spectral triples
with arbitrarily good summability properties. We show that the “quantum group
of orientation” preserving isometries’ of a Christensen-Ivan type triple arises as
an inductive limit of quantum isometry groups of certain finite-dimensional triples

© Springer (India) Pvt. Ltd 2016 129
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(Theorem 5.2.1). In the case when the AF algebra in question is commutative, the
resulting quantum isometry groups of relevant finite-dimensional objects fit into the
framework described in Sect.5.1 and we show that they coincide with the quantum
symmetry groups of finite graphs obtained by suitable truncations of the Bratteli
diagrams. This observation implies that the construction we consider can be thought
of as giving a definition of a quantum symmetry group of an arbitrary Bratteli dia-
gram. It also enables us to compute explicitly the quantum isometry group of a
spectral triple associated with the middle-third Cantor set introduced first by Connes
and later studied by Christensen and Ivan. It is perhaps worth mentioning that unlike
the classical case a quantum isometry of the product set preserving the first factor in
a suitable sense need not be a product isometry. For more general quantum symmetry
groups of inductive limits, we refer to [13].

Let us fix some notations and conventions at this point. For a finite metric space
(X, d), we will write X = {1, ..., n} for simplicity. For i,j € X, define d; = d(i, j).
Then the entire information about (X, d) is encoded in the matrix d := ((dj;)). As
before, we will denote by J; the indicator function of the point i € X and by Dy x
the diagonal in X x X.

We recall the notation «® introduced in Lemma 1.3.6. For a finite set X and
coaction o of a CQG S on C(X), we have a unitary & € B(I*(X)) ® S givenby a(f ®
q) = a(f)(1 ® g). Moreover, we define a® : CX) @ CX) > CX)QCX)® S
by a® = (id, ® ms)o(a ® a), where ms denotes the multiplication map from
S®S to S, and id; denotes the identity map on C(X) ® C(X), Throughout this
chapter, we will frequently use Lemma 1.3.6 and Corollary 1.3.7, sometimes without
mentioning explicitly.

5.1 Quantum Isometry Groups of Finite Metric Spaces
and Finite Graphs

As mentioned above, the aim of this section is to see how one can accommodate the
rich and well developed theory of quantum permutation and quantum automorphism
groups of “finite” structures in the more general set-up of quantum isometry groups.
We will identify the quantum group of automorphisms of a finite metric space or a
finite graph in the sense of Banica and Bichon with the quantum group of orientation
(and suitable “volume-form”) preserving isometries of a natural spectral triple, thus
successfully unifying the approaches of [2, 3] with that of Sects.3.1 and 3.2.

5.1.1 The Works of Banica [3] and Bichon [2]

Let us recall the work of Banica in [3]. For a finite metric space (X, d),let C%‘fi’

denote the category with objects (S, av), where « defined by a(6;) = Zi 0; ® vjiisthe
coaction of a compact quantum group S on C(X) such that the matrices d := ((dj))
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and v := ((v;)) commute. The morphisms of the category are compact quantum
group morphisms intertwining the coactions. It is proved by Banica that there exists
a universal object in Cgf‘g, to be called the quantum symmetry group of (X, d) and
denoted by QISOB™ in this chapter.

We now recall the definition of the quantum automorphism group of a finite
directed graph given in [2]. Let (V, E) be a graph with V denoting the set of vertices
and E the set of edges. Let s : E — V (respectively t : E — V) be the source map
(respectively the target map). The target and source maps induce *-homomorphisms
s, t*: C(V) - C(E).Letm : C(E) ® C(E) — C(E) be the pointwise multiplica-
tion map on E and given a quantum group coaction o on C(V) let o/® be defined as
in Lemma 1.3.6.

Definition 5.1.1 [2] A coaction of a CQG S on a finite graph G = (V, E) consists
of a coaction « of S on the set of vertices, o : C(V) — C(V) ® S and a coaction
of S on the set of edges, 3 : C(E) — C(E) ® S, such that

(m(sx ® 1,)) ®ids) 0 a® = Bo (m(s* @ 1*)).

It is also called a quantum symmetry of the graph (V, E).

The quantum automorphism group of the finite graph is the universal object in
the category of compact quantum groups with coactions as above. We refer to [2] for
the details.

5.1.2 Noncommutative Geometry on Finite Metric Spaces

Let X be a finite metric space. We recall the natural Dirac operator (see [12, 14]) on
a particular representation space of C(X), for which the Rieffel-type metric [14] on
the state space of C(X) restricts to the original metric on X. It can be seen, as pointed
out earlier in [3], that this framework can be related to the one of quantum symmetry
groups of finite graphs.

The metric structure on X allows the construction of a natural spectral triple on
C(X). Let Y = X x X — Dxxx, define the Hilbert space H = @ (x,.x,),x05x H(x0,x1)
where Hy, .,y = C2, and let the Dirac operator be given by

_ 0 i
D= GB(XO,M),Xo#xld 1()CO,)Cl) (—i 0) .

Viewing H as C> ® [>(Y), we have

0 i
D= (_i0)®Md1,

where M1 denotes multiplication by the function d~' on Y.
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Lets, t : Y — X be given by the formulas s(xg, x;) = xo, #(x9, Xx;) = x1. Then for
each f € C(X), there is s*(f) = (f ® )xy, t*(f) = (1 ® f)xy, where xy denotes
the characteristic function of Y. Let for f € C(X)

n=(g0) @50 =m0 =(o7) e,

define

() = mi(f) + ma(f)

and consider the resulting spectral triple (7(C (X)), H, D).
As X is finite, it is clear that

Lim,_,0+thr(Te_’D 2) = Tr(T) for d = 0 and 0 otherwise.

This means that the spectral triple is zero dimensional in the sense of Chap. 2 and
the inner product on the space of one forms is given by

{dpf.dpg) = Te(ID, 7(MH]*[D, ()] forall f, g € CX).

It is easy to describe the “Laplacian” in the sense of Sect.3.1 for this spectral
triple.

Lemma 5.1.2 The Laplacian L on C(X) associated with the spectral triple
(m(C (X)), H, D) constructed above via the prescription in Sect. 3.1 is given by the
formula

L) = 2n4—_1 Zc(i,j)d, ieX (5.1.1)

jeX

where §; is the function on X taking value 1 at the point i and zero elsewhere, and
fori,j € X we have c(i,j) = d~*(i,j) ifi #jand c(i, i) = — Z/’#i #”)

Proof Let 7o(f) :== >, f(i). Denote by H, the Hilbert space obtained from
m(C(X)) with respect to the norm coming from the functional Tr(w(f)) =

2n — D7o(f).
From the definition of the inner product it follows that for all f, g € C(X)

(L) g) =D g)2n— DLE)G).

ieX

On the other hand, (L(f),g) = —(dEde, g) = — (dpf,dpg) where dp(-) =
(D, -].
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A straightforward computation gives [D, 7(f)] =i @y yex vy f(il)(x;’;g")
01

10 . Thus

= =Tr(ID, 7(N]* [D, w(g)) = =23, T2

_ OFD=F@D)

— 4Zi#j . d*(i.j) =

Thus foreachi € X

. 4 SO —=f0)
L = —.
N0 = 25 Z (i, j)
J#i
Comparison of the above with formula (5.1.1) ends the proof. (]

It is now easy to verify that £ is admissible in the sense of Sect.3.1, so that
the corresponding quantum isometry group QISO*(X) := QISO*(n(C(X)), H, D)
exists. We recall that QISO* (X) is the universal object in the category C,ﬁ(,d, with
the objects being pairs (S, o), where S is a compact quantum group and « is the
coaction of S on C(X) satisfying (L ® id) oax = a0 L.

5.1.3 Quantum Symmetry Groups of Banica and Bichon
as Quantum Isometry Groups

In this subsection, we show that given a finite metric space X the quantum symmetry
group of X defined in [3] coincides with the quantum isometry group of the algebra
of functions on X equipped with the natural Laplacian. We also discuss the connec-
tions with the spectral triple defined above. We begin by observing an alternative
characterization of isometric coactions of compact quantum groups on finite metric
spaces considered in [3].

Lemma 5.1.3 Given a coaction o of a compact quantum group S on a finite metric
space (X, d) (i.e. a coaction of S on C(X)), the following are equivalent:

(i) (S, o) is a quantum isometry in the sense of Banica;

(i) a®(d) = d @ 1;

(iii) a®(c) = ¢ ® 1, where ¢ € C(X x X) is as in Lemma 5.1.2;

(iv) (S, «) is an object in C,ﬁ(yd.

Proof (1) < (ii)
Writed = 3, ..y d;j0; ® d;, where d;; are defined as in the beginning of this section.
Let us write the coaction « as

ald) =" 5 ®aqy (5.1.2)

jex
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where g;; € S. Then it follows by using the relations of the quantum permutation
group that the relation o (d) = d ® 1 is equivalent to the following equation being
satisfied for all k, [ € X:

dul = dyquqy. (5.1.3)

ijeX

Thus, to prove the lemma, it is enough to show equivalence of (5.1.3) with Banica’s
definition of quantum isometry.
Begin by noting that Banica’s definition implies that for all k,/ € X

> dugii =D diig.
ieX ieX
From this, it follows that for all k, m € X,

> duquiam = Y, didiudm = D_ dinGm = din1,

lieX lieX leX

which is exactly (5.1.3). Note that we have used the relations of the quantum permu-
tation group, namely, g;;q,u = dimquu for all i, m, I, where §;,, denotes the Kronecker
delta function.

For the converse direction rewrite (5.1.3) as

D didqi = D (D dinddim)ai = D dindidindi

ieX i€eX jmeX i,j,meX

z GijOm,1dimqimqir (Where 0,, ; denotes the Kronecker delta)

ij.lex
= E Q5 diqi = E djiqi;-
ijeX jex

Thus Banica’s condition is derived.
The proof of (iii) < (iv) is very similar to the above proof of equivalence of (i) and
(i1), hence omitted.

Finally, the equivalence of (ii) and (iii) follows from the relation between ¢ and
d,ie.,

ol—

d=xyc 2, c=xyd > =1 —xy)(10®id)(xyd*) ® 1).

As
a®xy)=xr®1, (5.1.4)

(ii1) implies (ii). On the other hand, the implication of (iii) from (ii) follows from
(5.1.4) and the fact that 7 is a-invariant. U

Next, we consider the spectral triple (7, (C (X)), H, D). Denote by Cx 4 the cat-
egory of compact quantum groups acting by volume (corresponding to R = I) and
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orientation preserving isometries on the spectral triple (7;(C(X), H, D). We want
to show that QISOP, that is, the universal object in Cgag, is isomorphic to the
quantum group QISOI+ (m1(C(X), H, D). The proof of this fact is contained in the
two following lemmas.

Lemma 5.1.4 Let (S, ) be a quantum isometry of (X, d) in the sense of Banica,
i.e. an object in CB"m Then there is a unitary corepresentation U of S on H such
that (S, U) € Ob](Cx,d) with ay = a on C(X).

Proof Define U = Ic» @ o on B(H) ® S. Then U gives a unitary corepresentation

since a® is one.

Moreover, it is easy to see that Tr(m (f)) = (n — 1)79(f). As a preserves 7y, the
coaction oy already preserves the volume form corresponding to R = 1.

We now claim that U commutes with D. By using (1.3.1), we note that the con-
dition «®(c) = ¢ ® 1 implies @13 F03(c®@ 1) = c @ 1.

By the discussion in Sect. 1.3.1 and Lemma 1.3.8, we obtain

a3y (c® 1) = (id ® a)(M)1 = a3 (M. ® Dy (1) (5.1.5)

and

Fih(e® 1) = To3((d ® W) M)(D) = Ggh (Me ® DaasD).  (5.1.6)

Here, X3 denotes the flip in the second and the third tensor copy and 1 denotes
the vector 1p(x«x) ® ls, which is clearly separating for the algebra C(X x X) ® S.
As qo3(M. ® 1)&'(213) and &aé) (M, ® 1)ai3) belong to C(X x X) ® S and from
(5.1.5), (5.1.6), they agree on 1, we conclude that a3 (M, ® 1)a(23) = a(l3)(M ®
])Oé(n), ie., Oé(n)a(23) (M, ® 1)04(23)@(13) =M. ®1.

Thus, a(z) M. ® l)a(z) =M.®1.

5 0 i

It follows that U = Ic» ® o® commutes with D = _ 0) ® M. onH.

Further, it is easy to see that for any f € C(X)

U(( )®s (f)®1)
10
= (00) ®Ma(2)(s*f)

= (1 ) ® s*(fi) ® fun)
= (m ®id)a(f) S m(CX) RS,

U(m(f) @ HU™!
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where we have used the Sweedler notation o® (f) = fio) ® fy. This implies that
(S, U) € Obj(Cx.q). It is obvious from the construction that ay = a. [l

Lemma 5.1.5 Let (g, U) € Obj(Cx.q), and let S be the largest Woronowicz C*-
subalgebra of S such that the coaction oy maps C(X) into C(X) ® S. Then (S, ay)
is an object of C,B}f‘fl‘.

Proof The fact that U commutes with D implies that U commutes with D?> = Ir> ®
M, on C*> ® I>(Y). Since U =1 ® a®, it follows that a®(c) = ¢ ® 1, hence (by
Lemma 5.1.3) (S, «) is a quantum isometry in the sense of Banica. (Il

Lemmas 5.1.3, 5.1.4 and 5.1.5 put together imply immediately the following:

Theorem 5.1.6 We have the following isomorphisms of compact quantum groups:
QISOP™ (X) = QISO; (7 (C(X)), H, D) = QISO*(X).

Remark 5.1.7 We can accommodate graphs in the framework of the above theorem
if we view a finite non-directed graph (V, E) as a metric space (V, dr) where

de(w,w)=1if (v,w) € E, dg(v,w)=0oc0if (v,w) ¢ E

(v, w € V, v # w). A similar observation was made in [3]. Here the Theorem 5.1.6
shows that quantum symmetry groups of finite graphs of [2] can be viewed as quantum
isometry groups associated to the natural Laplacians on such graphs.

In Theorem 5.2.7, we will see that the quantum symmetry group of a particular
type of a finite graph (as defined in [2]) coincides with the quantum isometry group
of a certain spectral triple.

5.2 Quantum Isometry Groups for Inductive Limits

The aim of this section is to show that the quantum isometry groups of spectral triples
associated with approximately finite-dimensional C*-algebras arise as inductive lim-
its of quantum symmetry groups of corresponding truncated Bratteli diagrams. We
use this result to determine explicitly the quantum isometry group of the natural spec-
tral triple on the algebra of continuous functions on the middle-third Cantor set. In
the more generalized setting of quantum symmetry groups of orthogonal filtrations,
the inductive limits coming from the algebra of continuous functions on the group
of p-adic integers and the limits of quantum isometry groups of symmetric groups
were considered in [13].

We will be using Lemma 1.2.20 and we note that its proof remains valid for
any other indexing set for the net, not necessarily N. The next theorem connects
the inductive construction in Lemma 1.2.20 with some specific quantum isometry
groups.
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Theorem 5.2.1 Suppose that A is a C*-algebra acting on a Hilbert space 'H and
that D is a (densely defined) self-adjoint operator on H with compact resolvent,
such that D has a one-dimensional eigenspace spanned by a vector & which is cyclic
and separating for A. Let (A,)nen be an increasing net of a unital *-subalgebras
of A and put A = |J,,cr An. Suppose that A is dense in A and that for each a € A
the commutator [D, a) is densely defined and bounded. Additionally put H,, = A&,
let P, denote the orthogonal projection on H, and assume that P,’H is a direct
sum of eigenspaces of D. Then each (A,, H,, D|y,) is a spectral triple satisfying
the conditions of Theorem 3.4.2, there exist natural compatible COG morphisms
T - QISOY (A, Hyny Dl3g,) — QISO (A, Hy, Dl3g,) (n,m € N, m < n) and

m

QISO* (A, H,D) = lim QISO™ (Ay, Hy, Dlzy,)-

Similar conclusions hold if we replace QISO™ by QISO™ everywhere above.

Proof We prove the assertion corresponding to QISO™ only, since the proof for

QISO™ follows by very similar arguments. Let us denote QISO™ (A, H,., D,) by
S, and the corresponding unitary corepresentation (in H,,) by U,. Let us denote the
category of compact quantum groups acting by orientation preserving isometries on
(A, Hu, D|y,) and (A, H, D), respectively, by C, and C.

Since U, is a unitary which commutes with D, = D|y, and hence preserves
the eigenspaces of D,,, it restricts to a unitary corepresentation of §,, on each H,,
for m < n. In other words, (S,, Uy,|x,,) € Obj(Cy), and by the universality of S,
there exists a compact quantum group morphism, say, 7., : S, — S, such that
(id ® ) Unl,, = Unln,,-

Let p < m < n. Then we have (id ® 7, y7p,m) Upl3, = Unlpy,. It follows by the
uniqueness of the map 7, , that 7, , = Ty Ty m» i.€., (Sp)nen forms an inductive
system of compact quantum groups satisfying the assumptions of Lemma 1.2.20.
Denote by S. the inductive limit CQG obtained in that lemma, with 7, o : S, —
S denoting the corresponding CQG morphisms. The family of formulas Uy, :=
(id ® Ty.00) © U, combine to define a unitary corepresentation U of S, on H. It
is also easy to see from the construction that U commutes with D. This means
that (Sﬁ,\g) € Obj(C), hence there exists a unique surjective CQG morphism from
S := QISOT (A, H, D) to S, identifying S, as a quantum subgroup of S.

The proof will now be complete if we can show that there is a surjective CQG
morphism in the reverse direction, identifying S as a quantum subgroup of Ss.
This can be deduced from Lemma 1.2.20 by using the universality property of
the inductive limit. Indeed, for each n € N the unitary corepresentation V, (say)

of QISO™ (A, H, D) restricts to H, and commutes with D on that subspace, thus
inducing a CQG morphism p, from S, = QISO" (A,,, H,,, D,) into S. The family of

morphisms (p,),cn satisfies the compatibility conditions required in Lemma 1.2.20.
It remains to show that the induced CQG morphism pe, from S, into S is surjective.

By the faithfulness of the corepresentation V of QISO™ (A, H, D), we know that the
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span of matrix elements corresponding to all V, forms a norm-dense subset of S.
As the range of p, contains the matrix elements corresponding to V,, = V|5, the
surjectivity of ps, follows. (]

Remark 5.2.2 Theorem 5.2.1 was first observed in [15]. However, as noted in [13],
the statement of Theorem 1.2 as stated in [15] is not correct. The assumption that the
projections P, commute with D as was made in [15] is not enough to have the desired
conclusion. We actually need to assume that P,’H is a direct sum of eigenspaces of D.
However, in all the applications of [15], the assumptions of the correct formulation
are satisfied. A generalization of Theorem 5.2.1 was proved in [13] in terms of the
quantum symmetry groups of orthogonal filtrations developed in [16].

5.2.1 Examples Coming from AF Algebras

In this subsection, we show how our theory applies to AF algebras. In particular,
we will show the relationship between the quantum isometry groups for a particular
class of spectral triples on AF algebras and the quantum symmetry groups of finite
graphs as discussed before. In the next subsection, we will deal with the particular
example of the AF algebra constructed out of the Cantor set.

A C* algebra A is called AF (approximately finite-dimensional) if it is the closure
of an increasing union of finite-dimensional C* algebras A,. We will denote U,,>0A,
by .A. We will only be dealing with unital AF algebras so that we take Ag = Cly
and assume that the unit in each A, is the unit of .4. Moreover, the embedding of A4,
inside A, will be assumed to be unital. We refer to [17] and the references therein
for the details on AF algebras. In particular, we will need the following theorem:

Theorem 5.2.3 Let ¢ be a unital x-homomorphism from By = @f:ani to By =
Gaf:le,.. Then upto unitary equivalence in By, the map ¢ is determined by anl x k
matrix ((a;)) where a;; are such that Z};l a;n; = m; for all i.

Thus, the embedding of B; into B, can be described by the following data: a
k-tuple {(1,1) =ny,---(1,k) =m}, an [-tuple {(2,1) =my,---2,1) =my}, a;
arrows from (1, j) to (2, 7).

Thus, one is led to consider the graph with vertices parametrized by the set
Upenugoy (P, i) and a;f) number of edges from (p, i) to (p + 1,j), where a}f)
responds to the numbers appearing in the embedding of A, inside A, ;.

This diagram is known as the Bratteli diagram of the AF algebra.

Now we describe a natural family of spectral triples on AF algebras, constructed
in [11], for which the situation is exactly as in Theorem 5.2.1. We derive basic
properties of the compact quantum groups appearing in the related inductive system
and relate them for commutative AF algebras with the quantum symmetry groups of
truncated Bratteli diagrams.

We first recall the construction of natural spectral triples on AF algebras due to
Christensen and Ivan [11]. Let A be a unital AF C*-algebra, the norm closure of

cor-
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an increasing sequence (A,),cy of finite-dimensional C*-algebras. We always put
Ay =Cly, A= J;2, A, and assume that the unit in each A, is the unit of A.
Suppose that A is acting on a Hilbert space H and that £ € H is a separating and
cyclic unit vector for A. Let P, denote the orthogonal projection onto the subspace
H, := A,§ of H and write Qo = Py = Pc¢, QO = P, — P,—1 forn € N. There exists
a (strictly increasing) sequence of real numbers (ay,)2, such that the selfadjoint
operator D = >« &, Q, yields a spectral triple (A, H, D) and the topology on the
state space of A induced by the Rieffel metric [14] coincides with the weak™*-topology.
Due to the existence of a cyclic and separating vector the orientation preserving
quantum isometry group exists by Theorem 3.4.2.

In [11] it was additionally observed that if A is infinite-dimensional and p > 0
then one can choose (o,)5; in such a way that the resulting Fredholm module is
p-summable [18]. This reflects the fact that AF algebras should be thought of as
0-dimensional noncommutative spaces.

Note that for each n € N by restricting we obtain a (finite-dimensional) spectral
triple (A,, H,, D|n,). As we are precisely in the framework of Theorem 5.2.1, to
compute QISO" (A, H, D) we need to understand the quantum isometry groups
QISO™ (A, H,, D|,) and embeddings relating them. To simplify the notation we
will write S, := QISO™ (A,, Hy, D|3,)-

We begin with some general observations. We recall from Sect. 1.3 the compact
quantum group A,y (A,, we) which is the universal compact quantum group acting
on A, and preserving the (faithful) state on .4, given by the vector & (see [1]).

Lemma 5.2.4 There exists a CQG morphism from Ay (A, we) to S,

Proof Consider the spectral triple given by (A,, H,, D)), where D, = P, — Py. It
is then easy to see that QISO™ (A, H,,, D)) is isomorphic to the universal compact
quantum group acting on A, and preserving we. On the other hand, universality
assures the existence of the CQG morphism from QISO™ (A,,, H,,, D)) to S,. U

Lemma 5.2.5 Assume that each A, is commutative, i.e., A, = C* for some positive
integer ky,, n € N. There exists a COG morphism from A(k,) to S, where Ag(ky,)
denotes the quantum permutation group as in Sect. 1.3.1.

Proof The proof is identical to the one above—we only need to observe additionally
that for any measure p on the set {1, ..., k,} which has full support there is a natural
CQG morphism from A, (k;,) to Agut (CFr, ). In case when g is uniformly distributed,
we simply have At (CFr, ) = As(k,), which follows from the first part of Lemma
1.3.6. O

Let o, : A, — A, ® S, denote the universal coaction at the n-th level. Then we
have the following important property, being the direct consequence of Theorem
5.2.1. We have

W1 (An) € Ay ® Si,s (5.2.1)

identifying A, with a subalgebra of A,.; and S, is generated exactly by these
coefficients of S, which appear in the image of A, under «,,.;. This, in conjunction
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with the previous lemma, suggests the strategy for computing relevant quantum
isometry groups inductively. Suppose that we have determined the generators of S,,.
Then S, is generated by generators of S, and these of the A,y (A,, we), with the
only additional relations provided by the Eq. (5.2.1).

This will be used below to determine the concrete form of relations determining
S, for commutative AF algebras.

Lemma 5.2.6 Let A be a commutative AF algebra. Suppose that A, is isomorphic
to C" and the embedding of A, into A,y is given by a sequence (I;)!.,. Let m’ =
> L. Suppose that the ‘copy’ of A;(m) in S, is given by the family of projections
a;ij (i,j € {1,...m}) and that the “copy” of A;(m') in S, is given by the family of
projections a ) g.s) (i,J € {(1,....m}, ie{l,....;}, s € {1,...,1;}). Then the
formula (5.2.1) is equivalent to the following system of equalities:

li
aij =D G r (52.2)
ri=1

foreachi,je{l,...,m},s;e{l,... [}
Proof For the universal coaction o : A, —> A, ® S, we have

m

a@) =Y & ®a,

J=1

where by ¢; we denote the image of the basis vector ¢; € A, in A,;. As ¢ =

I ‘
D1 €

I; Lom
ale) = Z aleir) = Z Z Z €G.s) ® Ag.s).Gir)-
ri=1

r,‘=1 ]=1 S,’:l

On the other hand, we have

m_
a(e) = z Z .5 ® aji,

Jj=1 s;=1
and the comparison of the formulas above yields precisely (5.2.2). ]

As each AF algebra can be described via its Bratteli diagram, it is natural to ask
whether the construction in this paper can be compared to the one in [2].

Let us now restrict our attention to a truncation of a Bratteli diagram (up to
n-th level, say), of a commutative AF algebra. The set of vertices V is a disjoint
union of sets Vi, ..., V,, with V| being a singleton, and there exist surjective maps
;i V; = Vj_1 (j = 2) determining the graph structure. Denote by 7 the map from
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V to V defined by the formulas 7r|Vj =mj forj > 2, and 7 =id on V;. Then 7* :
C(V) — C(V) is a C*-homomorphism, with 7*|c(v,) injective for eachj <n — 1.
The corresponding graph is obtained by joining 7,4 (v) € V; with v € V4, for each
i=1,....,n,veV,.

Denote by D(V) the diagonal subalgebra of C(V) ® C(V), i.e. the span of {§, ®
&y : v € V}.Since the map m(s, ® t,) isonto, C(E) = (C(V) ® C(V))/Ker(m(s, ®
t,)). Indeed, for the graph corresponding to the commutative AF algebra described
above, C(E) is isomorphic to the subalgebra (id ® 7*)(D(V)) of C(V) ® C(V), and
the condition on (3 in the above definition of a quantum symmetry of the graph (V, E)
amounts to saying that a® leaves the algebra C := (id ® 7*)(D(V)) invariant, in
which case 3 is, up to the obvious identification, nothing but the restriction of a®
on C.

In other words, an equivalent description of the objects in the category of the
quantum symmetry of such a finite commutative (i.e. all the matrix algebras in the
vertices are one-dimensional) Bratteli diagram is obtained from the observation that
they correspond precisely to these CQG coactions o on C(V) for which C is left
invariant by a®. This leads to the following result:

Theorem 5.2.7 Let A be a commutative AF algebra. Then the quantum isometry
group S, described in the beginning of this section coincides with the quantum
symmetry group of the graph given by the restriction of the Bratteli diagram of A to
the n-th level.

Proof Suppose first that we are given a quantum isometry of the canonical spectral
triple on the respective ‘finite’ part of the AF algebra in question, so that we have
a CQG coaction (S, a) on C(V) such that each a; = ac(y, leaves C(V;) invariant
(G =1,...,n)and that o commutes with the embeddings 7;, that is

W1 Ti1" = (Mi1” @ id)oy.
We deduce that

aﬁ)l (d ® mj11") = (idx ® ms)oa3(Qjy1 @ Ajy1Tj41")

= (idy @ ms)op(ajy1 ® (m11" ®id)ay) = (711" ® id)Oé;Z)-

Using the above expression and the fact that o® leaves D(V) invariant (by the second
part of Lemma 1.3.6), we see that o? leaves C invariant.

Conversely, we need to show that a coaction of a CQG on the Bratteli diagram
induces a quantum symmetry of the corresponding part of a spectral triple on the
AF algebra. Let (S, ) be a coaction on C(V) such that a® leaves C invariant.
It follows from the discussion before the lemma that we have the corresponding
coaction (3 on C(E). Therefore we can start with a coaction « on the Bratteli diagram
such that a®|¢(y,) preserves (id ® 7,*)(D(V,_1)). We first show by induction that
« leaves each C(V)) invariant. Consider j = n first. Observe that C(V,) is nothing
but Ker(W), where W : C(V) — C(E) isthemapf > (mo (s*®@t*))(f ® 1). It is
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clear from the definition of a quantum symmetry of a graph that o will leave this

subalgebra invariant. As « is a unitary w.r.t. the counting measure on C(V), it follows

that it will leave C(V; U ... U V,,_)) invariant as well, and thus restricts to a quantum

symmetry of the reduced graph obtained by deleting V, and the corresponding edges.

Then the inductive arguments complete the proof that each C(V}) is left invariant.
The proof will now be complete if we can show that

Qg1 Ty = (T4 @ id) (5.2.3)

foreachm=1,...,n—1.Let V,, = {vf", ..., v,’Z}, and let g,, ;; be elements of S
such that

O‘(év,’") = Z(Svj”‘ ® Gm,1j-
J

We set A; = {m : m(m) = j}. Then we have

a(2) (ld ® W;Jrl)((svfn ® 51)‘,_,,) = O[(Z) (51)’”, ® Z 6UT+1)
keA;

= z Z 6'{;" ® 61},’,”“ ® Gm.ijGm+1,kp-

J:p keA;

Furthermore, forall p ¢ A;

E qm,ij9m+1,kp = 0.
keA;

Multiplying by g, x',» Where k' e A;, we obtain
Vogn ked; Gm.ijgm+1.hp = 0. (5.2.4)

As stated after Lemma 1.3.6, o® leaves the ortho-complement of the diagonal alge-
brain [*(V x V) invariant. This means thatif k ¢ A; then o (6,» ® d,m+1) belongs
to C(D) ® S. On the other hand

2
Ot( )(51}’(1: X (Sv;{nJr]) = Z(Sv;u X (Svl/)nﬂ 02 Gm,ij9m+1,kp>
jp
hence

Vigniped; dmijqm+1.4p = 0. (5.2.5)

Further
Olm-i—lﬂ',*,H.] (51);»1) = Z (Sv;nJrl X Z Gm+1,kj-
J

keA;
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We also have

(ﬂ—m—&-l ® ld)am((S ”’) = 25 m+1 ® Z qm,ir = 26 1 & qm,in(j)-

rijeA,

Finally we get

Z qm+1,kp = Z(Z qm, 1])in+1 kp = Z(Z qm,ij9m+1, kp)

kel kehA; keA;
= Z qm,in(p)dm+1,kp = z dm,in(p)dm+1,kp — Z m,ir(p)dm+1,kp
keA; kEA;
= qm,in(p)>

where in the third equality we have used (5.2.4) and in the final equality we have
used (5.2.5) as well as the relation Zk Gm+1,kp = 1. This shows that (5.2.3) holds
and the proof is complete. ]

The above result justifies the statement that the quantum isometry groups of
Christensen-Ivan triples on AF algebras provide natural notions of quantum sym-
metry groups of the corresponding Bratteli diagrams. The theorem could be proved
directly by comparing the commutation relations of [2] with these listed in Lemma
5.2.6, but the method we gave has the advantage of being more functorial and trans-
parent.

5.2.2 The Example of the Middle-Third Cantor Set

Now we use the results proved in the previous subsections to compute the quantum
isometry group for Connes’s spectral triple related to the Cantor set.

In the special case when A is the commutative AF algebra of continuous functions
on the middle-third Cantor set we can use the observations of the last section to
provide explicit description of the quantum isometry groups S,, and therefore also
of QISO™ (A, H, D). Note that several variants of the spectral triple we consider
here were studied in [11] and in [12], where its construction is attributed to the
unpublished work of Connes.

Theorem 5.2.8 Let A be the AF algebra arising as a limit of the unital embeddings
C—CeC —CeC*eC* —

Suppose that the state wy is the canonical trace on A. Then Sy = C(Z,) and for
neN
Sni1 = (8 % Sp) @ (S, * Sp).
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Proof Begin by noticing that for each n € N we have A, = C*" and therefore
we can use a natural multi-index notation for the indexing sets discussed in the
paragraph after Lemma 5.2.6. To be precise, for each n € N we denote by 7, the
set {ijir iy :ij € {1,2} forj = 1,..., n}. Multi-indices in 7 := J,, .y 7, Will be
denoted by capital letters 1, J, ... and let the basis of the algebra .4, be indexed by
elements of 7,,. Hence, the basis vectors of .4, will be denoted by e;, where I belongs
to 7,. Moreover, as in Lemma 5.2.6, for I in 7, ¢; will denote the image of ¢; in
At

Then the natural embeddings of 4, in A,,;; can be conveniently described by the
formula

e —> e +ep, lem,

where we use the standard concatenation of multi-indices.

To understand the quantum isometry group, we start with A;. As Ay = C, the
invariance condition on the embedding means simply that the coaction is unital and
we see that S is simply the universal quantum group acting on 2 points, i.e., C(Z,).
If we denote a;; by p, then the unitary matrix corresponding to {a; ; : I, J € 71} looks

as follows: N
(p p )
ptp

Now we look at the coaction on A,,. For I in 7,,, we write a(e;) = ZJET” e;Qay.
Thus, for the coaction on the (n + 1)-th level, we write for each / in 7, andj = 1, 2,

aley) = Z ex; @ akijj-

Ker,,l=1,2

~ 2 2
Thus,  a(ep) = a(X i ep) = 21 2ker =12 €K ® KLY = D ger 112 CKI ®

S axy-

Since the coaction on the (n + 1)-th level has to preserve Span{e; : [ € 7,,} =
Span{ziz:] ey - I € 1,}, we deduce that forall /, I’ € {1,2} and forall K, I € 7,,, we
have

2 2
E akii = E agr.ij-
j=1 j=1

Hence

2
a@) =D & ® > aky. (5.2.6)
1

Ker, j=

But
a(ep) = E ek Q akj- 5.2.7)
K
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Thus (5.2.6) and (5.2.7) together imply that
2
agy = Zal(l,lj- (5.2.8)
j=1

Applying the antipode ~ on (5.2.8) and applying part 5 of Proposition 1.2.19, we
deduce

aki. + aka. 1 = dgi. (5.2.9)

Therefore, from (5.2.8) and (5.2.9), we have ag ;2 = aka 11-
Thus

Sut1 = Cak 1, aki 2, ko o 1, KTy} (5.2.10)

Next, we prove that S, is a quantum subgroup of (S, * S,,) @ (S, * S,,). To start
with, we claim that if 7, J € 7, such that I £ J, we have

agrag; = 0 = axayk. (5.2.11)

This follows by induction on n. Let us suppose that we have proved the claim
for all k < n. Since the coaction of Si; on the finite-dimensional commutative C*
algebra A is by quantum permutations, for all K in 7, and j = 1, 2, we have

Z ag =1

Ier . j=1,2

by virtue of the relations of the quantum permutation groups as in Sect 1.3.1.
Moreover, by the relations of the quantum permutation group, each ag;j; is a
projection. Thus, we have a finite set of projections summing up to 1 and therefore
axiag,ry = 0if (Ij) # (I'j’). This proves one of the equations of (5.2.11). The other
equation follows similarly by using the other relations of the quantum permutation
group.
The matrix associated with the coaction is given by

Ak Agan
' ' , 5.2.12
(AK1,12 AK2,12) ( )

where A; ;i denotes the matrix ((ax; i)k rer,-

By an inductive argument on n, it is easy to see that forall /, K in 7, and i, j = 1, 2,
the matrix Ag; ;; defines an isometric coaction on A,,. Thus, C*{ak;; : I, K € 7,}isa
quantum subgroup of S,,. This observation taken together with (5.2.10) and (5.2.11)
imply that S, is a quantum subgroup of (S, * S,,) ® (S, * S,,).
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On the other hand, it is easy to see that the matrix in (5.2.12) defines an isometric
coaction of (S, * S,,) D (S, * S,) on A, . This completes the proof. O

It is clear from the proof of the Theorem 5.2.8 and also from the discussion
before Lemma 5.2.6 that the quantum group coactions we consider are coactions on
the tensor product of algebras preserving in some sense one of the factors. In the
classical world such actions have to have a product form, as is confirmed by the
following result which we state without proof (see [15] for the proof).

Proposition 5.2.9 Suppose that (X, dx), (Y, dy) are compact metric spaces and
T:X xY — X xY is an isometry satisfying the following condition: ar(C(X) ®
ly) C C(X) ® ly, where ap : C(X x Y) - C(X x Y) is given simply by the com-
position with T. Then T must be a product isometry.

Theorem 5.2.8 shows that Proposition 5.2.9 has no counterpart for quantum group
coactions, even on classical spaces. We could have thought of elements of S, as
quantum isometries acting on the Cartesian product of 2 two-point set, “preserving”
the first coordinate in the sense analogous to the one in the proposition above. If
this forced elements of S, to be product isometries, we would necessarily have
S; = 81 ® Sy, in particular S; would have to be commutative.
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Chapter 6
Nonexistence of Genuine Smooth CQG
Coactions on Classical Connected Manifolds

Abstract The question of existence of coactions of Hopf algebras and compact
quantum groups on connected Riemannian manifolds is investigated. We give a very
brief outline of the proof of some important cases of the conjecture as well as a
number of examples supporting the conjecture.

The goal of this chapter is to look into the quantum isometric coactions, and more
generally, smooth coactions (in a sense to be precisely stated later) of compact quan-
tum groups on the algebra of smooth functions C°° (M) for arbitrary compact smooth
manifolds M. As our computations presented in the previous chapters already indi-
cate, when M is connected, we do not expect to have genuine quantum isometries.
We can even go a step further and conjecture that there cannot be any faithful coaction
of a genuine compact quantum group on C*°(M) where M is a compact connected
manifold and the coaction is smooth in a natural sense. At the moment the conjecture
is still open. However, it has been proved in several important cases: for example, for
isometric coactions as well as for smooth coactions of finite-dimensional compact
quantum groups. We briefly discuss these results in this chapter. We do not want
to present the proofs which involve too many technical details but sketch only the
main ideas. For the details the reader is referred to the archived article [1] and [2].
In this chapter, we will also discuss a few results of Etingof and Walton on the same
question in an algebraic context. For yet another example in the algebraic context,
we refer to the work of [3] where the classical nodal cubic is shown to be a quantum
homogeneous space of a noncommutative Hopf algebra.

6.1 Smooth Coaction of a Compact Quantum Group
and the No-Go Conjecture

6.1.1 Definition of Smooth Coaction

Let us fix a compact smooth manifold M of dimension n and consider the natural
Fréchet topology on C*°(M). This is given by the family of seminorms {|| - ||,k i},
where U is alocal coordinate neighborhood with the corresponding local coordinates
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X1, ..., X, (say), K C U compact, i = (iy, ..., i) some multi-index with 1 <i; <

n for all j and
0

0
I fllv.k.i :=sup|5— (Pl (6.1.1)

xek axil a

An action of a compact group G on M is called smooth if for every g € G, the
map M > M +— g.m is smooth. This is equivalent to saying that the correspond-
ing *-automorphism of C (M), which sends f to a,(f)(m) := f(g.m), satisfies
0, (C*®(M)) € C*(M) for all g. This gives a natural way to generalize the notion
of smooth action for CQG coacting on C(M). To do this, we need to consider the
subalgebra C*°(M, A) of the C* algebra C(M, A) = C(M) ® A, where A is any
unital C* algebra. Here, C*°(M, A) denotes the set of all A-valued functions on
M which are C* with respect to the Fréchet norm of A. This is a Fréchet space,
having a *-algebra structure inherited from that of C(M, A) and the *-algebra oper-
ations are easily seen to be continuous in the natural Fréchet topology of C*°(M, A),
given by the seminorms analogous to the ones appearing in the Eq.(6.1.1) but the
absolute value on the right hand side replaced by the norm of A. Indeed, it is known
that C(M) is nuclear as a C* algebra, which means in particular that the C* tensor
product C(M) ® A is unique. A similar property is shared by C>(M) as a locally
convex space, making C*°(M, A) the unique tensor product of the locally convex
space with A, but we do not want to go into this issue which will lead to unnecessary
technicalities.

Now we can introduce the notion of a smooth CQG coaction.

Definition 6.1.1 A coaction oo of a CQG Q on C (M) is called a smooth coaction on
M if a(C®(M)) € C*(M, Q) and the linear span of elements of the form a(f)(1 ®
q), f € C®(M), q € Q,is dense in the Fréchet topology of C*(M, Q).

One can actually prove the following analogue of the Podles’ condition [4] for
coactions on C* algebras

Proposition 6.1.2 ([1]) Suppose that we are given a C* coaction o of Q on C(M).
Then the following are equivalent:

(1) « is smooth.
(2) (d ® ¢)a(C®(M)) C C*(M) for every state ¢ on Q, and there is a Fréchet
dense subalgebra A of C*° (M) over which « is algebraic.

The proof is very similar to the proof by Podles in [5] for C*-coactions. All one
has to do is to replace the norm topology by the Fréchet topology at every step and
observe that the arguments go through.

6.1.2 Statement of the Conjecture and Some Positive
Evidence

For a smooth manifold with at least four connected components, it is easy to see
that the quantum permutation group of four objects, which is an infinite-dimensional
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genuine CQG, has a natural (faithful) coaction on the manifold. We have used the
term “genuine’ to mean that the underlying C* algebra of the quantum group is
noncommutative, i.e., it is not of the form C (G) for some compact group G. However,
for a connected manifold such a construction is not possible. But if one forgets
smoothness, it is indeed possible to produce examples of genuine CQG coactions
(faithful) on C(X) where X is compact and connected. One can even have examples
of such coactions, where X is a smooth manifold except at just one point. Let us
give a couple of such examples before we state the conjecture about nonexistence of
smooth faithful CQG coactions on smooth compact connected manifolds.

Our first example is adapted from P. Etingof and C. Walton (see Remark 4.3 of
[6]). Let

X={uv): —1<u,v<1, u=0o0rv=0}CR%

This is basically a compact subset of the algebraic variety given by the equation
xy = 0. This is not irreducible and has a singularity at (0, 0). The C* algebra C(X)
is generated by the two coordinate functions, viewed as self-adjoint operators x, y
satisfying x> < 1, y? < 1, xy = 0. Consider a faithful coaction o of Q := C*(S3),
where S3 is the group of permutations of three objects, given by

a(x) =x® 05, ay) =y ® .

Here, a = (12), b = (13) (transpositions) and d,, J,, denote the corresponding char-
acteristic functions viewed as elements of Q.

The second example is due to Huichi Huang ([7] Example 3.10,(1)), where the
space is again taken as a topological join. Let Y = [0, 1], Xy = {1,2,..., N} and
Y, = {0} in the notation of [7] and S be the topological join or wedge sum of N unit
intervals identifying (x;, 0) foralli = 1, ..., N. We have a coaction of the quantum
permutation group A;(N) given by

a(f) =Y. f®e ®ajfor [ € C(Y),

ij

where a;; are the canonical generators of A;(N) as in Sect.1.3.1. For N > 4, this

is a faithful coaction of a genuine (i.e., noncommutative as a C* algebra) CQG on a

compact connected topological space. However, the space S is not a smooth manifold.
We can now state the following:

Conjecture I If a CQG Q faithfully coacts smoothly on a compact, connected,
smooth manifold M then Q must be isomorphic with C(G) for some compact group
G acting smoothly on M.

Let us mention that so far, we have been able to verify this conjecture at least in
the following two cases:
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(i) When the CQG is finite dimensional.

(i1) When the coaction is isometric for some Riemannian structure on the manifold.
On the other hand, there is a purely algebraic result obtained by Etingof and
Walton in [6] which also gives some indication in favor of the truth of the
conjecture.

This says the following:

Proposition 6.1.3 ([6]) Let Q be a finite dimensional, semisimple Hopf algebra over
an algebraically closed field of characteristic zero which has a faithful coaction «
on a commutative domain C. Then Q must be a commutative algebra.

Note that in the work of Etingof-Walton, the term “inner faithful” was used, but
as Q is finite dimensional, this coincides with our notion of faithfulness.

Let us conclude this subsection with some examples of Hopf algebras (of noncom-
pact type) faithfully coacting on commutative domains, indicating that the conjecture
made above is not expected to hold for locally compact quantum groups.

Example 6.1.4 Let A= C[x], and let Qy be the universal algebra generated by
a,a ', b subject to the following relations

aa ' =a'a= 1,ab = qzba,

where g is a parameter described in [8]. This has a Hopf algebra structure which
corresponds to the quantum ax 4 b group. There are at least two different (non-
isomorphic) constructions of the analytic versions of this quantum group, i.e., as
locally compact quantum groups in the sense of [9], one by Woronowicz [8] the

other by Baaj-Skandalis [10] and Vaes-Vainermann [11]. The coproduct is given by
(see [8] for details)

Ala)=a®a, Ab)y=a @b+ bR 1.
We have a coaction « : C[x] — C[x] ® Q, given by
ax) =x®a+1Qb.

It is clearly an inner faithful coaction in the sense of Etingof and Walton.

Example 6.1.5 This is taken from Example 2.20. of [12]. Let k be a field, ¢ be
a nonzero element of k and let G, be the universal unital algebra generated by
a,b,c,d, D, D! subject to the following relations:

ab = ba, cd = dc, db = q~'bd, ac = qca, ad — bc = da — cb = da — g 'bc =

d
corepresentation, i.e., the coproduct A is given by A(a) =a®a+b Q@ c, A(b) =
a®b+b®d, A(c)=c®a+d®c, Ad)=c®b+d®d, A(D)=D ® D,
A(D™") = D™' ® D~'. The counit ¢ and antipode « are given by

ad — gbc = D. This has a Hopf algebra structure for which (i b ) is a fundamental
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(€90 DY = (32). =1

-1 _ -1
(R 5) = (Lo Gh) =t w0t o

For a generic value of the parameter g # 1, this is known to be a noncommutative
and non-cocommutative, infinite-dimensional Hopf algebra. It has a (inner faithful)
coaction v on the commutative domain k[x, y], i.e., the classical 2-plane, given by

a(x)=x®a+y®c, a(y)=x®b+y®d.

Remark 6.1.6 Note that the quotient of G, by the ideal generated by D, D~ is not
the same as SL,(2), even if there seems to be some similarity of certain defining
relations. For example, the commutativity of a, b, and c, d is quite different from the
relations among the natural generators of SL,(2).

6.1.3 Defining the ‘Differential’ of the Coaction

If a compact group G acts on a compact smooth manifold M by diffeomorphism,
one has a natural G-action on the bundle of one (and higher) forms obtained by
the differential dg, where g € G also denotes the diffeomorphism on M. To put
it in an algebraic language, we consider the Fréchet space of the form Q'(M, C)
for a C* algebra C, to be called the space of C-valued smooth one forms, con-
sisting of smooth, C*°(M)-linear maps from the set x (M) of smooth vector fields
on M to C*°(M, C). Here, the C*°(M)-module structure on C*°(M, C) is given
by (f - F)(m) = f(m)F(m), for f € C*(M), F € C>*(M,C). There is a natural
Fréchet topology on Q!(M, C) determined by the following: a sequence £2; con-
verges to an element 2 in this topology if and only if for every compactly sup-
ported smooth vector field X, €2;(X) converges to €2(X) in the Fréchet topology of
C>(M, C). Moreover, any Q € Q' (M, C) is determined by Q(m) € T}(M) ®a C,
m € M, which is defined as follows. Given a tangent vector 7 at m, choose any
smooth vector field X such that X (m) = 7 and then define Q(m) = Q(X)(m) € C.
By standard arguments using C*°(M)-linearity of 2, one can verify that this defini-
tion is independent of the choice of X satisfying X (m) = 7. Thus, Q' (M, C) can be
viewed as the space of smooth sections of a bundle over M with the fiber at m given
by 7,5 (M) Qayg C.

For a smooth vector field X on M, we have a unique, Fréchet-continuous map X
on C*®(M, C) satisfying X(f®a)=X(f)®a,for f € C°(M),a € C.Indeed, it
can be easily defined in terms of integral curves of X. For m € M, let () be the
integral curve for X such that v(0) = m, for all # in some interval containing 0. Then,
forany F € C*(M, C),



154 6 Nonexistence of Genuine Smooth CQG Coactions ...
= d
X(F)(m) = Eh:oF(’Y(t))-

Using this, we have amap d : C*°(M, C) — Q' (M, C) given by
d(F)(X) := X(F).
It is easily seen that d satisfies the following Leibniz rule
d(FG)(m) = d(F)(m)G(m) + F(m)d(G)(m).

The smooth G-action on M can be encoded by a map I' from Q'(M) to
Q' (M, C(G)).Before we introduce I', let us note that Q! (M, C(G)) can be identified
with Q' (M)-valued continuous functions on G. Indeed, for Q € Q'(M, C(G)), we
have Q(m) € Ty M ®,, C(G), soevaluating itat g gives a cotangent vectorin 7,s M.
Let us denote this Q' (M)-valued function on G by Q,, 1., Qy(m) = Q(m)(g) €
TxM. Now, we define I'(w), := dg(w), where dg is the G-action on Q' (M)
given by the differential of the diffeomorphism g on M. Clearly, I'(¢pdv)(g) =
o (P)d (g (1p)), where 1, p € C°(M) and ag(f)(m) = f(gm). It is natural to
use the notation da for the map I'. The space Q'(M, C(G)) = C(G, Q1 (M))
has a C°°(M)-bimodule structure given by (® - f)(g) = (f - P)(g) = a, (/) P(g).
Clearly, I' = do is a bimodule-morphism from Q' (M) to C(G, Ql(M)).

We can now ask a similar question for a smooth coaction, say «, of a CQG Q on
a smooth manifold M. That is, we consider I'(df) := d(a( f)) and want to extend
it to a well-defined C*(M)-bimodule morphism from Q'(M) to Q'(M, Q), where
the module structure on Q' (M, Q) is given by f - ® = a(f)®, ® - f = da(f),
for f € C®(M), ® € Q' (M, Q). However, we have (df)¢ = ¢df in Q' (M), so a
necessary condition for I" to be well defined is

d(a(f)ah) = a(hyd(@(f)) Yf, h e C®(M). (6.1.2)

Now, we do have the commutativity of a( f) (m) and ae(h) () for all m, as (ev,, ®
Id) o avis ahomomorphism from a commutative algebra to .A. However, the condition
(6.1.2) requires also the commutativity of the partial derivatives of a(f) at the point
m with the value of «(h) at m. As the partial derivatives of a/(f) at m possibly
depend on values of a(f)(x) for x other than m, in a small enough neighborhood,
it is not so clear why they would commute with a(k)(m). To illustrate it further,
consider one parameter smooth curve () in M with v(0) = m and consider the
Taylor expansion of the Q-valued function ¢ — F(¢) := [a(f)(y(2)), a(h)(m)],
where [A, B] = AB — BA. Wehave F(0) = 0but the condition (6.1.2) would imply
F (1) has no first-order term, i.e., F'(0) = 0.

In fact, (6.1.2) turns out to be also sufficient, as stated in the theorem below, for
the well-defined extension of I' as a bimodule morphism.
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Theorem 6.1.7 The following are equivalent:

(i) There is a well-defined Fréchet continuous map 3 QM) — Q' (M, Q) which
is a C* (M) bimodule morphism, i.e., B(fw) = a(f)B(w) and B(wf) = Bw)a(f)
forallw e Q' (M) and f € C®(M) and also B(df) = (d @ id)(a(f)) forall f €
C®(M).

(ii)

(v @id)(a(f)alg) = a(g®)(v ®id)(a(f)) (6.1.3)

forall f, g € C®(M) and all smooth vector fields v on M.

We do not give the proof here, which is somewhat long and technical, and refer
the reader to [1].

Let us say that « is liftable if the conditions of the above theorem hold. We make
the following

Conjecture I Any smooth coaction of a CQG on a compact smooth manifold is
liftable.

Let us remark that the above conjecture does not hold even for algebraic coactions
of Hopf algebras of noncompact type on smooth manifolds. To see this, consider the
algebra A = C[x] of Example6.1.4 which is the algebro—geometric analogue of
C*(R) and there is a canonical derivation ¢ : A — A corresponding to the vector
field 4 of R

i(p)=7r,

where p’ denotes the usual derivative of the polynomial p. However, one has
(G @idax) =1®a,

which does not commute with a/(x) as ab # ba.

6.2 Brief Sketch of Proof of Nonexistence of Genuine
Quantum Isometries

We give here a very brief outline of the following result:

Theorem 6.2.1 Let Q be a CQG which has a faithful isometric coaction on a com-
pact connected Riemannian manifold M. Then Q = C(G), where G is a subgroup
of the group of (classical) isometries of M.

We refer to [1] for the details of the arguments. Before we go into the steps of
the proof, let us recall a few geometric facts. We say that a manifold is parallelizable
if it admits a set {X1, ..., X,} of globally defined smooth vector fields such that
at each point m € M, {X,(m), ..., X,,(m)} is a basis of T,,(M). It is known that
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the bundle of orthogonal frames of a Riemannian manifold is always parallelizable.
Moreover, any parallelizable Riemannian manifold admits an isometric embedding
in some Euclidean space such that the corresponding normal bundle is trivial. We
refer the reader to [13] for a proof of this fact and related discussion.

The key idea of proof of this theorem consists of a chain of arguments to lift the
given CQG coaction to a subset of R” (for large enough n), which has nonempty
interior and where the lifted coaction is affine in the Euclidean coordinates. To explain
the motivation of these steps, let us first think of a similar line of arguments in the
classical setup, i.e., a proof of the fact that any smooth action by a compact group
G on a classical compact connected manifold M can be made affine with respect
to Euclidean coordinates of some R" where M is embedded. This can be done as
follows:

(a) Using an averaging trick we reduce the problem to the case of isometric coaction.

(b) We can assume without loss of generality that M is parallelizable and hence
has an isometric embedding in some R" with a trivial normal bundle N (M),
by passing to the parallelizable total space T(O(M)) of the orthonormal frame
bundle O (M) where the G-action on M can be lifted to the natural isometric
action by taking the differential dg of the map g € G.

(c) We can lift the action to an isometric action on the total space T (N) of the trivial
normal bundle N (M).

(d) Finally, noting that 7' (N) is locally isometric to the flat Euclidean space R”,
we can argue that any isometric action on it must be affine in the corresponding
coordinates.

The proof in the quantum case is a natural (but rather nontrivial due to noncommu-
tativity at every stage) adaptation of the above lines of arguments in the framework
of isometric CQG coaction.

As an immediate corollary of Theorem 4.1.2, we get the following

Lemma 6.2.2 Let W be a subset with nonempty interior of some Euclidean space
RN. If a faithful coaction o of a CQG Q on X is affine in the sense that o leaves the
linear span of the coordinate functions and the constant function 1 invariant, then
Q = C(G) for some group G.

Now, let us describe briefly the main steps of the proof of Theorem6.2.1.

Fix a faithful, isometric coaction o of a CQG Q on a compact-connected
Riemannian manifold M. Just like Q'(M, Q) described before, we can consider
the spaces of Q-valued smooth k-forms, denoted by QKM Q). Clearly, these
are C*°(M, Q)-bimodules in a natural way. Moreover, there is a natural Hilbert-
C*®(M) structure on Q%(M) coming from the Riemannian structure. Consider the
C>®(M, Q)-module structure on (M, Q) given by the C*®°(M, Q)-valued inner
product (-, -) c=(ur, o) defined as follows:

(0, 77>C°°(M,Q) (m) := (0(m), n(m))g ,
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where 0,1 € QK(M, Q) viewed as smooth sections of a bundle with the fiber at
m being Ak(Tn’;M ) ® Q and (-, -) o denotes the natural Q-valued inner product on
‘M ® Q.

Let x (M) denote the space of smooth vector fields on M and V denote the Levi-
Civita connection for the given Riemannian metric.

Step 1: From the isometry condition, it is easy to verify that the coaction is liftable.
Hence we get the commutativity of the algebra Q,, for every fixed m, where Q,,
is generated by (X ® id)(a(f))(m), a(g)(m) for f,g € C*(M), X € x(M). It is
also easily seen that the lift I' = d« is equivariant in the sense that

(T W), T ew.0) = @((w, M) emry) Y w,n € Q1(M).

Step 2: Using the lift I' = da, we can further construct equivariant T'* := da® on
Q¥ (M) which is a bimodule morphism in the sense discussed before. Moreover, for
each k, ' is equivariant for the natural C*°(M)-valued inner product of Q¥ (M). The
Riemannian metric gives a conjugate linear C* (M )-module isomorphism between
the set Q! (M) of smooth one forms and the set (M) of smooth vector fields, so we
can view I" as a corepresentation on y (M) as well.

Step 3: Using isometry, we show that the Levi-Civita connection is “preserved" in
the following sense: I'(Vx(Y)) = @F(X)(F(Y)). Here, V is the covariant derivative
operator corresponding to the Levi-Civita connection and V is the extension of V
on (a suitable topological tensor product) x(M)®Q satisfying 6X1®q1 X2 ® q2) :i=
Vx,(X2) ® q1g>. This implies a(qbr‘fj) € 9,,, where ¢ is any smooth function sup-
ported in the domain of some coordinate chart for which the Christoffel symbols are
denoted by I‘l"j

Step 4: With little more calculation, this further implies a “second order com-
mutativity”: for each m € M and local coordinates (xy, ..., x,) around m, the alge-
bra generated by {a(f)(m), %(a(g))(m), %;Xj(a(h))(m) 2 fi8,he C®(M)}is
commutative.

Step 5: Commutativity of Q,, further allows us to prove that I'* naturally induces
a *-homomorphic coaction & (say) on C*(T (Oy,)), where T'(O,,) is the total space
of the orthogonal frame bundle on M, identifying C*° (7T (Oy,)) with a suitable com-
pletion of the symmetric algebra of the C°°(M)-module Q'(M). The second-order
commutativity of « implies first order commutativity for the lift &, hence using an
averaging trick and other arguments, we get a Riemannian structure on E for which
@ is isometric.

Step 6: As E is parallelizable, it has an embedding in some R” with trivial normal
bundle (with respect to the Riemannian metric chosen above) N (E) ( say ). We can
lift &v as an isometric coaction ® on some suitable ¢(> 0)-neighborhood W of E in
the total space N = R™ of N(E).

Step 7: It now suffices to prove that ® is affine, so that Lemma6.2.2 will apply.
We will actually use connectedness of M for the first time here. We give some details
of this step which is interesting in its own right. A different argument was given in
[1] for proving this step. Let yy, ...y, be the usual coordinates of W C R™. As &
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commutes with the Laplacian Lgy := ZN 2 and Lpn % = %[_‘,RN, Lgvy; =0
J J ?

i=1 957
i

for all j, we get

0 0
Ly @id)(5— Qid)P(y) = (57— ®id)P(Lrny;) = 0.
dy; dy;

Let D;;(y) = ((a% ®id)®(y;))(y). Note that as d® is a P-equivariant unitary
corepresentation, so D(y) := ((D;;(y)))i j=1,..,n is unitary for all y € W. Pick y,
in the interior of W (which is non empty). Then the new Q valued matrix G(y) :=
((Gij(y)) =D(y) (D(yp))~!is unitary since D(y) is so. As G(y) is unitary forall y,
we have [¢(G;;(y))| < 1 and [¢(G;; (y0))| = 1, where v is a state on Q. Since M is
connected, Int(W) is connected. Thus 1/(G;; (y)) is a harmonic function on the open
connected set Int(W) which attains the supremum of its absolute value at an interior
point. Hence by Corollary 1.9 of [14] we conclude that ¢)(G;; (y)) = ¥(G;i (yo)) = 1.
As this is true for every state ¢ on Q, we have G;;(y) = 1. But G(y) is a unitary, so
Gii(y) = 1 implies G;;(y) = ¢;;1 for all i, j. Since the matrix ((G;;(y))) is unitary
for all y, we get G;; = d;;.1¢0. Then D) (D) ! = Lyy (0, 1.e., D(y) = D(yo)
for all y € W. Hence @ is affine with g;; = D;;(yo). This completes the proof of
Theorem6.2.1.

6.3 An Example of No-Go Result Without Quadratic
Independence

We have taken this example from the unpublished dissertation thesis by Promit
Ghosal with his kind permission, who did this work under the supervision of the
second author. Here, we give an example of a non-smooth, algebraic variety in R?
generated by a set of quadratically dependent coordinates, for which an analogue of
the no-go result, i.e., Theorem6.2.1 holds. For this, we need yet another approach
[15] to quantum isometries of classical spaces, formulated in the setup of a compact
metric space which will be briefly discussed in Chap. 10. In particular, the existence
of a quantum group analogue of the isometry group of a compact metric space (X, d)
is proved for a large class of (X, d) including those which are isometrically embedded
in R” for some 7. This quantum group is denoted by QISO™ (X, d).

We consider the compact conical surface M = {(x, y,z) : x>+ y> =22, |z| <
1} C R3. Let X, X», X5 be the restriction of the Euclidean coordinates of R to M.
Let o be the coaction of @ = QISO™"¢(X, d) where d denotes the restriction of
the Euclidean metric on R3. It is known (see Chap. 10 and [15]) that o must be of
the form given by (10.5.2) of Chap. 10, i.e., a(X;) = Z_,' X;®qji +1Q®r;, where
qij,r; are self-adjoint elements such that the matrices ((¢;;));,; and ((g;;)); ; are
unitary elements in M, (Q) and the C* algebra generated by {g;;, r; : i, j} is Q.

Before proceeding further, let us make the convention of denoting the symmetrized
product a,a; + aya; by the symbol aja;. Using the relation
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2 2 2
X2 4+ x2=x2, 6.3.1)

we can obtain the following.

Lemma 6.3.1 We have

2 2 2 2 2 2
g1+ 4912 — 4913 = 912 T 42 — 4933
= —431 — ¢ + 4 6.3.2)

quiry + quiara = qu3ts,
q2171 + g2 = q2373,
g3 + gnra = q33rs, (6.3.3)

411921 + 412922 = 413923,
921931 + 422932 = 423923,
431911 + 932912 = 433913- (6.3.4)

Proof Tt can be easily checked that {1, X1, X2, X3, X1 X2, X2 X3, X3X,} are linearly
independent. Equating the coefficients of X?, X% and X? on both sides of the homo-
geneous relation X7 + X3 = X3, we get (6.3.2). Similarly equating coefficients of
X;’sand X; X ; fori # j, we can obtain (6.3.3) and (6.3.4), respectively. (Il

Lemma 6.3.2 We have the following:

qQriqij + qigrj = Qi qii + qijqrj fork #1,i # j (6.3.5)
qritj +riqrj = qkjti +1iqri fori #j (6.3.6)
Grigrj + G3iq3j = qkjqri + q3jq3i fork =1,2,i # j (6.3.7)

Proof Equating the coefficients of 1, X, X,, X3, X; X», X» X3, X3X on both sides
of a(X;X;) = a(X;X;) along with the use of (6.3.1) on the relation a(X; X;) =
a(X;X;) would give the result stated above. [

Lemma 6.3.3 Foralli, r; =0, i.e., « is linear.

Proof Let 1 be a probability measure on M such that the corresponding state on
C(M) is a-invariant. Then

ridg = (/X,-du)lg —Z(/ Xjdgji-
J

We claim that for all j =1, 2, 3, f X jdp = 0 which proves the lemma. To this
end, we note that we have a natural Z, action on M which sends X; to —X;. Clearly,
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this is an isometry. Therefore, C(Z,) is identified with a quantum subgroup of Q.
Then, the « invariant state for Q must be preserved by this Z, action too. This implies
that [ X;dp=— [ X;dp, ie., [ X;dp=0forall j. O

We now prove the main result of this section.
Theorem 6.3.4 The quantum isometry group Q is commutative as C*-algebra.

Proof As Q is aquantum subgroup of A,(3) via the surjective morphism sending the
canonical generators of A,(3) to ¢;;’s, we have x(g;;) = qj;, where x is the antipode
of Q. Applying this to (6.3.4), we get the following new relations:

q1iq1j + 9292 = q3iq3; fori # j. (6.3.8)

On the other hand, rewriting (6.3.7) for k = 1, we obtain

q1i91j — q1j91i = 9393 — q3i93j- (6.3.9)
By subtracting (6.3.9) from (6.3.8), we will get

1

q1iq1j + 5%@2,‘ = q3iq3i- (6.3.10)

Interchanging the role of i and j, one can get the following relation:

1
q1jq1i + §q2i‘12j = q3iq3j- (6.3.11)
Let us recall the fact that
q1iq1j + @2iq2; + q3i93; = 0. (6.3.12)

Plugging the relations obtained from (6.3.11) into (6.3.12), we have

1

q1iq1j + SPi%) = —922;- (6.3.13)

But it can observed that the left-hand side of (6.3.13) is symmetric with respect to
i, j. Hence, g; and g,; will commute with each other. But utilizing (6.3.7), we can
further write down

q1iq1; — 4191 = q2i92j — 4292 = 4343 — 43i93;-
Hence we have the following relations:

Qkigkj = qkjqki- (6.3.14)
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whereas after applying ~ on both sides that we can further conclude that

qik9 jk = 4 jkYik- (6.3.15)

On applying « on (6.3.5), we have the following:

q19ik + qjkqu = quqjk + qiqi fork #F1,i # j. (6.3.16)

Interchanging the role of k and i and also of /, j in (6.3.5) gives

gixqj1 + qjxqi = qiqjx + qjqix fork #1,i # j. (6.3.17)

Now from (6.3.16)—(6.3.17), one can have

[gji, qix] = lgix. qji] fork #1,i # j,

which implies
qjqik = qixqji fork #£1,i # j.

Hence Q is commutative as a C*- algebra. O

Remark 6.3.5 From the proof of the theorem above, it is clear that there is nothing
special about n = 3, and the result holds for a cone in R"*! defined by the equation
BiX3 4+ B,-1X2_, = X2, where (31, 32, . .. 3, are positive constants.

Remark 6.3.6 The cones given by ajx{ + - - - 4+ a,,x; = x| are irreducible alge-
braic sets, i.e., the corresponding coordinate algebra is a commutative domain. How-
ever, we cannot apply Proposition6.1.3 because the quantum group is not finite
dimensional. Thus, in a sense, the above computations give an indication that the
results of Etingof and Walton may hold beyond finite-dimensional Hopf algebras.
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Chapter 7
Deformation of Spectral Triples
and Their Quantum Isometry Groups

Abstract This chapter deals with QISO* and QISO; of a cocycle twisted noncom-
mutative manifold. We first discuss the cocycle deformation of compact quantum
groups, von Neumann algebras and spectral triples, followed by the proof of the
fact that QISO; and QISO* of a cocycle twist of a (noncommutative) manifold is a
cocycle twist of the QISOJ,Q and QISO* (respectively) of the original (undeformed)
manifold.

Most of the examples of noncommutative manifolds are obtained by deforming
classical spectral triples. In particular, the spectral triples on the noncommutative
torus discussed in Sect.2.2.1 fall in this class. It is a natural question whether the
quantum isometry group of the deformed noncommutative manifold is related to
the quantum isometry group of the original manifold. In the context of quantum
automorphism groups, such a question was addressed in [1]. The aim of this chapter
is to show that the quantum isometry group of a cocycle-deformed noncommutative
manifold can be obtained by a similar deformation of the quantum isometry group
of the original (undeformed) noncommutative manifold. Combining this with the
fact that the quantum isometry group of a classical compact, connected, Riemannian
manifold is the same as the classical isometry group of such manifold, it follows that
the quantum isometry group of non-commutative manifolds obtained from classical
manifolds using dual unitary 2-cocycles are now known. We should also mention
that Sadeleer has extended the results of [2] to the setup of monoidal deformations
in the paper [3].

7.1 Cocycle Twisting

We formulate a notion of deformation by dual unitary 2-cocycles in the framework
of von Neumann algebras. In fact, this can be thought of as a special (and simpler)
case of the C*-algebraic deformation theory developed by Neshveyev and Tuset in
[4] for coactions of locally compact quantum groups. Basically, the von Neumann
algebra obtained by deformation in our sense will be the closure in the weak operator
topology of the corresponding C*-algebraic deformation obtained by the theory of

© Springer (India) Pvt. Ltd 2016 163
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Neshveyev and Tuset. However, we must mention that our theory differs from that
of [4] in two aspects: (i) the quantum groups considered by us are universal CQG’s
whereas those in [4] are in the reduced form and (ii) coactions in our setup are not
necessarily C*-coactions.

7.1.1 Cocycle Twist of a Compact Quantum Group

Let Q be a compact quantum group with the dual discrete quantum group 0 and the
canonical dense Hopf *-algebra Q. Recall from Sect. 1.2.2 the dense Hopf x-algebra
Qp spanned by the matrix coefficients of its inequivalent irreducible corepresenta-
tions. We now define a dual unitary 2-cocycle.

Definition 7.1.1 A dual unitary 2-cocycle on a CQG Q is a unitary element o €
M(Q ® Q) satisfying

(1®0)(id® A)(0) = (0 ® 1)(A ®id)(0).

The cocycle o is said to be normalized if (1 ® p.)o =1® p. and (p. ® 1)o =
Pe ® 1, where p;’s are the minimal projections of @rerep(0)Ma,. It is possible to
assume without loss of generality that a cocycle is normalized. We will do so in the
rest of this chapter.

If we view o as a linear functional on Qy ®a, Qo it will satisfy the following
cocycle condition (see p. 64 of [5]):

o(bay, cqay)ola, boycn)) = olaqy, bay)o(apbe), c),
for a, b, c € Qy. We can deform Q using o to obtain a new Hopf *-algebra QF.

The algebra multiplication, involution, and antipode x are given by the following
formulas, whereas the coproduct remain unchanged. For a, b € Q,,

a..b = o (aqy, bay)aaybeo(ag, ba)),
a* = (7' ®id ® v,)(A ® id)Aa®) 7.1.1)
Ko (a) = Wo(am) k(@) W, (aga).

where
Wy(a) = a(aq). k(ap)), v.(a) = Wy(k"'(@)). (7.1.2)

The reader is referred to the p. 65 of [5] and [3] for a proof of the fact that, QF with
the operations defined above indeed becomes a Hopf-x algebra.

We observe that the unit of the deformed Hopf x-algebra is the same as before. It
follows from the following:

(a.,1) = o amm, Dagnyoyolaa, 1).


http://dx.doi.org/10.1007/978-81-322-3667-2_1

7.1 Cocycle Twisting 165
As the cocycle is normalized, we have
o(a, 1) =0c""a,1) = e)

for all a € Qy, 1mp1y1ng a.,1 = 6(&1(1)(1))61(1)(2)6(61(2)) =a. The identity l,a=a
for all Qg can be shown in a similar way.

Remark 7.1.2 As pointed out by Sadeleer in [3], the formula for the involution on
the deformed algebra presented in [2] was incorrect. The formula we have given here
takes care of the correction noted in [3].

We recall from Sect. 1.4 the discrete quantum group Qo with the coproduct
A defined by A(w)(a ®Db) :=w(ab),w € QO and a,b € Q. This can also be
deformed using 0 € M (Q ® Q) by keeping the * algebraic structure unchanged
while changing the coproduct by the one given below

KU(.) = O'Z(.)O'_l

The coassociativity of A, follows from the cocycle condition of . Indeed,
((@))”, Za) turns out to be a discrete quantum group and hence we get a dual
CQG by the Proposition 3.12 and discussions preceeding Proposition 4.5 of [6]. It is
also clear that the natural pairing between QF and QO is non-degenerate. In fact, any
CQG having ( Qo)” as the dual discrete quantum group will contain QF as a dense
Hopf x-algebra. Hence it makes sense to consider the universal CQG corresponding

to 9F.

Definition 7.1.3 Call the universal CQG containing QF as a dense Hopf x-algebra
to be the cocycle twist of the CQG by a dual unitary 2-cocycle o and denote it by
(Q7, A).

Next we explain how to get dual unitary 2-cocycles on a CQG from similar
cocycles on quantum subgroups of it. Given two CQG’s Q;, Q, and a surjective CQG
morphism 7 : Q1 — 9, which identifies Q, as a quantum subgroup of Q;, one can
prove that 7((Q1)o) = (Q2)o. Dualizing, we getamap 7 : (Q2), — (Q1)g. Itis not
difficult to see that the image of the dense multiplier Hopf x-algebra (Q5);, C @
under 7 coincides with (Q))j,. In fact, we get an extension of 7, to be denoted by the
same symbol again, as a non-degenerate - homomorphlsm from M(Q,) to M(Q 1)-
For a dual unitary 2-cocycle o on Q,, we define 0’ := (T ® 7)(0) € M(Q ® Q)
and verify easily that ¢’ is a dual unitary 2-cocycle on Q;. By a slight notational
abuse, we will often denote o’ by o.

Lemma 7.1.4 Qf is a quantum subgroup of Q‘l”.

Proof We begin with the observation that 7 : (Ql)g' — (Q,)§ is a surjective Hopf
x-algebra morphism. Since the coproducts do not change, it suffices to verify that 7
is a x-algebra homomorphism. To this end, observe that for a, b € (Q; )g',
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T(a.ob) = 7o’ (aqy, bayambe) (@)~ (a@), b))l
= o'(aqy, bay)m(ap). be)) (@) (ag). ba)
= o(m(an), m(ba))m(ap)m(be)o  (r(az). T(ba))
= 7(a).,m(b).

It can be shown in a similar way that 7(a*") = (7(a))* . Hence Q‘l" contains (Q2)§
as a Hopf x-algebra and by the fact that Qf "is a universal CQG, we conclude that
there is a surjective CQG morphism from Qf "to Q3. (]

Lemma 7.1.5 Let o be a dual unitary 2-cocycle on a universal CQG Q. Then we

have (Q°)° ' = Q.

Proof As Q is universal, it suffices to show that there exists a Hopf-* algebra iso-
morphism from (QF )" to Qp. Indeed, for a, b € Q.

—1
a(.s)e-1b =07 (aqy, bay)aw) .«beyo(aas), ba))
—1
o (amay. baya)am e -«baye)o(ae), be))

—1
=0 (am). byay)olamemm, baommlanemebomeme
-1
o (ame@), boee)olae. be)

o~ ammy. baya) o (@), bae)aaymbaem
o apom. boom)o@ae e booe)

= e(a))ebay)apymbeymelan@)ebo)e)

= e(aq))elbay)ap)bo)

= ab.

The fact that the (%,)” ' = * can be argued in a similar way. ]

7.1.2  Unitary Corepresentations of a Twisted Compact
Quantum Group

Consider a universal CQG Q and a dual unitary 2-cocycle o on it. Our goal in
this subsection is to discuss (proofs briefly sketched) some standard facts about the
corepresentations and the Haar state of Q°.

Proposition 7.1.6 (i) For m € Rep(Q), we get an irreducible unitary corepresenta-
tion T, of Q°, which coincides with T as a linear map.

(ii) Rep(Q7) = {m,|m € Rep(Q)}.

Proof (i) This is a consequence of the fact that the C* tensor categories of unitary
corepresentations of Q and Qf are isclr\norphic (see, e.g. [7]). However, let us prove
it using the isomorphism of Qy and (Qp)” as *-algebras with ®recrep(0) My, . Recall
the functionals m; ” We have
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< /@g(ul’-;-)*”, my, >

— ™ Tk

= <uj,mph >

=< ul’; mj, >(since the * structure does not change)
= 0ig0jp-

P oor o s .
But we know < Ui, my, >= diqjp- Hence by non-degeneracy of the pairing, we

jj , 1.e. 7, is again a unitary corepresentation of Q7. (]

have kg (u;j) = u

Let U be a (possibly infinite dimensional) unitary corepresentation of Q on
a Hilbert space H, which is decomposed into the spectra subspaces, say H =
Drerep().i H] - Define U, by U |1r = 7, for alli. Clearly, U, is a unitary corepre-
sentation of Q7 and U +— U, gives a one-to-one onto correspondence.

Proposition 7.1.7 Let h and h, be the Haar states of Q and QF respectively. Then
we have h = h, on the common dense algebra Q.

Proof This follows from the fact that the coalgebra structures of Q and Q° are
isomorphic. From Proposition 7.1.6 we note that the matrix coefficients of 7, (7 €
Rep(Q)) are {ufj 2i,j=1,...,d;}, hence h(,(ufj) = h(ug.) = 0 if 7 is nontrivial
and 1 for the trivial corepresentation. ]

7.1.3 Deformation of a von Neumann Algebra by Dual
Unitary 2-Cocycles

Given a dual unitary 2-cocycle o on a CQG Q and a unitary corepresentation V
of Q on some Hilbert space H, along with a subspace N of H which is dense and
VIN)CN ®alg Qo, we define a new *-homomorphism on the spectral subalgebra
M (which is SOT-dense in M and ady (Mg) S My ®,, Qo by Proposition 1.5.1)
on N given by the following:

po(B)(€) := boyboyo by, Ey)s for E e N,

where ady (b) = by ® b1y and V (§) = &) ® &1y in Sweedler type notation.

Lemma 7.1.8 (1) Forallb € M, the linear map p,(b) extends to a bounded oper-
ator on 'H.

(2) po Py is SOT continuous, where P, denotes the spectral projection corresponding
to ™ € Rep(Q).

Proof Letady (b) = 3°i_ bl ® bl and V() = X, &l ® &, where k.1 > 1
are integers. Define o; € M(Q) by 0;(go) 1= o~ (bél), qo) foralli =1,..., k. By
Theorem 1.4.1, we have Iy (0;) € B(H) for all i =1, ..., k. By definition of p,
on N,
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k
po(B)E =D blo Ty (6:1)(4).

i=1

Using the facts that ITy (o;) and b’@’s are in B(H) we observe that p,(b) € B(H)

for all b € M, which proves (1).
‘We omit the proof of (2) which is very similar. (]

Definition 7.1.9 We call p, (M) and (p,(My))” the deformations of M, and M
respectively and denote them by Mg and M7 respectively.

Remark 7.1.10 Ttis clear from (2) of Lemma 7.1.8 that p,(B)” = p,(My)” if B C
M is a SOT dense *-subalgebra of M.

7.2 Deformation of Spectral Triples by Unitary Dual
Cocycles

Fix a spectral triple (A>, H, D) of compact type, a positive, possibly unbounded
operator R on H such that RD = DR, an object (Q, V) of Qg(D) and a dual

unitary 2-cocycle o on Q. As Q is a quantum subgroup of QISOL (D), we have a

dual unitary 2-cocycle, say o/, on QISO} (D) induced by o as discussed before. Let U

be the unitary corepresentation of QISOJIQ(D) onH. ThenU(D®I)=(DQIU.
Henceforth we will denote the von Neumann subalgebra (A*)” C B(H) by M.
As in Sect.3.2.2, we consider the decomposition of the Hilbert space H into the
eigenspaces Hy, k > 1 of D and the further decomposition of each H; into spectral
subspaces:

Hy = Bz, C @ C", (7.2.1)

where Z;, € Rep(Q) and m . is the multiplicity of the d.-dimensional irreducible
corepresentation 7 in Zy.. As (id ® ¢)ady (M) € M for every bounded linear func-

tional ¢ on QISO} (D), the corresponding spectral subalgebra is SOT dense. More-
over, if Ay C A is any subalgebra on which ady is algebraic, one may consider its
deformation by a dual unitary 2-cocycle. It is easy to see that ady is algebraic over
Ay too and Ag’ = A§. From now on, let us use the same symbol ¢ to denote both &
and o',

As Q is an object in Q' (D), R must be of the form: R = &, F™ ® T, by
Theorem 2.3.11.

Theorem 7.2.1 There exists a SOT dense *-subalgebra Ay in M satisfying
(1) ady is algebraic over Ay,

(2) [D,a] € B(H) forall a € Ay,

(3) (A9)" = M,

(4) (A7, H, D) is again a spectral triple.
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Proof LetG = {a € M : [D, a] € B(H)}, whichisaSOT-dense unital x-subalgebra

of M. For b € G and a state ¢ of QISO}F(D), one has (id ® ¢)ady (b) € M, and
also
[D, ((id ® ¢p)ady (b))] = (id ® ¢)ady ([D, b)),

using the commutativity of D and U. Hence (id ® ¢)ady (b) € G for all bounded

linear functionals ¢ of QISO% (D) i.e., G is ady invariant SOT-dense * subalgebra
of M.

The proof of (1) and (2) is now a straightforward consequence of part (3) of
Lemma 1.5.2, with 4 being the subspace spanned by { P,(G), m € Rep(Q)}. More-
over, (3) follows from Remark 7.1.10. For the proof of (4), we note that Ya € Ay,
po(a) € B(H) as observed in the proof of (1) of the Lemma 7.1.8. Therefore, it is suf-
ficient to show that [ D, p,(a)] € B(H) foralla € Ay. With the notations used before,
considera € Aj and ¢ in the linear span of Hy.’s, writing ady (a) = Zf:l afo) ® afly
we have

[D, ps(a)](§)
= Dpy(a)(§) — po(a) D(E)

k
= > (Dajy, Ty (0:) () — aly) My (a71) D) ()

i=1

k
= D [D. aj) My () (&) (as UD ) = (DR U ).

i=1

As [D, afo)] is bounded for all i = 1, ..., k, it follows that [D, p,(a)] is bounded
for all a € Aj. O

7.3 Quantum Isometry Groups of Deformed Spectral
Triples

We continue to work in the setup of the previous section. Let U, V be the unitary

corepresentations of QISO (D) and Q on H respectively. Let Ag be any SOT dense
x-subalgebra of (A%)” = M satisfying (1) of Theorem 7.2.1 and o, o’ be the dual

unitary 2-cocycles on Q and QISO}, (D) respectively. The category Q. (A5, H, D)
for some unbounded operator R° does not depend on the choice of the SOT dense
subalgebra Ay. Let us abbreviate it as Q). (D,). We have the following:

Lemma 7.3.1 (Q°, V,) isanobjectinthe category Q. (D,), where R’= @®rcz, i>1
F™ ® Tﬂ',k-

Proof Recall the decomposition (7.2.1)
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d, ok
H = ®>1,reTicRep(@) ™ @ C"',

By Proposition 7.1.6, V, is again a unitary corepresentation of Q7 on the Hilbert
space H. Also note that ady is algebraic over Ay. Leta € Ag and € € N, where N
is the subspace of H spanned by the H;’s. Then we have

Vo (po (@) () = Vi (aoéoo " (aqy. &)
~1
= a0 ¢ (a), {n) ® apméom
-1
=a0é0c  (@ne), ) ® anméam-

On the other hand,

(ps ® id)ady (V5 (£))

= (ps(a©))&0) @ amy-o&m)

= a00éo0 o @om.Eom) ® aannm. Eommanmainme)
o (am@ Eme)

= a0 @nmm: Enmao@nne: Eomae) ® anaménan
o amee. fhoe)

= aéoe@anm)eEnmamanonénan @noe: o)

= aéoeannmeEnnm) ® anmaénm @mnme, Enmae)

= a0 ¢ @m: En@) ® anméa-

So ady, (ps(a))(Vs) = Vi (ps(a)§) = (p, @ id)ady (a)(V;(£)). By the density of
N in ‘H we conclude that

ady, (ps(a)) = (po ® id)ady (a), (7.3.1)
for all a € Ay. Also for ¢ € (Q%)*,
(id ® ¢ady, (ps(a)) = po(ap)Plan)) € Aj.
So in particular (id ® ¢)ady, (Ao) € (Ap)".
V, commutes with D since as a linear map V,, is the same as V. As R? is of

the form @rez, x>1F™ @ Ty ., by the “if part” of Theorem 2.3.11, we conclude that
ady, preserves the R7-twisted volume. (]

Remark 7.3.2 One can conclude the following from the proof above: if (Q, V) is an
object in the category Q'(D), then (Q7, V,) is an object in the category Q'(D,).

Now replacing Q with QISO;;(D) and using the dual unitary 2-cocycle on

QISO} (D) induced from o on its quantum subgroup, we get
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a

Corollary 7.3.3 (QISO;(D)) is a sub-object of QISO%,(D,) in the category
Q'(Dy).

Thus we have the dual unitary 2-cocycle ! on Q7 which is a quantum subgroup

of QISO?}, (D). Thus, it makes sense to deform the Dirac operator D, by o—!. We
have the following:

Lemma 7.3.4 (QISOJZ(DU))‘f} is a sub-object of QISO;(D) in the category
Q'z(D).

Proof For convenience, we choose Ay = M, which is the maximal subalgebra of
M on which ady is algebraic. Consider M; = Span{P,, ((Mj)") : m € Rep(Q)},
where P, = (id ® p™)ady, . Clearly, p,- is defined on M, and M, the maximal
subspace on which ady,, is algebraic. Asady, is again a von Neumann algebraic coac-
tion of Q7 on (Ap)” = p,(My)”, we have a SOT dense subalgebra Cy of p,(My)”
over which ady, is algebraic. Then ady, is also algebraic over Cy. Hence, by the
maximality of M for ady,, we have Cp € M. Again by the SOT continuity of p,-:
on the image of P,_, we have p,-1(Cp)” = p,-1 (M;)”. On the other hand, it follows
from (7.3.1) that ady, is algebraic over p,(M,), so that we have p,(My) S M,
implying p,-1(ps(Myp)) C ps—1(My). Thus, My C p,-1(M;). Substituting V by
V, and o by 0! in (7.3.1), we get

ady (po-1(M1)) € po-1(M1) ag Qos

so by maximality of M for ady, we conclude that p,-1 (M) € Moy, i.e., My =
po—1(M7). Hence,
po-1(Co)" = Mg = (A®)",

which implies that Q' ((Dy),-1) = Q% (D). Also observe that QISO, (D,)”

(R7)7
preserves volume 7 and

ady (a) = ady, (p,-1(a)),

for all a € Cy.

But by definition (id ® ¢)ady, (p,-1(a)) € p,-1(Co)" = (A>)".

Finally, (R°)° ' = @ +F" ® Ty = R, as (7,), = , hence QISO%, (D,) is an
object in Q% (D). O

Combining the above results, we are in a position to state and prove the main
result of this chapter.

Theorem 7.3.5 QISO}, (D,) = (QISO%(D))” and  hence QISOY, (Dy) =
(QISO%(D))°.

—_~— —~—

Proof From Lemma 7.3.4, we have (QISO%, (D,))? ' is a sub-object of QISO% (D)
in the category Q» (D,). Then by Lemma 7.1.4, we have ((QISO%, (Dy))7 )7 is a
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sub-object of (QISOJIQ (D)) inthe category Q' (D). Since quantum isometry groups
are universal, we can conclude by Lemma 7.1.5 that QISO%, (D,) is a sub-object

of (QISO; (D))? in the category Q' (D,). Combining this with Corollary 7.3.3, we
complete the proof of the theorem. (]

We recall that in general, the category Q'(D) does not admit a universal object.
However, by looking at the proofs in this section and with the notations here, we
have the following:

Corollary 7.3.6 If both of the quantum groups QISO™(A*®, H, D) and QISO™
(A9, H, D) exist, then QISOT(A®, H, D)’ = QISO+(A8, ‘H, D).

Remark 7.3.7 We can also obtain similar result for the approach based on the Lapla-
cian, i.e., in the category Q/ﬁ, whenever it makes sense. The particular case of Rieffel
deformations was proved in Theorem 3.13 of [8].

We remark that our results do not include the examples constructed by Neshveyev-
Tuset in [9]. In that paper, they took up the problem of deforming a spectral triple by
actions of classical compact Lie groups using a Drinfeld twist. It should be noted that
although any 2-cocycle is an example of a Drinfeld twist, there are Drinfeld twists
which are not 2-cocycles and our machineries do not apply to such twists. The main
problem lies in transporting a unitary Drinfeld twist to a compact quantum group
from its quantum subgroup. We will briefly mention some partial results and open
questions about this matter in the last chapter of this book.

Remark 7.3.8 Sadeleer [3] has extended the results of [2] to a bigger class of exam-
ples called monoidal deformation by them. However, it still does not include the
examples coming from general Drinfeld twists.

7.4 Examples and Computations

The Rieffel deformation [10] of a unital C* algebra A by the action of the compact
group T" and the resulting isospectral deformation of the spectral triple [11, 12] on
A are particular examples of cocycle deformations explained in this chapter. The
Rieffel deformation of compact quantum groups were defined and studied by Wang
in [13, 14] and by Rieffel in [15]. For the identification of Rieffel deformation of
algebras, compact quantum groups and spectral triples as particular cases of cocycle
deformations, we refer to [4, 16—18] and the references therein. However, let us spell
out some of the details for the example of the noncommutative tori. For simplicity,
we discuss only the case of noncommutative 2-torus.

Fix an irrational number 6 and let A\ = exp(27if). The dual group of T? is Z?
and so a dual unitary 2-cocycle on T? is a unitary element in the multiplier of
Co(Z%) ® Cy(Z?), which can be identified with C,(Z2? x Z?). Let o be the element
of C,(Z? x Z?) given by
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a((m, n), (k, D) = A",

It can be easily checked that o defines a unitary dual cocycle which is also normalized.
As done before, we identify this with a functional, still denoted by o (by an abuse of
notation), on Qy Qag o, Where Qy is the canonical dense Hopf algebra of C (T?),
given by o (2774 ® z¥z5) = A7, Here, we have denoted the canonical coordinate
functions of the 2-torus by z; and z; respectively.

We can use the above cocycle to deform C (T?) both as a (compact quantum)
group or as a C* algebra. However, the deformation of C (']I‘Z) as a CQG does not
produce anything new. Indeed, in the notation introduced before, A, =cAo ! = A,
as Cp(Z?* x 7?) is commutative. Thus, we have

Proposition 7.4.1 The compact quantum group (C(T?))° is isomorphic to C(T?)
itself.

Nevertheless, the deformation of C(T?) as a C* algebra, i.e., p,(C (T?)) in our
notation, is indeed noncommutative and isomorphic with 44. To see this, consider
the standard spectral triple on C(T?) which is nothing but the one considered in
Example 2.2.7 of Chap. 2, with § = 0. In order to understand p,(C (T?)), it suffices
to compute p,(z7'z4) on the vectors of the Hilbert space L*(T? ® C*) However, the
action of T? is trivial on the tensor component C? and the (undeformed) representation
of C(T?) is given by M; ® Ic2, where M denotes the operator of multiplication
by f € C(T?). Moreover, we note that A(z]'z3) = z]'z3 ® z'z3. Hence, using the
defining formula of p, in Sect.7.1.3, we have

m_n

po (T2 (e @ w) = N e i @ w,

where e;; denotes z\z, viewed as a unit vector in L?(T?) and w € C2. From this,
it follows easily that the unitaries U := p,(z;) and V := p,(z,) satisfies the com-
mutation relation of the noncommutative torus, i.e., UV = AV U. As every nonzero
x-representation of Ay is an isomorphism, which follows from the fact that Ay is a
simple C* algebra, we get p, (C(T?)) = Aj,. Hence, we have the following proposi-
tion.

Proposition 7.4.2 The deformation of C(T?) as a C* algebra is isomorphic to Ag.
Moreover, the cocycle deformation of the spinorial spectral triple on C*®(T?) is

isomorphic to the spectral triple on the noncommutative torus as explained in Exam-
ple 2.2.7.

Next, we compute the quantum isometry group of the noncommutative 2-torus
using the machinery developed in this chapter. We recall that as mentioned in
Remark 7.3.7, the quantum group QISO*(Ay) is again a cocycle deformation of
QISOX(C*°(T?)). Thus, we will start with the quantum group of orientation pre-
serving isometries QISO™ (Ag) and then pass on to QISO* (Ay).
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Theorem 7.4.3 QISO (A%, H, D) = QISO (C®(T2)) = C(T2) % C(T),  and
QISO* (AF) = QISO*(C™(T?)) = C(T?).

Now, we pass on to the computation of QISO* (4,). We work with the spectral
triple of Example 2.2.7 as before so that the corresponding Laplacian £ is given by
LUmym) = —(m% + m%)U”’l V™2 and it is also easy to see that all the assump-
tions in Sect. 3.1 required for defining QISOL(.Ag) are satisfied.

Now, we recall that Ay is obtained as a cocycle deformation of T? using the dual
unitary cocycle o on Z x Z defined by o((m, n), (k, 1)) = A~ _On the other hand,
C(T?) sits as a quantum subgroup of QISO*(C(T?)) = C(T? ><(Z§ ><157)).
Then, as in Sect.7.1.1, we can induce a dual cocycle & on C(T? ><(Z§ ><157)).
Thus, by Remark 7.3.7, we can conclude that QISO* (Ajy) is again a & deformation
of C(T? ><1(Z3 ><5,)).

Let us use the notation I" for the discrete group Z% ><Z,. Moreover, let v;, 72, 73
denote the nontrivial elements of the first, second, and the third copy of Z, in '
respectively, while z = (z1, z2) will denote an arbitrary element of T?. We will need
an explicit description of the two semi-direct products in T. The action of Z, on Z3 is
given by v3(x, y) = (¥, x) ((x, y) € Z3) and the action of Z3 ><1Z; on T? (denoted
by o) is given by

M o (21, 22) = (Z1, 22), 12 0 (21, 22) = (21, 22), 73 © (21, 22) = (22, 21).
By an expression of the form (y,7273) (21, 22), we will mean 7, (72 (y3(z1, 22)))-
For C in C(T?) and 7 in T, the symbol C,, will denote the element of C (T? >IN
defined by a
C, @) = C@b,y.

where d.- is the Kronecker delta. In particular, we will denote the generators of
QISO“(T?) by {A,, B, :y € Z3}. ie.,

Al(Zl, 22, l/) = Z]év,\/yﬂy/’ B:/(Zl7 22, l/) = Z26”,,’)"~
For elements C, D € C(T?), we observe that
3(Cy, Dy) = 8,08,90(C, D). (7.4.1)

Moreover, we have the following expression of the coproduct A of QISO* (T?)
for any group-like element C (i.e., A(C) = C ® C)in C(T?),e.g.,C = 1’25

A(C,) = D Cy® (7C), 1, where (7.0)(2) = C(72).

y'el
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Indeed, we have

A(C)
= C,(z.(aw), a.p)
= 51,2§C(§)C(w)

= Q.00 1)z, w, H)).

el
This gives

(A ®Id)AC,)
= Z Cy ® (".C)y1y ® 'C)yy
7€l - o

= D> 000, ® MRy

172,931 7293=Y

Now we obtain from the definition of the twisted product as well as (7.4.1) the
following:

Cy x5 Dy =0~ 1(C, D)CyDy0(7.C, 7' D) = 6,/ (CD)70~ ! (C, D)o(y.C, 7.D).
- - o (7.4.2)

This equation in turn implies that
A, x5 By =X"'0(yA,vB)o " (yB,7A) B, x5 A,. (7.4.3)

Using the above formulas, it is easy to observe the following result:

Proposition 7.4.4 {A,, B,}areunitaries for the multiplication Xz and fory belong-
ing to I'. Moreover, A: X5 Ay (ur, uz, l/) =0ify # l’ We have a similar result for

B,.

Next, using (7.4.3) and the formula for o, we get the following commutation
relations among A, and B:

Proposition 7.4.5 [f 0 denotes the element (0, 0, 0) of T', then
Ao x5 By = By x5 Ao, A, X5 By, = \2B, x5 A,
Anyyy X5 Bryyy = Byyyy X5 Aypyys Ay, X5 By = Aiszmz X5 Ay

— -~ -~ — _2 -~
Aqiys X5 Byiyy = Byyy X6 Ay, Ay X5 By = A7B,, X5 Ay,

2 . _ — )2 ~
A'Yl')’Z"/S s B’ma’u =A B’Yl”Yz’B XG A”/l”rz“/s’ A“/z XG B’Yz =A B’Yz Xz A’)’z'
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Proof We will only prove the cases when vy = 73 and v = 73, the proofs of the
others being similar. B a

We have (v3A)(z1,22) = A(22,21) = B(z1,22). Thus, 73A = B. Similarly,
’)’3B = A.

Thus, A lo(A, 13B)0" (3B, 13A) = A o(B, A)o "1 (A, B) = \~!
Al =2"2

This proves the second equation of the proposition.

Next, v173A(z1, 22) = MA(z2, 21) = A(Z2, 21) = 22 = B~ (21, 22), while

M3B(21, 22) = M B(22, 21) = B(z2, 21) = A(z1, 22).

Thus, v173A = B~ and +,v3 B = A. Therefore, we have

M lomsA, B (B, A = A lo(B, Ao (A, BT = X7
A=1.

This proves the fifth equation. O

Let B be the C*-algebra defined below, having 8 direct summands with four of
them commutative and the others isomorphic with Ay.
Now we are in a position to describe QISO* (Ajy) explicitly.

Theorem 7.4.6 QISOC (Ay) is isomorphic with B=C (T?) @ Ay & C(T?) &
Az ® C(T?) @ Azg & C(T?) @ Ag.

Proof This is a direct application of Propositions 7.4.4 and 7.4.5. (I

Remark 7.4.7 In particular, for 6 = 1/2, we get a commutative compact quantum
group as the quantum isometry group of a noncommutative C* algebra.

Let us state the following result without proof, which gives an identification of the
“quantum double torus” discovered and studied by Hajac and Masuda [19] with an
interesting quantum subgroup of QISO* (Ajy). Let us call a smooth isometric coaction
~ on Ay “holomorphic” if 7 leaves the subalgebra generated by {U™ V", m, n > 0}
invariant. Then we have the following:

Theorem 7.4.8 ([8]) Let Ao, Dy and By, Cy be the canonical generators of C(T?)
and Axg respectively. Consider the C* algebra Q' = C(T?) @ Ay, with the fol-
lowing coproduct:

Ap(Ap) = A ® Ag+ Co ® By, Ap(By) = By ® Ag + Dy ® By,
Ap(Co) = Ao ® Co+ Cop @ Dy, Ap(Dy) = By @ Co + Dy ® Dy.

Then (QM', Ay) is a compact quantum group isomorphic with the quantum double
torus of [19]. It has a coaction 3y on Ay given by

BoU)=U®Ag+V ®By, Bo(V)=U®Cy+V Q Dy.

Moreover, Q' = C(T?) @ Ayy is universal among the compact quantum groups
coacting “holomorphically” on Ay in the sense discussed above.
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Remark 7.4.9 For the isospectral deformation of the classical spectral triple on
C>®(S"~1), we can also identify QISOE (Sg - 1) as the compact quantum group Oy(n).
This follows from the results of [12] where it has been shown that Sg ~land 0y (n)
are Rieffel deformation of C(S"~!) (as a C* algebra) and C(O(n)) (as a compact
quantum group) respectively and by observing that the quantum isometry group of
the classical sphere S"~! is the commutative C* algebra C (O (n)).
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Chapter 8
Spectral Triples and Quantum Isometry
Groups on Group C*-Algebras

Abstract We discuss the quantum isometry group of the reduced C* algebra of a
finitely generated discrete group. The relevant spectral triple are the ones defined
by Connes which arise from length functions. We prove the existence of quantum
isometry groups for such spectral triples using results of Sect. 3.4 of Chap. 3 and
then present detailed computation for a number of interesting examples.

One of the earliest examples of spectral triples on noncommutative spaces was those
by Connes for group algebras [1]. For a finitely generated discrete group I', the
spectral triple is given by the left regular representation of the group ring C[T']
on [2(I") and an operator built out of a length function on I". When T is finitely
generated, properties of the natural word length function on I' and its associated
spectral triple reflect combinatorial and geometric aspects of I'. For example, the
spectral triple is finitely summable if and only if the group I has polynomial growth
[1]. Gromov hyperbolicity or the Rapid Decay condition on the group implies that
the spectral triple gives rise to compact quantum metric spaces (a la Rieffel cite-
metricrieffelold,rieffelmetriconstatespace,rieffelexpository on the reduced group C*
algebra [5-7]. In [8], isometric actions of groups on the spectral triples mentioned
above were studied. This chapter deals with the quantum isometry groups for these
spectral triples carried out by a number of authors.

In the first section, we describe Connes’ construction of these spectral triples.
Then, we relate the existence and computations of quantum isometry groups of these
spectral triples with Theorem 3.4.2 and Corollary 3.4.5 of Chap. 3. In the following
sections, we present several results on explicit computations of the quantum isometry
groups.

Throughout this chapter, Z., will stand for the infinite group Z. However, when-
ever we write Z,, n will be assumed to be finite unless otherwise mentioned.
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8.1 Connes’ Spectral Triple on Group C*-Algebras
and Their Quantum Isometry Groups

We fix the following notations to begin with. If g belongs to a discrete group I, we
will denote by ¢, the function in /,(I") which takes the value 1 at the point g and 0
at all other points. The natural generators of the algebra C[I"] and their images in
the left regular representation will be denoted by A,. The functional 7 will denote
the canonical tracial state on C;(I") defined by 7()\,) = 0, . where e denotes the
identity element of the group I.

Let T" be a discrete group equipped with a length function / : ' — R,. Recall
that / has to satisfy the following conditions:

I(g) =0iffg=e, 1(g™") =1(g), l(gh) <I(g)+1(h), g,heT.

We will assume that the length takes only integer values and that for each n € N the
set W, := {g € " : [(g) = n} is finite.

The most important example is given by the word length induced by a fixed finite
symmetric set of generators in a finitely generated group I'. The word length is defined
as follows: we fix a set S of generators of I" which is inverse closed, that is, S is of the
form {sy, ..., s,} such that S generates I', s; belongs to S if and only if sfl belongs
to S. Then one defines the word length by [(g) = min{n : g = g192...9m : gi € S}.

For our purpose, it will be enough to restrict our attention to word length functions
for finitely generated groups. Thus, from now on, we fix a generating set S of a finitely
generated discrete group I' as above and / will denote the word length function
corresponding to S.

Define the operator D on [>(I") by

Dom(Dr) = {§ € (1) : D" 1(9)*|€(g)I* < oo},

gel’

(Dr€)(g) =1(9)&(9), & € Dom(Dr), g €T,

Consider the left regular representation of I" on /;(I") and extend it to the defining
representation of C;(I'). Thus, we can view C[I'] as a subalgebra of B@*M)). It
is easy to check that (C[I'], /2(I"), Dr) is a spectral triple. In particular, the finite
generation of I" implies that the sets {g € " : [(g) = n} < (card(S))" < oo for all n.
Hence, all the eigenspaces of D are finite-dimensional implying that D has compact
resolvent.

Moreover, the relation card{g € I" : [(g) = n} < card(S)" implies that the triple
(C[T'], [2(T"), Dr) is automatically §-summable - for each t > 0 the (bounded) oper-
ator exp(—tD?) is trace class. This follows from the following computation:

o0
Tr(exp(—D%) = > e 0" =" card{g € T : I(g) = n}e ™™ < o0.

yel’ n=0
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For more information on such spectral triples, extension to weighted Dirac opera-
tors and related topics we refer to the paper [9] and the references therein. We end this
section with the remark that the above-mentioned spectral triples admit real struc-
tures as well as “admissible” Laplacians so that QISO* (as in Sect.3.1) as well as
the J preserving quantum isometry group (Sect. 3.3) make sense. We refer to Sects. 6
and 7 of [10] for the related discussions and computations.

8.1.1 Quantum Isometry Groups of (C[T], 12(T), Dr)

We note that the state 7 is the vector state associated to the cyclic and separating vec-
tor 5, € 12(I"). It is easy to see that the eigenvectors of D belong to the dense sub-
space C[I"]d.. We also have C[I'] = Span{a € C[I'] : a, is an eigenvector of Dr}.

Hence, by Theorem 3.4.2, QISO™(C[T'],/*(I"), Dr) exists and is isomorphic to
QISO*(C[T'], I2(I"), Dr) % C(T). For the purpose of computation, we will apply
Corollary 3.4.5. Since the quantum isometry group depends on the choice of the
word length function which in turn depends on the choice of the generating set .S, we
denote QISO™*(C[T'], I>(T"), Dr) by QISO™(I", S). We will see in the next section
that the quantum group structure of the quantum isometry group actually depends
on the choice of S.

Remark 8.1.1 The corepresentation Uy (say) of the quantum group QISO™ (T, S) on
12(T") commutes with Dy, hence we have

Up(b.) =6, ®¢q (8.1.1)

for some unitary element ¢ in QISO™ (T, S). It can be seen from the proof of Theorem

3.4.2 that C*(q) = C(T) and this C(T) appears in the expression for QISO™ (T, )
as given in Theorem 3.4.2.

The following proposition and the next theorem indicates the computational
scheme as well as the notations that we are going to follow.

Proposition 8.1.2 1. The coaction o of QISO™ (T, S) on C*(I") satisfies

aA) = > M ®qy, veT. (8.1.2)
Y erid=1(y)

for some elements {q.y , € QISOT(T", §) : 7,7 € T'}.
2.

Gyt = q;f,ﬁ,, Vv,v €T, withl(y) =1(v). (8.1.3)

3. The matrices ((q:.5))1.ses and ((q;‘fs)),,seg are unitaries in Mcard(s) (QISO™
(T, ).
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4. QISO™ (T, S) is the free product of QISO™ (", S) with C(T).

Proof The first assertion follows from Corollary3.4.5. Next, the condition
(@A) = a(\) = a(\-1)  implies  that > oo Ay ® G0, =
D esity)=i(-1) Ay ® @y 4-1. This leads to 2. The third claim follows from the
fact that « preserves the trace 7. Indeed, we observe that for s, € S, and writing
Q = QISO* (T, S):

55,t ® 1Q = 53—1,,6 [ 1Q
=T7(As11) ® Lo = (T ®idg) (a(As-11))
= (1 ® idg)(a(\)*a(\)) = (T ® id) (X, es Ay @ qys)* (Xyes A @ qrr))
= Zs’,t’es T()‘S/flf’)q:’,sqﬂ,f = ZS/ES q.;k/,sqf',f‘

3. follows by combining this observation with an analogous computation starting
from 7(Ag-1).

We note that the matrix ((g;5))s ses i a fundamental unitary corepresentation
of QISO* (T, §). If ¢ is as in (8.1.1), the unitary U € M (K (H) ® QISO™ (T, 5))
implementing the coaction of QISO™ (T, S) is determined by the conditions

U0 ® 15557 rs) = e ® 4 (8.1.4)
U0, ® g5 s) = > 0y ®qyng. vET. (8.1.5)
Y Eer I(y)=l()
Thus, 4. follows from Remark 8.1.1 combined with Corollary 3.4.5. (I

Theorem 8.1.3 LetI", Sand{q, : s,t € S} beasabove and let Or g be the category
with objects (S, ((bs))s.ces) where S is a unital C* algebra generated by the elements
of the matrix ((by))s.res satisfying the following conditions:

a. The matrices ((by5))1.ses and ((bf ()1 ses are unitaries in Meca(s) (S)-
b. There exists a x-homomorphism ags : C[I'] — C[I'] ® S such that for all s in
S, as(Ay) = Ztes Ar ® bys.

Then (QISOT (T, S), ((g:5))s.ces) is the universal object in the category Ors.

Proof Let us denote the cardinality of the set S by k.

Clearly, there is a universal C* algebra, say Sp, with generators {g°. : 5,7 € S}
satisfying the conditions a. and b., which is in fact a quotient of the quantum group
A« (I) by aclosed two-sided ideal. By Proposition 8.1.2, (QISO™ (", S), ((¢1s))s.res)
is an object in the category Or g and hence we get a surjective C* homomorphism
from Sy to QISO™ (I, S) which sends g°. to g;;.

We want a C* homomorphism in the converse direction. Following the line of
arguments in the proof of Theorem3.1.7 and using the universality of Sy, we get a
coproduct, say Ag, on Sy given by

As,(@%) =D ap, ® qo.

wes
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and it can also be shown that (Sp, As,) is a compact quantum group. In fact, itis a
quantum subgroup of A, ; (/) in the obvious way, and there is a norm bounded counit
€ on Sy satisfying e(qgt) = d,,,- Moreover, it is easy to see that (id ® e)as,(a) =a
for all @ in C[T"].

Now we observe that (C*(I"), Ar) is an object in Or g and so there is a surjective
unital C* homomorphism 7 from Sy to C;(I') which maps ‘125 to Asdy. It can be
easily seen that this map is a CQG morphism and therefore (C(I"), Ar) is naturally
identified with a quantum subgroup of (Sp, As,).

Let us consider the positive linear normalized functional ¢ on C[I"] defined by ¢ =
(T ® h)as,. Thenitis easy to see that ¢ is preserved by avs,. Thus, Ar = (id ® m)as,
also preserves the functional ¢. In other words, ¢ is a I'-invariant normalized linear
functional on C[I'] and thus coincides with 7. Thus, o, preserves 7 and hence
extends to a 7 preserving homomorphism from C;(I') to C}(I') ® Sp. From the
above discussion, it becomes clear that « is a coaction on C;(I') by the quantum
group Sy. Moreover, by Lemma 1.3.4, we have a unitary corepresentation as, of Sy
on I2(I).

Lastly, we claim that the coaction o5, commutes with the operator ﬁr as intro-
duced in Sect. 3.4. To this end, we define Vo = Clcxry, Vi, = Span{\, : [(7) = n}
and W, = Span{V; : 0 < k < n}. It can be easily seen that we have an orthog-
onal decomposition (w.r.t. 7) W,y = W, @ V4. Clearly, as, keeps V and V;
invariant, and consequently, by the homomorphic property of as, and the inequal-
ity I(yy) <1(7v) +1(®), as, keeps each of the subspaces W, invariant. Thus,
as,(W,) € W, ® Sy for all n and since ag, is a unitary corepresentation, we deduce
that s, keeps W11 N W,f- =V, invariant. This proves the claim.

Combining the arguments above, we conclude that (S, s, ) is an object of the cat-
egory C of Corollary 3.4.5. This gives us the required morphism from QISO™ (T, S)
to Sy which will be the inverse of the morphism from S; to QISO™ (I, S) mentioned
before. This finishes the proof. ([

8.2 The Case of Finitely Generated Abelian Groups

We start this section with the cases of the groups Z and Z, := Z/,z. All these
quantum isometry groups turn out to be classical with the only exception of Z/4z.
We recall that a similar phenomenon was earlier observed for quantum symmetry
groups of n-gons in [11]. The section ends with the discussion on the general case
of finitely generated abelian groups.

8.2.1 Computation for the Groups 7., and 7.

To begin with, a straightforward calculation based on the approach described in the
last section shows that QISO™ (Z,, {1}) is isomorphic (as a compact quantum group)
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to C*(Z,) (so to C2 as a C*-algebra). The next simplest possible cases fitting in the
framework described in the previous section are those of I' = Z,,n > 3 and I" = Z.

Theorem 8.2.1 Letn € N\ {1, 2,4} and consider I = Z,, with the standard sym-
metric generating set S = {1,n — 1} (n > 3). Then QISO"(Z,, S) is isomorphic to
C*(Zy,) & C*(Zy,) as a C*-algebra. Its coaction on C*(Zy,) is given by the formula

aA) =AM ®A+ N1 ®B,

where A and B are identified respectively with \y @ 0,0 ® A\ € C*(Z,) & C*(Zy,).

The coproduct of QISO™ (Z,, S) is determined by the condition that ( ;* AB*) is

the fundamental corepresentation.

Proof We begin by observing that C*(Z,) & C*(Z,) with the coaction given above
is an object of the category C of Corollary 3.4.5. Thus, C*(Z,) & C*(Z,) is a sub-
object of QISO" (Z,, S) in that category.

Now we prove the other direction. The coaction of QISO™(Z,, S) on C*(Z,) is
determined by the formula

O[()\]) = /\1 A+ >\nfl ® B, (821)

where A, B are some elements in QISO™ (Z,, S). Due to the fact that \,_; = Al and
« is *-preserving, we must have

aM—) =AM Q@B + )1 Q@ A, (8.2.2)

B* A*
the fundamental corepresentation of QISO™(Z,,, S) and so in particular it is a unitary
in M,(QISO"(Z,, S)). Thus AB + BA = 0 and both A and B are normal. We have
then

. . . . . A BY.
It follows from the discussion in the previous section that the matrix ( ) is

a) =X ® A%+ N\, ® B> (8.2.3)
Let n = 3. Then the comparison of (8.2.2) and (8.2.3) yields
A? = A*, B> = B*,
so that the unitarity of the fundamental corepresentation yields A3 4+ B3 = 1. Further
a(Ao) = a(ADa(h) =X ® (AA*+ BB*) + A\ @ BA" + \, ® AB™.

As o« commutes with Dr, this implies AB* = BA* = 0. We claim that Alis a
projection. Indeed,

(AH?=A%1-B=A>—- A’B*B = A%
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Moreover, (A%)" = (A2)3 = A3. Similarly we show that B? is a projection. Finally,
AB = A(Bz)* = 0.Hence, BA = —AB = 0, so that A and B generate ‘orthogonal’
copies of C*(Z3).

Let then n > 4. Then by formulae (8.2.1) and (8.2.3) we have

a(3) = ad)a\) =\ @ A+ N @ A2B+ )\, ® BPA+ )\, 3 ® B .

This means that A2B = B2A = 0. As aconsequence, forallk =1,2,...,n — 1 we
have

al\) =M ® AF 4\, ® B~ (8.2.4)

Indeed, the cases k = 1, 2 are covered by formulas (8.2.1) and (8.2.3) and the induc-
tive reasoning for k > 2 gives

ait1) = aQa) = Mn @ AF+ X, @ BYN ® A+ N\, ® B)
= i1 ® AT+ N @ BFYY

so that (8.2.4) follows. Combining it (in the case of k = n — 1) with (8.2.2) we see that
A" = A* B"~! = B* and further A*B = A" 'B = A" 3A%2B = 0. This together
with the equation A*B + BA* = 0 which follows from the unitarity condition for
the fundamental corepresentation implies that BA* = 0. Hence, A* commutes with
B and as A and B are normal, A* commutes with B* too, so thatand AB +~ BA =0
implies AB = BA = 0. Thus again A and B are “partial unitaries” satisfying the
conditions A"~! = A*, B"~! = B* with orthogonal ranges summing up to 1, which
completes the proof. (]

Theorem 8.2.1 specifically excluded n = 4. Curiously, the quantum group of ori-
entation preserving isometries QISO™ (Zy, S) (for § = {1, 3}) is a noncommutative
C*-algebra.

Theorem 8.2.2 ([10, 12, 13]) As a C* algebra, the quantum isometry group
QISO™ (Zy, S) is isomorphic with the universal C*-algebra generated by two normal
elements A, B satisfying the following relations:
AB + BA = AB*+ BA* = A*B+ BA* =0, A> + B> = (A")> + (B*)?,
A’B+ B®=B*, B’A+ A’ = A*, A + B* + 2A’B* = 1, AA* + BB* = 1.
The coaction of QISO™ (Z4, S) on C*(Zy) is given by the formula

aAD) =\ ®A+ )\ ® B.
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B* A*
the fundamental corepresentation. The C*-algebra QISO™ (Zy4, S) is not commutative
and is isomorphic to C*(Dy, X Zy) as a C* algebra and to 7 . 7o as a quantum
group. Here, Do, denotes the infinite dihedral group.

The coproduct of QISO™ (Zy4, S) can be read out from the condition that ( A B ) is

Proof The description of the algebra in terms of generators and relations follow
exactly as in the previous computations. The identifications with C*(Dy, X Z,) and
Zs 2 7y were made in [12, 13], respectively. [l

Remark 8.2.3 Already in this simple case we can see that if one chooses a non-
minimal generating set in I', the resulting quantum isometry group will be different.
In particular if we put S’ = {1, 2, 3}, the quantum group QISO™(Z,, §’) is not iso-
morphic to the one obtained in the theorem above. This can be shown by analyzing
the quotients of the QISO™ (Zy4, S) and QISO™ (Z4, S') by respective commutator
ideals and checking that in the first case one obtains the algebra C (S, x S,) and in
the second the algebra C(Sy).

Consider now I' = Z with the standard symmetric generating set S = {1, —1}.
Theorem 8.2.5 describes the quantum isometry group QISO™(Z, S), the proof of
which needs the following Lemma.

Lemma 8.2.4 Let o be a faithful, smooth coaction of a compact quantum group
(Q, A) on C(S") defined by a(z) =z @ A+7 ® B. Then Q is a commutative C*
algebra.

Proof By the assumption of faithfulness, it is clear that Q is generated (as a unital
C* algebra) by A and B. Moreover, recall that smoothness in particular means that
A and B must belong to the algebra Oy spanned by matrix elements of irreducible
corepresentations of Q. Since zz =zz = 1 and « is a x-homomorphism, we have
a()a@) =a@a(z) =1 1.
Comparing coefficients of z2, 7% and 1 in both hand sides of the relation a()a(z) =
1® 1, we get
AB*=BA*=0, AA*+BB*=1. (8.2.5)

Similarly, a(Z)a(z) = 1 ® 1 gives
B*A=A*B=0, A*YA+B"B=1. (8.2.6)

LetU =A+ B, P=A*A, Q = AA*. Then it follows from (8.2.5) and (8.2.6)
that U is a unitary and P is a projection since P is self-adjoint and

P! = A*AA*A = A*A(l — B*B) = A*A— A*AB*B = A*A = P.
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Moreover,

Uup
=(A+ B)A*A = AA*A+ BA*A = AA*A
(since BA* = 0 from (8.2.5))
=A(l —B*B) =A— AB*B = A.
Thus, A=UP, B=U-UP=U(-P)=UP', so Q=C*(A,B) =

c*(U, P).
‘We can rewrite the coaction « as follows:

a(z) =zQUP +Z7QUP™.

The coproduct A can easily be calculated from the requirement (id ® A)a =
(o ® id)ay, and it is given by:

AUP)=UPQUP+ P*U' @ UP, (8.2.7)

AUPYHY=UPtQUP+PU ' @UPL (8.2.8)
From this, we get

AU)=UQUP+U'@UP, (8.2.9)

A(P) =AU HYAWUP)=P®P+UP' U @ P (8.2.10)

It can be checked that A given by the above expression is coassociative.
Let h denote the right-invariant Haar state on Q. By the general theory of compact
quantum groups, & must be faithful on Qy. We have (by right-invariance of /):

dh(PQ®P+UP-U'® P =h(P)I.

That is, we have
h(PHUPTU" = h(P)P*. (8.2.11)

Since P is a positive element in Qg and £ is faithful on Qg, #(P) = 0 if and only
if P = 0. Similarly, h(P+) =0, that is h(P) = 1, if and only if P = 1. However,
if P is either O or 1, clearly Q@ = C*(U, P) = C*(U), which is commutative. On
the other hand, if we assume that P is not a trivial projection, then i (P) is strictly
between 0 and 1, and we have from (8.2.11)
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h(P
vpty-t= P _po
1 —h(P)
Since both U P-U ! and P+ are nontrivial projections, they can be scalar multi-
ples of each other if and only if they are equal, so we conclude that U P-U~! = P+,
that is U commutes with P+, hence with P, and Q is commutative. O

Theorem 8.2.5 The quantum group QISO™(Z, S) is isomorphic to the (commuta-
tive) compact quantum group C (T X Z,). Its coaction on C*(Z) = C(T) is given by
the standard (isometric) action of the group T X Z, on T.

Proof Let the coaction of QISO™ (Z, S) on C*(Z) be determined by the formula
a(A) =N ®A+ ) ®B,

where A, B € QISO™(Z, S). Via the canonical identification of C*(Z) with C(T)
the coaction can be written as

a(z) =20 A+7Q®B. (8.2.12)

Moreover, it is easy to see that the conditions for the coaction on C*(Z) to commute
with the operator Dr constructed from the length function are exactly the same as
the conditions for the coaction on C(T) to commute with the standard Laplacian on
C(T). Thus QISO™(Z, §) = QISO*(C(T)) where QISO is as in Sect. 3.1.

But the isometric coaction of QISO* (T) satisfies the conditions of Lemma 8.2.4
and hence QISO*(T) = C(ISO(T)) = C(T x Z,). O

Remark 8.2.6 Since the quantum group of orientation preserving isometries of
C(T)(w.r.t the classical Dirac operator) is a quantum subgroup of QISO*(C(T))
by Theorem3.2.11, it follows from the above discussion that the quantum group of
orientation preserving isometries is commutative as a C* algebra and hence coincides
with C(T).

It may seem surprising that the QISO™ (Z, S) is strictly bigger than the quantum
group of orientation preserving isometries of C(T). This is due to the fact that the
Dirac operator coming from the length function on Z has (in the L?(T)-picture) a
spectral decomposition of the form >, _, |n|z" and its eigenspaces coincide with
those of the classical Laplacian, and not the usual Dirac operator on L*(T).

8.2.2 Results for the General Case

In this subsection, we identify (without proof) the quantum isometry groups of almost
all finitely generated discrete groups. For a finitely generated discrete group I" and a
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generating set S as before, we denote the universal object in the category of all com-
pact quantum groups of the form C (G), where G is a (classical) compact group coact-
ing isometrically on the spectral triple (C[T'], />(I"), Dr) by the symbol C (ISO(I")).
Thus, the quantum isometry group of I' is commutative as a C* algebra if and only
if it is isomorphic with C(ISO(T)).

Ifr =TIy x--- xT,, with I';s to be either Z, or Z, the generating set S of I
with which we will work is given by § = U; S where S/ = (0,0,...S;...) and §;
equals {1, n;} for Z, and {1, —1} for Z. Having fixed this generating set S, we will
write QISO™ (I") for the quantum isometry group of I'. Then we have the following
result.

Proposition 8.2.7 ForT', TS, S; as above, QISO™(I'}) @™ ... @™ QISO* (T,
is a quantum subgroup of QISO™ (I").

The following result computes C (ISO(Z,, X Z,, X - - Z)).

Proposition 8.2.8 ([14]) LetT" = (Z, X Z,, x - - Z,) and S;. be the group of permu-

k copies
tation of k elements. We have: P R
1. If n = 2 then we have C(ISO(I")) = C((Zy X Zy X - - L) XSk).

k copies
2.Ifn # 2,4 then CASO(T)) = C((Zoy X Ly % - L) X(Z x Sp)).

k copies

Next, we state the following result, the n = 2 case of which was proved in [13]
and the rest of the cases were dealt in [14].

Theorem 8.2.9 IfI" =7, X Z, --- X Z,, where n = o0 is allowed but n # 2,4,
then QISOT(I") = CASOM)). If n = 2, then QISOH(I") = O;l.

Here, O, ! (see [15] and references therein) is the quantum subgroup of A, (n)
defined by the ideal generated by the following relations:

Loujjuie = —ugpuij, ujiuy; = —uguj; fori # j,

2. UjjUi = UkUjj for i ;é k, j ;é l.

Remark 8.2.10 1Tt easily follows from Theorem8.2.2 and Proposition8.2.7 that
QISO™ (Zy4 x Z4 - - - Z4) is noncommutative as a C* algebra. To the best of our knowl-
edge, apart from the case of QISO™ (Z,), the structures of these quantum groups have
not been understood.

More generally, we have the following result.

Theorem 8.2.11 ([14])
Let T'=T1xTy---xI'y where Ty = (Zy, X Ly, -- X Ly;) and n; =00

ki copies
is allowed. Also assume that ny # ny % -- # n; and at most one n; is 2 or 4.
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If none of the n; s equal 4, then QISO™(I") = C(ASO (Zy, X Zy, - - X Zy,))

ki copies

QC(SO (Zoy, X Zn, -+ % L)) ® - - @CASO (Zop) X Loy, - = X L))

ky copies k; copies
If one of the n; equals 4, then QISO™Y(I") is noncommutative and isomorphic to
QISOH(I')@M*QISOT (I') @™ - . . @ QISO™ (I')).

As a corollary to the above results, the following necessary and sufficient condi-
tions for the quantum isometry group to be commutative (as a C* algebra) follows.

Corollary 8.2.12 ([14]) LetT be afinitely generated abelian group. Then QISO™ (I")
is commutative if and only if I is of the form

(Zp, X Ly, -+ X ZLip,) X Ly X Ly =+ X Lipy) X -+ = X (Lip; X Ly + - X Ly,),s

ky copies ko copies k; copies

where n; # 4 for all i and if n; = 2 for some j, then k; must be 1.

8.3 The Case of Free Products of Groups

Ifr=TI)%---%I,, with I'; to be either Z, or Z, the generating set S of I' with
which we will work is given by § = U; S] where S/ is as in Sect. 8.2.2. As before, we
will write QISO™ (I") for the quantum isometry group of I' without mentioning the
generating set S explicitly. Moreover, we will denote the free group on n-generators
by the symbol F,,.

8.3.1 Some Quantum Groups

Before going to the main results, we need to introduce the free wreath product by the
quantum permutation group A, (n) as well as some other quantum groups appearing
in[12, 13, 16].

In [17], Bichon defined the notion of the free wreath product.

Definition 8.3.1 ([17]) Let S be a compact quantum group and n > 1. The free
wreath product of S by the quantum permutation group A, (n) is the quotient of
S* % Ag(n) by the closed two-sided ideal generated by the elements

vi(@)tyy — tiivk(a), 1 <i,k <N, aeS,
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where ((#;;)) is the matrix coefficients of the quantum permutation group A,(n) and
¢ (a) denotes the natural image of a € S in the k-th factor of S*. This is denoted
by S i As(n).

The comultiplication satisfies the following rules:

A(vi(a)) = Z viaatic ® vk (aw)),
k=1

where we have used the Sweedler convention of writing A(a) = ag) ® a().

Next, we define the two parameter family H*(p, ¢) discovered in [16]. There is
a natural fundamental 2p + ¢ dimensional corepresentation of H*(p, ¢). Thus, in
[16], Banica and Skalski are led to make the following notations and conventions:
fora (2p + q) x (2p + g) matrix, they denote the indices for the p-part by pairs i v,
wherei € {0, 1} and @ € {1, 2, ..., p} and to the g-part by letters running from 1 to
q. They write

T, ={ia:ie{0,1},ae{l,2,---p}},7pqg =7, U{l,2,---g}.

They also use the notation~ : 0 = 1, 1 = 0. Moreover,Z = iaifz = iav € Tp,2=M
ifz=Me{1,2,---q}.
Then the quantum group H ™ (p, g) is defined as follows:

Definition 8.3.2 ([16]) H" (p, g) is the quantum subgroup of A, (2p + ¢g) with a
fundamental corepresentation U with entries U, : z, y € 7, 4 such that U, , are all
partial isometries and for all icv, j3 € 7,, M, N € {1, 2, ---q}, we have

U

ia,jB —

o * — I
Uia,jﬁ’ Uio,.N - Uia,N’

* — _ k —
v, s =Unjis Upn =Unn.

Associated to H'(p, q) are the following quantum groups:

Definition 8.3.3 ([13, 16])

K}t is the quantum subgroup of H " (n, 0) defined by the additional condition that
each U;; is a normal, partial isometry. H; (n, 0) is the quantum subgroup of K,
satisfying the extra condition U}; = Uf;_l.

Definition 8.3.4 ([12]) Let u = ((u;;)) denote the defining corepresentation of the
quantum group A,(n). Then H,' is the quantum subgroup of A,(n) defined by the
relations u;juie = 0, ujiu; =0 Vi, j, k with j # k.

In [18], it was shown that H,t = C*(Z,) v As(n). A similar description of the
quantum groups H;"(n, 0) and K, were obtained by Mandal in [19] and is the content
of Theorem 8.3.9.
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At this point, we want to remind the reader that we are following the convention
mentioned in Remark 1.2.14. Thus, our A (n), H*(p, q) etc., correspond to the
notations C(S;), C(H*(p, ¢)) in [16] and other papers.

8.3.2 Results for the Free Groups I,

The description of QISO™ (IF,) in terms of generators and relations were derived in
[10]. Subsequently, the following description of the quantum isometry group for the
general case was derived in [16]. In fact, the free group case led to the discovery of
new two parameter family of compact quantum groups H;"(p, ¢) in the same paper.

Theorem 8.3.5 ([16])
QISO*(F,) = H*(n, 0).

8.3.3 Quantum Isometry Groups of Free Product of Finite
Cyclic Groups

As afollow up of [16], Banica and Skalski studied quantum isometry groups of duals
of free product of cyclic groups for several cases in [12]. They showed the following:

Theorem 8.3.6 ([12])

QISO" (Zy % Zy - - - xZs) = H,
—_—

n copies

Fors # 2,4, QISO"(Z * Zs - - - ¥Zy) = H(n, 0).
——— ————
n copies
It is a natural question whether one can prove an analogue of Theorem 8.2.11 for

the free product case. The next result is the first step in this direction. In [12], Banica
and Skalski showed that QISO(Z, * Z, - - - x Z,) is the wreath product (Sect. 8.2,
— —

n copies
[17]) of QISO™ (Z,) by the quantum permutation group A, (n) introduced in Chap. 1.
This was generalized by Mandal in [19].

Theorem 8.3.7 ([12, 19])

QISO™ (Zy % Zy - - - % Zy) = QISO™M(Zy) 1 Ag(n).
—_—

n copies
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The structure of the quantum isometry groups of almost all free products of the
above form is given by the following:

Theorem 8.3.8 ([14])LetT; = (Zy, % Zy, - - % L) fori = 1,2, ...1,andT =Ty %

k; copies
Iox---Iy, where ny#ny#--#n; and ny#2 Then QISOT(I') =
QISO*(I"y) - - - QISO™(I)).

As a by-product of the proof of Theorem 8.3.7, new characterizations of the quan-
tum groups K, and H,"(n, 0) were obtained in [19].

Theorem 8.3.9 Fors > 2, we have
H(n,0) = C*(Zy) ® C*(Z,) 1 As(n), K,J = C*(Z) & C*(Z) 1 As(n).

Here, the quantum group structures on C*(Zy) @ C*(Z,) and C*(Z) & C*(Z)
are the ones obtained on the doublings of a CQG (corresponding to the involution
Aa = A4-1) to be defined in the next section.

Corollary 8.3.10 Using Theorems8.3.7,8.3.9 and the results of [18], we can con-
clude that for every finite s,

QISO™(Zg % Zy - - - % Zy) = QISO™T(Zy) 1 Ag(n).
—_———
n copies
Remark 8.3.11 If we consider I' = Z,, * Z, where n is finite, then QISO*(I") is a
doubling of the quantum group QISO™ (Z,) » QISO*(Z,). In particular for n = 2,

QISO™(T") becomes doubling of the group algebra as QISO™ (Z,) = (C*(Z,), Az,)
and C*(Zy) x C*(Zy) = C*(Zy * 7).

8.4 Quantum Isometry Groups as Doublings

We discuss the doubling procedure of the group algebra following [20, 21]. Let
(S, A) be a CQG with a CQG-automorphism @ such that > = id. The doubling of
this CQG with respect to 6, denoted by (Dy(S), A), is given by Dy(S) =S b S as
a C*-algebra, and the coproduct is defined by the following formulas:

Aol =(E®E+N®[ob])oA,
Aon=(E®@n+nQ[Ecf]) oA,

where a belongs to S and we have denoted the injections of S onto the first and second
component in Dy(S) by £ and 7, respectively, i.e., £(a) = (a, 0), n(a) = (0, a).
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Example 8.4.1 ([20]) Let us consider the group I' = §,, with the generating set as
the nearest neighbor transpositions, i.e., {s, 2, - - - Sy,—1}, Where s; = (i,i + 1). Let
0 denote the automorphism of C*(S,,) defined by 8(\,,) = A, ;. Then Dy(C*(S,)) =
C*(S,) ® C*(S,) as a C* algebra with the comultiplication is given by the following
formula:

Ao) =0 Q0 +Ti@Ty—i, A(Ti)) =0 QT + 7, ® O,

where o; = 7; = s5; and we have used the symbols \,, and A, to denote the generating
sets of the first and second copy of C*(S,,) inside C*(S,) & C*(S,), respectively.

In the next two subsections, we present the results on computations of the quantum
isometry groups of the symmetric group S,. This was done in the case of S5 in [10]
where the computations for two different generating sets were performed. In both
cases, the C* algebra of the quantum isometry group was shown to be C*(S3) ®
C*(S3). Dalecki and Soltan [20] later showed that the two quantum isometry groups
are actually non-isomorphic as compact quantum groups. Moreover, they proved
that when the generators are chosen to be nearest neighbor transpositions (i.e., as
in Example 8.4.1), the quantum isometry group of S, is isomorphic to Dy(S,) of
Example 8.4.1, thus generalizing one of the results of [10] to all n.

Before going to the case of I' = S,,, let us mention the examples of some other
groups for which their quantum isometry group is a doubling of the group algebra. For
the details, we refer to the respective papers. From Theorem 8.2.1, it follows that for
alln # 4, QISO™'(Z,) is the doubling of C*(Z,,) corresponding to the automorphism
Ay > A,-1. However, QISO™ (Zy) is not a doubling since by Theorem8.2.2, the C*
algebra of QISO™(Z,) is not commutative. The dihedral groups Dy2y+1) and Do,
for two different generating sets were dealt in [22] and [14]. The case of Baumslag—
Solitar groups, Coxeter groups were dealt in [14]. Moreover, if I" is a group generated
by two elements a and b so that a®> = b*> = e, then the quantum isometry group is
a doubling in the following three cases: (ab)® = e, (ab)* = e, (ab)’ = e. This is
also done in [14]. In [19], the class of examples was enlarged to include the groups
Zog X Lz, (Zy * Zy) X Z; and the Lamplighter group. In the same paper, it was also
shown that the quantum isometry group for the braid group is a double of a double
of the group algebra.

8.4.1 Result for a Generating Set of Transpositions

Let s;, 0; and 7; be as above. If (I', §) = (S,, s1, - - - s,_1}, then Dalecki and Soltan
proved the following theorem.

Theorem 8.4.2 ([20])
QISO™(S,, S) = Dy(S,) and the coaction v is given by

041()\3,-) = )\s,- ® )‘U,- + >\Sn—i ® )\Tu—i'
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We present the proof only for the case n = 3 given in [10] and refer to [20] for the
general case. In the case of S3, the generating set S is given by {sy, s2}. Then s; and
s, satisfy the relations 512 = s% = e and 525152 = 515251, Where ¢ as usual denotes the
identity element of the group.

Let o be the coaction of QISO™(S3, S) on C*(S3). As explained before, there

exist elements A, B, C, D in QISO™ (83, S) such that
aXg) =X @A+, ® B, a(l,) =X, ®C + )\, ® D. (8.4.1)

Now we derive some relations among A, B, C, D which follow from the fact that
« is a x-homomorphism and that it commutes with the operator Dy associated to the
generating set S.

Lemma 8.4.3 Let A, B, C, D be the elements of QISO" (S3, S) determined by the
formula (8.4.1) for the coaction of QISOT(S3, S) on C*(S3). Then the following
hold:

A’+ B? =1, (8.4.2)

AB =0, (8.4.3)

BA =0, (8.4.4)
C’+D*=1, (8.4.5)

CD =0, (8.4.6)

DC =0, (8.4.7)

AC +BD =0, (8.4.8)

CA+ DB =0, (8.4.9)

DAC = CBD =0, (8.4.10)
ADB = BCA =0, (8.4.11)
DAD + CBC = ADA + BCB, (8.4.12)
A*=A,B*=B,C*=C,D*=D. (8.4.13)

Proof Wederive (8.4.2)—(8.4.4) fromsl2 = ¢,(8.4.5)—(8.4.7) from s% =e¢,(8.4.8)and
(8.4.9) by equating the coefficients of A, in a( Ay, Ag,) and a(A, Ay, ) to zero, (8.4.10)
and (8.4.11) by equating coefficients of A, and A, in a(Ag,s,5,) and a(Ays,s,) to
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zero, (8.4.12) from a(Ay,55,) = (A 5,5,) and finally (8.4.13) from the facts that
a(Ag ") = (@(A)*, a(\,) = (a(\,))*. 0

Theorem 8.4.4 The quantum isometry group QISO™ (S3, S) for the generating set
built of transpositions (S = {s, t}) is isomorphic to Dy(S3). Its coaction on C*(S3)
is given by the formula (8.4.1), where A, B, C, D are identified with \;, ® 0,0 &
A5y 0B Ag, A, ®0 € C*(S3) @ C*(S3), respectively.

Proof 1Tt is easy to see that Dy(S3) with the coaction given in the statement of the
theorem is a sub-object of QISO™ (S, S) in the category of quantum families of
orientation preserving quantum isometries. Let us show the converse direction.

We use the notations of Lemma 8.4.3. The commutation relations listed in that
lemma imply that (Az)2 = AA?A = A(1 — B’)A = A2 — ABBA = A%. Thus, as
A? is also self-adjoint, it is a projection, to be denoted by P. Similarly, B? is a
projection. As A2 + B?> = 1, we have B?> = P*. Proceeding in the same way, we
obtain C? = Q and D?* = Q* for another projection Q.

Multiplying (8.4.8) by A on the left and C on the right, we obtain P Q = 0. Hence,
Q < P*. Similarly, multiplying the same equation by B on the left and D on the
right yields P+ Q* = 0 which implies Q+ < P. This implies that P* = Q. Thus
A’=D*=P, B>*=C*=P*.

Next, from (8.4.12) we deduce that DAD — ADA = BCB — CBC. As Ran
(DAD — —ADA) C Ran(P), Ran(BCB — —CBC) € Ran(P1), this implies

DAD = ADA, (8.4.14)

BCB = CBC. (8.4.15)

Now, by Corollary 3.4.5 and Proposition8.1.2, the Eq. (8.4.2)—(8.4.13) together

with the unitarity of the matrix ( (which follows from Proposition 8.1.2)

A B
¢)
provide all the conditions necessary to ensure that C*{A, B, C, D} is an object of
C(S;, S).

The action of the antipode « of a compact quantum group on the matrix elements
of a finite-dimensional unitary corepresentation U” = (u‘,i,,) is given by n(uﬁq) =
(ugp)* (see [23]). Thus in our situation we have K(A) = A* = A, k(B) = C* =
C,k(C) = B,k(D)=D*"=D.

Applying the antipode to the Eq.(8.4.3) and (8.4.6) and then taking adjoints,
we obtain the equations AC =0 and BD = 0. Thus DAC = CBD =0 too and
the conditions in (8.4.10) follow. We deduce the equalities (8.4.8), (8.4.9), and
(8.4.11) in a similar way. Thus, C*{A, B, C, D} is the universal C*-algebra gen-
2 D is a unitary and
the relations (8.4.2)—(8.4.7) along with (8.4.13)—(8.4.15) hold. Then it is easy to
see that C*{A, B, C, D} = C*(S3) @ C*(S3) via the map sending A, D, C, B to

erated by elements A, B, C, D such that the matrix
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Mg @0, A, @0, 0B Ay, 0@ A,,. The rest of the statements are easy consequences
of the proof above. O

8.4.2 The Case When S Has a Cycle

This time we consider a set of generators of S3 given by a transposition and a cycle:
S" = {s1, 5152, 5281}

Theorem 8.4.5 ([10]) QISO™ (83, S') is isomorphic to C*(S3) ® C*(S3) as a C*
algebra. Its coaction on C*(S3) is given by the formulas

(Ag) = Ay @ Mgt 2(Asy) = Ay, @ Aoy + Agysnsy @ Arsye
The coproduct A, is given by
A2(Ag) = Aoy ® Agy + Ar @ Ar, Ao (Ar) = Ay ® Agy + Agy @ Ay,
A2(Agy) = Ao, ® Agy + Arirary @ Aryy Da(Ar) = Ary, @ Aoy + Agyo0y ® A

In [10], it was left as an open question to decide whether Dy(S3) of Example 8.4.1
is isomorphic to (C*(S3) @& C*(S3), Ay) as compact quantum group. In [20], Dalecki
and Soltan settled this question in the negative. Thus, the quantum isometry groups
of the same group algebra but corresponding to two different sets of generators can
be indeed different as compact quantum groups.

Moreover, in the same paper, Dalecki and Soltan pointed out that only two in
the list of all 12-dimensional semisimple Hopf algebras over algebraically closed
fields of characteristic different from 2 and 3 given in [24] are noncommutative and
non-cocommutative. Since the 12-dimensional noncommutative and noncocommu-
tative Hopf algebras Dy(S3) and (C*(S3) & C*(S3), A,) are non-isomorphic, they
deduced that these two quantum groups are precisely the ones mentioned in [24],
thus providing noncommutative geometric interpretations of these Hopf algebras.

References

1. Connes, A.: Compact metric spaces, Fredholm modules, and hyperfiniteness. Ergodic Theor.
Dyn. Syst. 9(2), 207-220 (1989)

2. Rieffel, M.A.: Metrics on states from actions of compact groups. Doc. Math. 3, 215-229 (1998)

3. Rieffel, M.A.: Metrics on state spaces. Doc. Math. 4, 559-600 (1999)

4. Rieffel, M.A.: Compact quantum metric spaces, operator algebras, quantization, and noncom-
mutative geometry. Contemp. Math. 365, 315-330; Am. Math. Soc. Provid. RI (2004)

5. Christ, M., Rieffel, M.A.: Nilpotent group C*-algebras as compact quantum metric spaces.
arXiv:1508.00980


http://arxiv.org/abs/1508.00980

198

6.

7.

8.

16.

17.

18.

19.

20.

21.

22.

23.

24.

8 Spectral Triples and Quantum Isometry Groups ...

Ozawa, N., Rieffel, M.A.: Hyperbolic group C*-algebras and free-product C*-algebras as
compact quantum metric spaces. Canad. J. Math. 57(5), 1056-1079 (2005)

Antonescu, C., Christensen, E.: Metrics on group C*-algebras and a non-commutative Arzela-
Ascoli theorem. J. Funct. Anal. 214(2), 247-259 (2004)

Park, E.: Isometries of unbounded Fredholm modules over reduced group C*-algebras. Proc.
Am. Math. Soc. 123(6), 1839-1843 (1995)

Bertozzini, P., Conti, R., Lewkeeratiyutkul, W.: A category of spectral triples and discrete
groups with length function. Osaka J. Math. 43(2), 327-350 (2006)

Bhowmick, J., Skalski, A.: Quantum isometry groups of noncommutative manifolds associated
to group C*-algebras. J. Geom. Phys. 60(10), 1474-1489 (2010)

. Banica, T.: Quantum automorphism groups of homogeneous graphs, J. Funct. Anal. 224(2),

243-280 (2005)

. Banica, T., Skalski, A.: Quantum isometry groups of duals of free powers of cyclic groups. Int.

Math. Res. Not. 9, 2094-2122 (2012)

. Banica, T., Skalski, A.: Quantum symmetry groups of C*-algebras equipped with orthogonal

filtrations. Proc. Lond. Math. Soc. 106(3, 5), 980-1004 (2013)
Goswami, D., Mandal, A.: Quantum isometry groups of dual of finitely generated discrete
groups and quantum groups. arXiv: 1408.5683

. Banica, T., Bichon, J., Collins, B.: Quantum permutation groups: a survey. In: Noncommuta-

tive Harmonic Analysis with Applications to Probability, pp. 13-34, vol. 78. Banach Center
Publications. Polish Acad. Sci. Inst. Math., Warsaw (2007)

Banica, T., Skalski, A.: Two-parameter families of quantum symmetry groups. J. Funct. Anal.
260(11), 3252-3282 (2011)

Bichon, J.: Free wreath product by the quantum permutation group. Algebr. Represent. Theor.
7(4), 343-362 (2004)

Banica, T., Vergnioux, R.: Fusion rules for quantum reflection groups. J. Noncommut. Geom.
3(3), 327-359 (2009)

Mandal, A.: Quantum isometry group of dual of finitely generated discrete groups—II. Annales
Mathematiques Blaise Pascal (2016). arXiv: 1504.02240

Liszka-Dalecki, J., Sottan, P.M.: Quantum isometry groups of symmetric groups. Internat. J.
Math. 23(7) (2012)

Skalski, A.; Sottan, P.M.: Projective limits of quantum symmetry groups and the doubling con-
struction for Hopf algebras. Infin. Dimens. Anal. Quantum Probab. Relat. Top. 17(2), 1450012
(27 pages) (2014)

Tao, J., Qiu, D.: Quantum isometry groups for Dihedral group D>z, 4 1). J. Geom. Phys. 62(9),
1977-1983

Maes, A., Van Daele, A.: Notes on compact quantum groups. Nieuw Arch. Wisk. 16(4, 1-2),
73-112 (1998)

Fukuda, N.: Semisimple Hopf algebras of dimension 12, Tsukuba. J. Math. 21, 43-54 (1997)


http://arxiv.org/abs/1408.5683
http://arxiv.org/abs/1504.02240

Chapter 9
An Example of Physical Interest

Abstract This chapter is devoted to the quantum isometry group of the finite geom-
etry of the Connes-Chamseddine picture of the Standard Model. We begin with some
generalities on real C* algebras, followed by a brief discussion in the finite noncom-
mutative space of the Connes-Chamseddine model. Then we compute the quantum
isometry group of the corresponding spectral triple and also discuss some physical
significance of our results.

This chapter deals with the noncommutative geometric approach to the particle
physics of the Standard Model. For the relevant physics background, we refer to
[1]. The idea of using noncommutative geometric paradigm to unify diffeomor-
phisms and local gauge symmetries came into light as early as 1990, in the paper [2].
The interpretation of the inner automorphism group as the gauge group appeared in
[3]. Subsequently, the Connes—Chamseddine spectral action principle appeared in
[3-5] and further studied in [6, 7]. For the definition of spectral action, we refer to
Sect. 9.6 of this chapter. The key assumption behind the Connes—Chamseddine theory
is that the four-dimensional space time can be described by a noncommutative space
given by the product of the algebra of smooth functions on a four-dimensional spin
manifold M and a finite-dimensional C* algebra. For the spectral standard model
presented in [8], this finite-dimensional C* algebra is actually a real C* algebra
Ar = CoH® M;(C), where H denotes the quaternions. Connes and Chamseddine
associated a spectral triple (Ap, Hr, Df, vr, Jr), where Hp is a finite-dimensional
complex Hilbert space of appropriate dimension. On M, one has the canonical spec-
tral triple (C*(M), L*(M, S), Dy, Yms Jum), where L?>(M, S) denotes the Hilbert
space of L2-sections on the canonical spinor bundle S on M. Then the spectral
data (C®(M) ® Ap, L*(M, S) @ Hp, Dy @ I + vy ® Dp,vu ® vr, Ju ® Jr)
is a spectral triple on the noncommutative manifold C*°(M) & Ar. In this picture,
diffeomorphisms are realized as outer automorphisms of the algebra, while inner
automorphisms correspond to the gauge transformations.

In [8, 9] (also see [10, 11]), a conceptual mechanism for selecting the particular
algebra Ay as well as the Hilbert space Hf and the Dirac operator Dy were presented.
In addition, the fermion doubling problem pointed out in [12] was taken care of. The
KO dimension (Sect.9.2 of [13]) of (A, Hr, D, vr, Jr) in this setting became 6,
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the need of which was already pointed out earlier in [14, 15]. Moreover, the spectral
action functional introduced in [5] was modified to accommodate an additional term.
The inner fluctuations of the Dirac operator ([13]) D + D + A + ¢ JAJ™! of
the product spectral triple give rise to the gauge bosons and the Higgs field in the
following manner: the 1-forms given by commutators with the Dirac operator of M
give the gauge bosons, while the 1-forms corresponding to the Dirac operator of F
give the Higgs field. Then Connes—Chamseddine and Marcolli gave the derivation
of the full Lagrangian of the Standard Model from a certain asymptotic expansion
of the spectral action functional along with the correct gauge group. The predictions
of the Spectral Standard Model was reconciled with the experimental value of the
Higgs mass in [16] by the introducing a scalar field (also see [17]).

A Lorentzian analog of the noncommutative geometry of the standard model was
derived in [15]. For more details and other recent works, we refer to the books [13, 18].
The latter contains an exposition on Suijlekom and his collaborators’ works on the
noncommutative geometric approach to supersymmetric quantum chromodynamics
([19]), Yang—Mills fields ([20]), and electrodynamics ([21]). The book [18] also
contains expositions on the very recent probes into physics beyond the Standard
Model using noncommutative geometric frameworks, which were done by Suijlekom
and van den Broek in [22], and then by Chamseddine, Connes, and Suijlekom in
[23-25]. For supersymmetry in the spectral Standard Model, we refer to [26]. For an
exposition from a physicist’s perspective, we refer to the review [27].

The idea of using quantum group symmetries to understand the conceptual sig-
nificance of the finite geometry F is mentioned in a final remark by Connes in [28].
Some preliminary studies on the Hopf-algebra level appeared in [29-31]. In the
papers [32, 33], compact quantum group symmetries were employed to study the
spectral Standard Model of Connes and Chamseddine. While [32] deals with the
quantum isometries of the concerned spectral triple, [33] deals with quantum gauge
symmetries. In this chapter, we present the results of [32]. In Sect.9.2, we introduce
the spectral triple on the finite-dimensional algebra Ap. In Sect.9.3, we state the
results of the computation of the quantum isometry groups for this finite geometry.
In particular, in the first part of Sect. 9.3, we begin by computing the quantum group
of orientation and real structure-preserving isometries (in the sense of Definition
3.3.5 and [34]) of the spectral triple (B, Hp, Dg, v, Jr) where B C B(H) is the
smallest C*-algebra over the complex field containing Ar = C @ H & M3(C) as
areal C*-subalgebra. It turns out that the quantum isometry group is isomorphic to
the free product C(U (1)) * A, (M3(C), %Tr), where A, (M, (C), %Tr) is Wang’s
quantum automorphism group of M, (C) as in Sect.1.3. In Sect.9.3.2 we explain
how the result changes if we work with the real C* algebra Ay instead of Br. Next,
we extend this quantum symmetry to the spectral triples obtained by taking a prod-
uct of the above spectral triple with the natural spectral triple over the Riemannian
spin manifold M. This gives genuine quantum group symmetries of the full Stan-
dard Model. In Sect. 9.5, we discuss the physical significance of our results. Finally,
in Sect.9.6, we discuss how the spectral action is kept invariant by these quantum
symmetries.
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9.1 Notations and Preliminaries

In this section, we fix our notations and introduce some compact quantum groups
which will be needed to analyze the quantum isometry group for the spectral triple
of Connes—Chamseddine.

The symbol ®g will denote the tensor product over the real numbers. Usually,
we assume that all the algebras are unital, associative, and over C. The quotient
of an algebra A by its commutator C*-ideal is called the abelianization of A. For
u = ((u;;)), where u;; are elements of a C* algebra A, we denote the matrix ((ul’.‘j))
by u.

We will use the symbol A, (M,,(C)) in place of A, (M, (C), rl—lTr) for notational
simplicity. Throughout this section, we will be freely using the quantum groups
introduced in Sect. 1.3.2. In particular, a matrix B with entries in a unital x-algebra
such that both B and B’ are unitary is called a biunitary ([35]). We recall the free
quantum unitary group A, , (1) introduced in Sect. 1.3.2 which we will denote simply
by A,(n). Thus, A,(n) is generated by the biunitary matrix « such that u'z =
uu' = I,. We will also need the free orthogonal quantum group A,(n), the half
liberated quantum groups A*(n), A} (n) and their projective versions as introduced
in Sect. 1.3.2.

Definition 9.1.1 Consider n copies of the CQG A, (n") and let Q,(n") be the amal-
gamated free product of them over PA,(n"), which is a common Woronowicz C*-
subalgebra of all the copies of A,(n’). This is the universal C* algebra generated
by the entries of the matrices u,,, m = 1,2, ---n, where u,, is a biunitary n’ x n’
matrix satisfying the following relations:

)i j e = Wi j@wes Vi, jkI=1,....0, mm' =1,...,n.

This becomes a CQG with the matrix coproduct: A((u,,);;) = ZZ=1 (m)ik @ (U )kj
forallm=1,...,n.

9.1.1 Generalities on Real C* Algebras

The C* algebra Ar of the finite noncommutative space of the Standard Model is a
real C* algebra. For details on real C* algebras, we refer to [36]. We state some basic
facts about them in this subsection.

By a real x-algebra, we will mean a unital, associative, involutive algebra over
R. Associated to a real x-algebra A is its complexification Ac = A ®g C. Then A
can be recovered from Ac as the fixed-point subalgebra of Ac with respect to an
involutive conjugate-linear real x-algebra automorphism o defined by

oca®rz)=a®rz Vae A zeC, 9.1.1)


http://dx.doi.org/10.1007/978-81-322-3667-2_1
http://dx.doi.org/10.1007/978-81-322-3667-2_1
http://dx.doi.org/10.1007/978-81-322-3667-2_1

202 9 An Example of Physical Interest

that is
={aeAc:0(a) =a}.

It is easy to see that the automorphisms of A are precisely those automorphisms of
Ac which commute with o (Sect.5 of [32]). This leads to the following result.

Proposition 9.1.2 ([32]) Let A be a finite-dimensional real C*-algebra and let G
be the automorphism group of A. Then the condition 0 ¢ = ¢po ¥V ¢ € Aut(Ac) is
equivalent to

(0 ® *cg))a=ao ,

where, for a € Ac and ¢ € C(Aut(Ac)), a: Ac — Ac ® C(Aut(Ac)) is defined
by a(a)(¢) = ¢(a).

9.1.2 Quantum Isometries

The algebra of the spectral triple of our interest is a product spectral triple on a finite-
dimensional algebra and the classical triple on a compact Riemannian spin manifold.
More precisely, we will have to deal with the following situation in Sect.9.4.

Lemma 9.1.3 Consider two real spectral triples (A;, H;, Di,vi, Ji), i = 1,2,
where each A; is unital, H, is finite dimensional, v, is non-trivial (i.e., # 1) but =,
can be trivial (i.e., = 1). Consider the product triple (A, H, D, v, J), which is given
by

.A:=.A1®a1g./42, H:=H  QH,, D=Di®n+1Q®D,,
Y=11®7, J=Lh®J,.

Then the spectral triple (A, H, D,~, J) admits an orientation and real structure-
preserving isometric coaction by the CQG QISO (A,, 7‘[2, Dz, Y2, J2). It is given

by ady where U denotes the corepresentation 1 @ U of QISO (Az, Hz, D2, 72, J2)
on the product Hilbert space H1 ® H;.

We refer to [32] for the proof, which is quite straightforward.
Finally, we want to attract the reader’s attention to a choice of notation. The
notations QISO} and QISO}r used in this chapter are as in Definition 3.3.5 and should

not be confused with the newly defined objects (51\3?)]}? and QISO;; of Sect.9.3.2 in
the context of quantum isometries of real C*-algebras.
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9.2 The Finite Noncommutative Space F

The aim of this section is to present the spectral triple (Ar, Hr, Dg, vr, Jr) which
describes the internal space F of the Standard Model. For more details, we refer to
[13] and the references therein.

9.2.1 The Elementary Particles and the Hilbert Space
of Fermions

We define the Hilbert space Hy using the notations as in [32]. Hr is given by a tensor
product

Hp =C@C'®C'®C",
where, using the notations of [13], we get

(i) the first two factors C> ® C* with

C*=CIt, ], C*=CI¢, {ge)e=123],

where 1 and | denote the weak isospin up and down, £ and ¢, denote lepton
and quark of color ¢, respectively. These may be combined into

(CS == (C[Vv e, {um dc}c=1,2,3] )

where v denotes “neutrino,” e the “electron,” u. and d, the quarks with weak
isospin +1/2 and —1/2 respectively and of color c. The isomorphism C? ®
C* — C?¥is given by the following:

TR~ v, [ ®Li—>e, TQq¢ U, {Qq-—d..

(i1) a factor
C*=ClpL. Pr. Pr- PR]

where the two chiralities are denoted by L and R, p denotes “particle” and p
the “antiparticle”;

(iii) a factor C" because each particle comes in n generations. At present only 3
generations have been observed, but we choose to work with an arbitrary n > 3
for the sake of generality.

Thus, we have
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vpk:i=e ®e ®e e, (left-handed neutrino, generationk)
Vi =€ Qe ey e, (right-handed neutrino, generationk)

err:=er®e ®e; e, (left-handed electron, generationk)

eri =€ Qe ®es Qe , (right-handed electron, generationk)
Upck =e€1 @ ecr1 e ® e , (left-handed up-quark, color ¢, generation k)
URck = €1 @ eyl ®es e, (right-handed up-quark, color ¢, generation k)

dpcx ' =ex®ecr1 ® e; ® ¢ , (left-handed down-quark, color ¢, generation k)
dr.er =€ Qe ®eq ® e , (right-handed down-quark, color ¢, generation k)

where {¢;, i = 1, ..., r} is the canonical orthonormal basis of C", ¢ = 1, 2, 3 and
k=1,...,n.

These particles and their corresponding antiparticles form a linear basis of the
Hilbert space Hp.

9.2.2 The Spectral Triple

Consider the following linear operator:

0010
0001
1000
0100

Jh=1®1® ®1. 9.2.1)

The charge conjugation operator Jr is defined as the composition of the operators
Jo and the operator on Hr which acts by componentwise complex conjugation.
The grading is
vri=1®1®@diag(l,1,-1,-1)®1.

The Dirac operator is given by

0 0 0T, 0 0 0T,

0O 0 Y'Y 0 0 YL O

Drp:=e1®en® 0T 0” OR +en®@U—en)® 0T 0” 0
TEYE 0 0 Y50 0 0

0 0 0T, 0 0 0 7Yy

00T 0 00T 0

+en®e ® 0T 0 0 +en®—e)® 07T, 0 0
>0 0 0 Y50 0 0

(9.2.2)

Here Y € M, (C), m := (m*)', and B(Hp) = M>(C) @ M4(C) ® (M4(C)® M, (C))
can be identified with M, (C) ® M4(C) ® My, (C) by writing My, (C) as a4 x 4 matrix
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with entries in M, (C); in particular ¢;; @ m € M4(C) ® M, (C) will be the matrix
with the n x n block m in position (i, j).
Finally, the algebra A is defined as follows:
A =CeoHe M;(C), (9.2.3)

where H is identified with the real subalgebra of M;(C) with elements

@
q= (_Bg) 9.2.4)
for o, 0 € C.

The element a = (\,q,m) € Ar (with A € C, g € H and m € M5(C)) is
represented by

A0
7T(a)=61®1®€11®1+( —)®1®e44®1

0\
A000
0
+1® 0 m Rexn+en)®1, 9.2.5)
0

where m is a 3 x 3 block and {e;;}; j=1,... « is the canonical basis of M;(C).

.....

9.2.3 A Hypothesis on the X Matrices

Before going to the result concerning the quantum isometry groups, we discuss some
known properties of the Y matrices. Moreover, since the quantum isometry group
does not change if one replaces a spectral triple with an equivalent one, one can
make some reductions about the structure of the Y matrices which helped in the
computation of the quantum isometry group in [32].

We know that T is a symmetric matrix and the other Y matrices are nonnegative.
It can be seen from Sect. 17.4 of [13] that the eigenvalues of Y'Y, (x = e, u,d, v, R)
are m2, where m, stand for the masses of the n generations of the particle x for
x = e, u,d, the Dirac masses of the neutrinos for x = v and the Majorana masses
of neutrinos for x = R.

It follows from Theorem 1.187(3) and Lemma 1.190 of [13] that it is possible to
diagonalize one element of each of the pairs (Y, T,.) and (Y, Y;) modulo unitary
equivalence. Let us diagonalize Y, and Y,.
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Thus, we make the following hypotheses on the Y matrices:

e T, and Y, are diagonal with strictly positive entries on the diagonal.

e Y, and Y, are nonnegative and Y is strictly positive. Let C be the SU (n) matrices
such that Y; = Cd,C*, where § is some nonnegative diagonal matrix. C is called
the Cabibbo—Kobayashi—-Maskawa matrix, responsible for the quark mixing, cf.
Sect. 9.3 of [13]. In a similar way, we get the Pontecorvo—-Maki—Nakagawa—Sakata
matrix, responsible for the neutrino mixing, to be denoted by Y, cf. Sect.9.6 of
[13].

e Y is a symmetric matrix.

e We make further assumptions for physical reasons: we assume that Y, and Y,
have distinct eigenvalues Vx, y € {v, e, u, d} with x # y; the eigenvalues of Y.,
Y,, and Y, are assumed to be nonzero and have multiplicity one.

9.3 Quantum Isometries of F

So far, we have defined the quantum isometry group for spectral triples over complex
x-algebras. Now we want to formulate a similar notion for spectral triples over real
x-algebras. For this, the lemma presented below will be a key step.

Lemma 9.3.1 Ler A be a real x-algebra, with B >~ Ac/ker nc, where Ac >~
A ®r C denotes the complexification and ¢ is the x-representation from Ac to
B(H) given by

mcl@a®rz) =zm(@), (@eA, z€C). 9.3.1)

Here, we have defined the conjugation on Ac by (a Qg 2)* = a* ®r 7. Then, given
any real spectral triple (A, H, D, v, J) over A, there is an associated real spectral
triple (B, H, D, ~y, J) over B.

It should be mentioned here that it is possible to have ker ¢ # {0}. This happens
when 7 is not faithful. For example, in the Standard Model case, Ar = C® H &
M;3(C), (Ap)c := CaoCh M, (C) d M3(C) ® M3(C), where the complex *-algebra
isomorphism M, (C) @g C - M,(C) & M,(C) is given by

m Qg z > (mz,mz)

and the inverse B B
(m,m') > P @ 1 4 I @ 93.2)

forallm,m’ € M, (C), z € C.
Using (9.3.1), (9.3.2), and (9.2.5) we get mc(\, XN, g, m,m’) = (\, N, q,m),
where
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, A0
(AN, g, m) 1=q®1®€11®1+(0)\/)®1®644®1
A0OOO
0
+1® 0 m Q(en+enz)R1. (9.3.3)
0

We have By := (Ap)c/kernc >~ C @ C @ M,(C) & M5(C) with elements of the
form (A, N, g, m). Now we will discuss quantum isometries replacing A by Bp.

It is easy to see that for the spectral triple of the internal part of the Standard
Model, the conditions (3.3.1) and ii. of Definition 3.2.1 are equivalent to

Jo® DU =UJy® 1) ; (9.3.42)
AdU(BF) C BF ®alg Q 5 (934b)

with Jy given by (9.2.1). The equivalence between (3.3.1) and (9.3.4a) is an immediate
consequence of the definition of J. The equivalence between ii. of Definition 3.2.1
and (9.3.4b) follows because the weak closure of the finite-dimensional C* algebra
B coincides with itself.

—~—

The main proposition describing QISO7 will require the following result.
Lemma 9.3.2 Let Q be the universal C*-algebra generated by unitary elements x;

(k=0,...,n), the matrix entries of 3 x 3 biunitaries T,, (m = 1, ..., n) and of an
n X n biunitary V, with relations

diag(xox1, ..., x0x,) Y, = Y,diag(xoxy, ..., X0X,) = VY, =7Y,V, VYr=TrV,

(9.3.5a)
Z’”n:l ComCom(T)jx =0, Vr#s, (rns=1,...n jk=1273) (9.3.5b)
T)ij Twd = Tp)ij Tudig s Ymom', (i, j,k1=1,2,3, mm'=1,..., n)

(9.3.5¢)

where C = ((C,.5)) is the CKM matrix. Then Q with matrix coproduct

A = x®@xc, ATi) = D Tu® Ty, AWV = D Vu®V,

=123 I=1,...n
(9.3.6)
is a quantum subgroup of the free product
CUM)«xCWUM))*...xCUM)) * 0,3)*« A,(n) . 9.3.7)
n+1

The Woronowicz C*-ideal of (9.3.7) defining Q is determined by the relations (9.3.5a)
and (9.3.5Db).
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Proposition 9.3.3 The universal object QISO;(D r) of the category & is given by
the CQOG in Lemma 9.3.2 with corepresentation

n n
U =¢€e1Qe1 Qe ®zekk ® xoxi + e @ e @ (e11 + ess) ®Z€kk ® Xy
k=1 =1

ten®en®en® zekk ® x;x5 + e Qe @ (e + €33) ® zekk ® x;f
k=1 k=1

+te1®eQen® Z ek @ (V)jk +e1 ®en ®eyu ® Z ek ® (V)
Jk=1 k=1

n
+en® Z ettt @ (e +ea) ® Zemm & (Tn) ).
Jj.k=1,2.3 m=1

n
+en® Z eirtit1 Q (e11 +eaq) ® Z emm ® x5(Tin) j i
Jj.k=1,2.3 m=1

ten® Z ejrih+1 ® (€2 +e€33) ® Zemm ® (Tw)jk

J.k=1,2,3 m=1
ten® D e ®(en+en)® D enn ® Tn)jixo - 9.3.8)
jk=12,3 m=1

QISO;(DF) has a trivial coaction on the two summands C of B = C® C &
M, (C) & M3(C) and the coaction on the other summands is given by

a((0,0,¢;,0)) =(0,0,¢;,0) @1, (9.3.92)
a((0,0, e12,0)) = (0,0, e12,0) ® x¢ , (9.3.9b)
a(<07 09 €1, O)) = (07 09 €1, O) ® -xg ) (939C)
({0,0,0,¢;)) = Zk,l=1,2,3<0’ 0,0, ex) ® (T7)ik(Ti)1,; - (9.3.9d)

Definition 9.3.4 Let O, ¢(3) be the quantum subgroup of 0, (3), cf. Definition9.1.1,
defined by the relation > _| CpnCop () jx = 0.

Remark 9.3.5 As a C* algebra, O, ¢(3) is noncommutative. Moreover, A,(3) can
be identified with a quantum subgroup of Q, ¢(3). To see this, let # be a 3 x 3
biunitary matrix whose entries generate A, (3) as a C* algebra. Then the map

) je > uje, Ym=1,....n, jk=1273,

is a morphism of C*-algebras as (9.3.5b) and (9.3.5¢) are satisfied automatically.
Thus A, (3) is a quantum subgroup of 9, ¢(3).
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The next result computes the quantum isometry group of the internal space of the
Standard Model.

Proposition 9.3.6 We have
QISO; (Dp) = C(U(1)) * Agi(M3(C)) .

The abelianization of the above quantum group is C(U (1) x PU(3)).

Proof We observe from (9.3.9) that xo and (77"); x(T1);,; generate QISO?(DF).
This implies that QISO}(DF) can be identified with a quantum subgroup of
CU())*PA,(Q3) and let the corresponding surjective map from C(U (1))« PA,(3)
to QISO;’(DF) be denoted by ¢. Moreover, from Remark. 9.3.5, we can identify

A, (3) as a quantum subgroup of Q,, ¢(3). Now, consider the map from QISOj(D F)
onto C(U (1)) %A, (3) which sends xj toitself, x; to 1 fori =1, ...,n, Vtoxyl, and
(Tw)jktouj Ym =1,...,n, where u j; denote the canonical generators of A,(3).
This is clearly a morphism in the category € ; hence we get C(U (1))* A, (3) as a sub-

object of QISO;(DF). Moreover, the restriction of this morphism to QISO}(D ),
which identifies C(U (1)) x PA,(3) with a quantum subgroup of QISO}F(DF), is
clearly the inverse of the morphism ¢ mentioned in the beginning of the proof.
Thus, QISO} (D) = C(U(1)) * PA4(3). As PA,(3) = Auu(M5(C)), (cf. Defini-
tion 1.3.17 and Proposition 1.3.17) the proposition is proved. (]

—~——+
9.3.1 QISO in two special cases

Note that QISO}F(DF) in general depends on the forms of Y, Tk, and C. In case
when T, is invertible, which happens for the Dirac operator in the moduli space as
in Prop. 1.192 of [13], we have the following:

Proposition 9.3.7 If Y, is invertible, QISO'}(DF) = Qn.c(3) % &, where € is the
quotient of
CUM)«CWUM)*...xCU(1))

n+1

by the relations

xixg =xox; Vi, jwith(Yr)ij #0,
Xi = Xj Vl,]Wllh (TV),I#O
Proof In this case, the first equation in (9.3.5a) gives V = diag(xjxg, ..., x;x3);

hence the term A, (n) in (9.3.7) vanishes. Moreover, (Y,);;xo(x; — x;) = 0. The
latter implies x; = x; if (1,);; # 0.


http://dx.doi.org/10.1007/978-81-322-3667-2_1
http://dx.doi.org/10.1007/978-81-322-3667-2_1

210 9 An Example of Physical Interest

The second equation in (9.3.5a) becomes (Yg);; (x x5 — xox;) = 0, which gives
xfx()" = X0X; if (TR),']' 750 ([l
Next we discuss the case T, = 0. However, experiments suggest that such a situ-
ation cannot arise in reality. Nevertheless, it is an interesting mathematical exercise.

In literature, this is the so-called minimal Standard Model. This is described by the
following proposition.

Proposition 9.3.8 If Y, =0,

QISON(Dp) = CWUM) * CUM) *...xCUN)) * Quc)* A,

n+1

”»

where A" := A,(n)/ N,_Au (n) is generated by the n x n biunitary V and “~" is
the relation VYgr = YR V.

We refer to [32] for the proof of the proposition.

9.3.2 Quantum Isometries for the Real C* Algebra A

After computing the quantum isometry group for the spectral triple on By, let us
now discuss the corresponding results for the real C* algebra Ar. We mainly state
the results without proof and refer to [32] for the details.

Motivated by Proposition 9.1.2, let €; r be the category of compact quantum
groups coacting by orientation and real structure-preserving isometries via a unitary
corepresentation U on the spectral triple (Br, Hp, DF, vr, Jr) such that there is a
coaction cwon (Ap)c = Ar @r C with |5, = ady and

(0 ®%)a =ao . (9.3.10)

It is clear that €; r is a subcategory of €; and for A, B € €; g, Morg,(A, B) =
Moreg,, (A, B), where Mor¢ (-, -) denotes the set of morphisms in a category C.
In particular, any object Q (say) of the category €, r will satisfy the relations of

QISO7} (Dr) as given in Proposition 9.3.3. In fact, we will denote the generators of
Q by the same symbols as in Proposition 9.3.3 throughout the subsection.

Theorem 9.3.9 An object Q of €; is an object in &€y if and only if the generators
satisfy
(L) ji(T) 5o (Tn) jrier = (T jrier (To) o (Ton) (9.3.11)

forallm =1,...,nandall j,j', j  k, k', k" €{1,2,3}.

Let (SIS\/O]E(D r) be the quantum subgroup of the CQG QISO?(DF) in Proposi-

tion 9.3.3 defined by the relations (9.3.11). Then (igf)g(Dp) is the universal object
in the category € g.
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The Eq.(9.3.11) shows that the quantum group (ig./O{R (Dp) is related to the half
liberated unitary group A} (n) introduced in Sect.1.3.2. In fact, as in (9.3.7), let
Q*(n’) be the amalgamated free product of n copies of A¥(n") over C(PU (n')).
Then we have

Corollary 9.3.10 Q/I§6§(DF) can be identified with a quantum subgroup of the
following CQG:

CUM)*xCUM) *...xCU)) x Qr(3) x Ay(n).

n+1

The Woronowicz C*-ideal of the above CQG defining (i\ST)Hg (Dp)isgivenby (9.3.5a)
and (9.3.5b).

As before, let QISOﬁg(DF) be the C*-subalgebra of QI/_\S/OHE (DF) generated by
(¢ ®1,ady,(a)(n ® 1)), where a € Br, £, € Hp and U is the corepresentation

of Q/I§(/)§(DF). Combining Proposition 1.3.19 and Corollary 9.3.10, we get

Corollary 9.3.11 QISO;.(Dy) = C(U(1)) % C(PU(3)).

9.4 Quantum Isometries of M x F

It is not difficult to see that QISO; (Dr) or QISOT (D) can also give orientation-
preserving quantum isometries of the full spectral triple of the Standard Model.
Indeed, considering (A, H;, D1, 71, J1) and (Az, Ha, D2, v2, J>) in Lemma 9.1.3
as the canonical classical spectral triple on the spin manifold M and the spectral
triple (Br, Hr, Dr, vr, Jr), respectively, we do get orientation-preserving isomet-
ric coactions of QISOT (Dr) on the corresponding product spectral triple.

9.5 Physical Significance of the Results

Having obtained the description of the quantum groups QISO}L (Dr)and QISO}' (Dr)
and their coactions, we describe the physical significance of the results.

The relevance of the following observation stems from the fact that the neutrino
masses are not known. In fact, we only know that they are all distinct ([37, 38]). We
refer to [32] for the details of the proof.

Proposition 9.5.1 |. QISO}F(DF) depends on Y, g, and the CKM matrix C.

2. However, the quantum group QISO}r(D F) does not depend on the explicit form
of these two matrices.

3. QISO'; (Dr) is independent of the number of generations.
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Next, we explain how the elementary particles transform under the corepresenta-
tion U. A straightforward computation using (9.3.8) proves that we have the follow-
ing transformation laws for the neutrinos, electrons, and quarks (cf. the dictionary in
Sect.9.2.1).

Proposition 9.5.2
U(vri) == v i ® xoxi , U(vrp) = Zj:l VR, ® Vi,
Ulery) '=erLix ®xi , U(erx) = err @ X »

3 3
Uluren) =D, urcx® Tee,  Uluren) =D urew ® Tee

3 3
Uldrer) =D, drex®x;Toee . Uldrew) =D, dres @55 (Tec -

7

Antiparticles transform according to the conjugate corepresentations.

As an immediate corollary, we see that

Corollary 9.5.3 The corepresentation U of QISO}r(D r) behaves in the following
way:

1. Each of the one-dimensional subspaces corresponding to each of the k-th gener-
ation of the left-handed neutrino, left-handed electron and the right-handed electron
is kept invariant.

2. The corepresentation of the quantum subgroup of A, (n) generated by Vi s
keeps the n-dimensional subspace of the right-handed neutrinos invariant by (quan-
tum) permuting the n generations.

3. The three-dimensional subspace of the k-th generation of the left-handed up-
quark is kept invariant by the coaction of Q,,. ¢ (3) by (quantum) permuting the colors.
The same holds for the right-handed up quarks.

4. There is a corepresentation of a quantum subgroup of C(U(1)) * Q, c(3)
which keeps the subspace of the k-th generation of the left-handed (as well as the
right handed) down quarks invariant.

Now we show the connection between QISOF (D) and the gauge group of the
Standard Model after symmetry breaking.

The classical gauge group of the Standard Model after symmetry breaking is
(U (1) x U(3))/Z3. It corresponds to the following action, say, « on Hp :

3
7 gWek) = Ve, 7 g(ear) = (T")€ar,

3 3
2 *
ar,g(“o,c',k) = E et T Gc'cUec ks aT,g(do,c,k) = E el T gc’cd.,u.k,

where 7 is the generator of U (1) and g is an element of U (3).
A, (3) is the free version of U(3) and hence we can view the quantum group
CU1)) x A,(3) as a free version of the classical group U(1) x U(3). Now, for
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a cube root of unity ¢, there is an action of Z3 on C(U (1)) * A,(3) given by the
formula

2> qz, Tix > qTj.
Thus, it is reasonable to view the fixed-point subalgebra for this action, denoted

by {C(U(1)) x A, (3)}% as a free version of the gauge group (U(1) x U(3))/Zs.
The next proposition says that modulo terms which do not appear in the adjoint

coaction, the quantum group QISOY (Dy) is the free version of the classical gauge
group.

Proposition 9.5.4 Let 7 be the canonical generator of C(U (1)), and T = ((Tjx)) be
the generators of A, (3). The quantum group {C(U (1)) * A, (3)}% has the following
corepresentation on Hr making it a sub-object onISO';(Dp) in the category € :

Ver > Ves @1, Cot > Lot ® (29), (9.5.1a)

3 3
2
Ug ek H> E oy Heck ®zTve, decit> E o devk ® 2T, (9.5.1b)

where o is L or R.

More precise/l)iLnodulo the terms which do not appear in the adjoint coaction on
Bp, we have QISO}'(DF) ~ {CUD)) * A,(3))D, ie., the “free version” of the
ordinary gauge group after symmetry breaking.

Finally, it follows from (9.5.1) that the coaction of the abelianization C (U (1) x
U@B))Hs ~ C((U(l) X U(3))/Z3) of {C(U()) * A,(3)}Y5 gives us precisely the
usual global gauge transformations after symmetry breaking.

Proof The proof being routine, we merely point out that the surjective CQG homor-

phism QISO}”(DF) — {CUD) * A, (3} is given by

X0 > 2, xm b (29, Vm=1,..., n, (Twijxr> 2Tjx, Ym=1,..., n, Visl,.

The kernel of this map is the ideal generated by V;’s and by products xox;’s
and (7T, ) for all m # m’ is given by elements that do not appear in the adjoint
coaction on Bpr. O

9.5.1 Analysis of the Result for the Minimal Standard Model

In this subsection, we briefly present some observations for the minimal standard
model. For the details, we refer to Sect. 3.3 of [32]. It is well known that as a conse-
quence of Noether’s theorem, there exists a conservation law corresponding to each
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classical group of symmetries. So we try to investigate the symmetries coming from
some classical subgroups of the quantum isometry group as in Proposition 9.3.8.

The minimal Standard Model considers only left-handed neutrinos and thus the
symmetry coming from the quantum group A’ which coacts only on the subspace
(e11 ®er1 @ (e + eas) ® 1)Hp of right-handed neutrinos can be neglected. The
symmetries coming from the C (U (1)) factors generated by x;,i = 1, ..., n give the
conservation laws of the total number of leptons in each generation which is the sum
of the number of electrons, muons, tau, and the remaining n —3 coming from the other
lepton families. Finally, we consider the classical symmetry given by the subgroup
of Q¢ (3) isomorphic with U (1). This corresponds to a phase transformation on the
subspace of quarks, i.e., C2®(1—e;)C*® (e11+e44) C*®C" of quarks and its inverse
on the subspace of anti-quarks given by C?>® (1 —e;1)C*® (3, +e33)C*®@C". This is
called the “baryon phase symmetry” in physics literature and gives the conservation
law of the number of baryon, i.e., the difference between the number of quarks and
that of anti-quarks.

9.6 Invariance of the Spectral Action

After our discussion on the case of neutrinos without mass, we want to discuss the
e

full quantum symmetry given by QISO7 (D) for the standard model with massive
neutrinos. In some sense, we want to do a “Noether analysis” for quantum group
symmetries to derive laws of conservation, leading to possible physical predictions.
To this end, note that most of the classical (group) symmetries of the massless neu-
trino case do not extend to the models with massive neutrinos. However, we have a
quite rich symmetry coming from quantum group coactions. To utilize this quantum
symmetry in the spirit of Noether’s theory, we need to see whether such quantum
symmetries leave the spectral action invariant. We discuss this point in this section.

Let (A, H, D, ) be a spectral triple and we choose v = 1 in the odd case.
Consider the following “action functional” [5]:

S[A, Y] := Sp[A] + S¢lA, ¥,

where A is a self-adjoint element of Q}) C B(H), 1) is either in H (for the Yang—
Mills theories) or in H 4 := (1 4 )M for the Standard Model. The reduction of the
Hilbert space to H . is needed to solve the fermion doubling problem [12, 13]. This
functional governs the dynamics of the physical model given by the spectral triple.
Let f be some appropriate “cut off” function, which is a smooth approximation of
the characteristic function of [—1, 1]. Denote by D, either the operator D + A (when
there is no real structure to be considered) or D4 := D + A + € J AJ ! in case there
is a real structure given by J, where €’ is the sign in Definition 2.2.3. The bosonic
part Sj, and the fermionic part S of the action functional are defined as follows:
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Sp[A] ="Tr f(Da/A) ,

SrlA, Y] = (J, Day) , 9.6.1)

in the presence of a real structure J (where Dy := D+ A +¢€'JAJ "), or otherwise

Sf[A, Y1 = (i, Dat) , 9.6.2)

where Dy := D + A.

Note that f(D4/A) is defined by the continuous functional calculus and it is a
trace-class operator on H. Hence, S,[A] is well defined.

Let us concentrate on the question of co-invariance of the fermionic part S¢ in the
presence of a real structure, i.e., D4 is given by (9.6.1). However, in the other case,
the proof of the co-invariance will be very similar.

Let Q be a compact quantum group and Ua unitary corepresentation of Q on H
commuting with D and ~ and assume furthermore that ad, (A) € A ®,, Q. Then
U leaves ‘H invariant and for any 1-form A = Zi a;[D, b;], with a;, b; € A, we
have ad; (A) = >, ad; (@)D ® 1, ady ()] € Q}) ®alg Q. This allows us to define
a coaction of Q on Q1 @ H, by

B:i(A )~ (UA DU, U@ D).

Next, we need to consider natural extensions of the action functional S, and Sy on
Qb @®H . Recall the Hilbert Q-module structure of M := H_, ® Q with the Q-valued
inner product (, )o : MO M — Q givenby (¥ ®¢q, V' ®q')p = q*q' (1, ¢'). For
any unitary (resp. antiunitary) map L on H, consider L ® 1 (resp. L ® *) on M,
which gives a Q-linear (resp. antilinear) extension of L. We now extend the spectral
action by the following Q-valued functional:

SIA, ] := S,[A] + Sf[A, ],
where

Sp[A] := (Try ®id) f(D;/A) ,
S/IA, 1= ((J ® ), D),

and A is a self-adjoint element of Q}j Rag O, 15 EH, 0, Di :=DR1+ A+
d(J %A @)

We explain how to define f(Dj;/A). Consider the GNS Hilbert space L*(Q)
corresponding to the Haar state of Q and the bounded self-adjoint operator A +
€J® *)A(] ®*)"'onH® L*(Q). Then Dj is an unbounded self-adjoint operator
on H ® L?(Q) and we define f (Dz/A) by the continuous functional calculus.
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The action functional is called co-invariant if the following holds:
SIBA, )] = SIA, ¢ - 1. (9.6.3)

As A is aself-adjoint 1-form, A=0U (A® 1)0 * is a self-adjoint element of Q}) Ralg O
and hence S[A(A, )] is well defined. In the rest of the section we discuss the co-
invariance of the action. We consider the fermionic and the bosonic part separately.

Proposition 9.6.1 If U commutes with the Dirac operator and the grading and also
satisfies (3.3.1), then

SIB(A, )] = SpA, ¢] - 1g
forall (A, ) € Q" @& H,y.

Proof Since U commutes with D and J ® *, we have

Dy agnyo- = DRI+U AR U +€ (JRx)UARNU*(J®@%) ' = U(Ds@1)U*.

9.6.4)
Thus,
S/IB(A, Y] = ((J @ DU (W @ 1), Dy sen-U W @ 10)),,
= (0¥ ®10), UDs1 ® 10)),
= (JU, Dap) - 1o = S[A,¢]- g,
as U is a unitary. O

Now we will assume that (A, H, D, J, ) is the product of two real spectral triples
and one of them is even and finite dimensional. Moreover, we assume that U:=1 ®U,
where (Q, U) is an object in the category of orientation and real structure-preserving
quantum isometries of the finite-dimensional spectral triple (Az, Ha, D2, 72, J2).
The result stated and proved below gives the co-invariance of the bosonic part of the
action functional.

Proposition 9.6.2 Forany A Q})’S"", §b[Ad0 (A)] = Sp[A] - 1g.
Proof From (9.6.4) we have

SLU(A ® DU*] = (Try ®id) £ (D agpo-/A)
= (Try ®id) £(U(Ds ® NU*/A) .


http://dx.doi.org/10.1007/978-81-322-3667-2_3

9.6 Invariance of the Spectral Action 217
By continuous functional calculus,
F(ODA@DU*/A) = Uf((D2® 1)/A)0* = U(f(Da/N) @ 1)U
Now, it is easy to see that for any trace-class operator L on H = H; ® Ha,
(Try @ id)(U(L @ NU*) = Trig(L)1g .
Applying this observation to the trace-class operator L := f(Ds/A) we get

SplU(A® HU*] = (Try ® id) U(L ® HU*
= Trp(L)1g = Try f(Da/M)1g
= S,[Allg .

This completes the proof. (]

Proposition 9.6.3 The bosonic and the fermionic part of the spectral action
of the Standard Model are preserved by the compact quantum group

QISO™ (By, Hr, Dr, yr, Jr).

Proof The compact quantum group (igf)Jr(B s Hp, D, vr, Jr) has a corepresen-
tation preserving H . and it satisfies the hypothesis of Lemma 9.1.3 and Propositions
9.6.1 and 9.6.2, hence the result follows. O

Remark 9.6.4 Since (SI\S?)]E(DF) is a quantum subgroup of QISO}r(DF), its coac-
tion preserves the spectral action.
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Chapter 10
More Examples and Open Questions

Abstract We briefly discuss quantum isometry groups of few more interesting
examples, including the free and half-liberated spheres, examples due to Raum and
Weber as well as some Drinfeld-Jimbo quantum groups. We also give the outlines of
other approaches to quantum isometry groups, such as the framework of orthogonal
filtrations due to Banica, Skalski and de Chanvalon, affine quantum isometry groups
in the sense of Banica and quantum isometry groups of compact metric spaces due
to Banica, Goswami, Sabbe and Quaegebeur. We mention several open questions in
this context.

10.1 Free and Twisted Quantum Spheres and Their
Projective Spaces

In Chap. 4, the quantum isometry groups of classical and Podles’ spheres were dis-
cussed. The Podles’ spheres are quantum homogeneous spaces of the non-Kac type
quantum group SU,,(2). For the definition and examples of higher dimensional quan-
tum spheres (obtained from SU,(n)) and their projective spaces, we refer to [1-3]
and the references therein. On the other hand, as a byproduct of the constructions by
Banica and Speicher in [4], free versions of the quantum spheres realized as quantum
homogeneous spaces of the free and half -liberated quantum groups and their projec-
tive spaces appeared in [5] and then in [6, 7] and very recently in [8]. The goal of this
section is to give a very brief overview of some of the results of these papers which
are related to quantum isometry groups and quantum group of affine isometries in
the sense of Banica. As we are mainly concerned with quantum isometry groups
or more generally quantum symmetry groups, we will refrain from discussing a lot
of highly interesting results in these papers including the classification of quantum
spheres (both real and complex) and their projective spaces by Banica and his col-
laborators, related category theoretical framework and relations with partitions as
well as computation of spherical integrals and free probabilistic aspects by Banica,
Speicher, Weber et al.

Let us collect the main definitions of these quantum groups, quantum spheres and
the noncommutative projective spaces associated with them. We will extensively
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use the free orthogonal quantum groups A, (n) (denoted by 0;’ by Banica), its half-
liberated version A’ (n) and projective versions PA,(n) introduced in Sect. 1.3.2. We
remark that unlike Banica, we will only deal with the C* algebras in question and
not deal with the dual “quantum spaces” following Remark 1.2.14.

The definitions of the following quantum groups will be of use to us.

Definition 10.1.1 If u = ((u;)) denotes the fundamental corepresentation of the
quantum group A,(n), then we have the following twisted orthogonal quantum
groups:

i. A,(n) is the quotient of A,(n) by the relations w;juy = —uyu;; for u; # uy on
the same row or column of u and w;juy = uu;; otherwise.
i. Z:(n) is the quotient of A,(n) by the relations wjuyu,y = —upguruy; if

r<2,s=3o0rr=3,5<2, wuplpy, = Upgugu; forr <2, s<2orr=s=23,
where, r, s € {1, 2, 3} are the number of rows or columns spanned by u;;, uy, up, and
i,j, k,l, p, g be natural numbers between 1 and n.

Associated with the quantum groups mentioned above, one has the following
quantum homogeneous spaces:

Definition 10.1.2 i. The free orthogonal sphere Sf’[l is the universal C* algebra
generated by elements xi, x, . . . x, satisfying the relations x; = x; and >, x7 = 1.
ii. The half-liberated orthogonal sphere S"~! is the quotient of S’fl by the ideal
generated by the relation x;xjx; = xgxx; forall i,j, k =1,2,...,n.
iii. The twisted quantum spheres 5! (§:71) are the quotients of S’fl by the rela-
tions x;x; = —x;x; Vi # j (respectively x;xjxy = —xpx;x; for distinct i, j, k, xixpxx =
xx;jx; otherwise).

It can be easily seen that the commutative C* algebra C(S"~!) is a quotient of
5! by the relations x;x; = x;x; for all i, j.

By an abuse of notation, let us denote the canonical generators of Sf’[l , §n1
and C(S"1) by the same symbols x; and the generators of A,(n), A%(n) and C(O,)
by u;;. Then the coactions of A,(n), A} (n) and C(O,) on Si‘l, S;”l and C(S" 1)
(respectively) are defined by the following:

alx;) = ij ® uj.
J

Moreover, it is easy to see that in each case, this coaction restricts to a coaction on
the canonical dense *-subalgebra A, AT or A* (generated by x;-s) of C(S" 1), Sﬁ’fl
or §"~! respectively.

For other examples of quantum spheres arising from similar or different consid-
erations include the multi-parameter family of Banica in [9] and those by Speicher
and Weber in [8]. We refer to those papers and the references therein for the details.

Definition 10.1.3 The noncommutative projective space associated to a C* alge-
braic quotient S of Sﬁ’r_l is the C* subalgebra PS of S generated by p;; = x;xj, i, j =
1,2,...n.
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By the results in [5], it follows that PS"~' = C(P"') and PS"~' = C(PE "),
where P! and P(’é_l are the real and complex projective space respectively. More-
over, PSi_1 is a noncommutative C* algebra.

10.1.1 Quantum Isometry Groups of Free
and Half-Liberated Quantum Spheres

The aim of this subsection is to discuss the realization of A, (n) and A% (n) as quantum
isometry groups of a particular type of spectral triples over STI and S"~!. We refer
to [5] for more details.

It is well known that C(S"~') has a unique O(n)-invariant trace given by
the integration with respect to the Haar measure on O(n), since the homoge-
neous space C "1 is isomorphic with the *-subalgebra of C(O(n)) generated
by {u11, 12, - - - u1,}. A similar result holds for A and A%, the proofs of which use
the orthogonal Weingarten formula.

Proposition 10.1.4 ([5]) Both A and A* admit unique a-invariant tracial state.
We will denote this trace by tr in both the cases.
Remark 10.1.5 1t is not known whether tr is faithful.

Notation: From now on, we will use the symbol A to denote the image of A,,, A,
and A’ on the GNS spaces with respect to tr simultaneously. Similarly, the symbol
O, will stand for any of C(O(n)), A,(n) and A} (n).

For us, the importance of the state tr stems from the fact that one can construct
a spectral triple on A* represented on the Hilbert space L*(AX, tr). In fact, the con-

struction of the spectral triple makes sense for a larger class of algebras.

Definition 10.1.6 A spherical algebra is a C*-algebra A, along with a family of
generators xi, .. ., X, and a faithful positive trace tr, satisfying the following:

1. xi,...,x, are self-adjoint.
2. x4+ x2=1.
3. tr(x;) =0, for any i.

As a first observation, each A is indeed a spherical algebra in the above sense.
We will view the identity 1 as a length 0 word in the generators xi, ..., x,.

Theorem 10.1.7 ([5]) Associated to any spherical algebra A = < x1,...,x, > is
the spectral triple (A, H, D), where the dense subalgebra A is chosen to be the
linear span of all the finite words in the generators x;, and the operator D acting on
H = L*(A, tr) is defined as follows:

Let H, = Span(x;, ...x; i1, ..., i € {1,...,n},r <k)and E, = Hy ﬁHk{I, SO
that H = @2 Ey. Then we set Dx = kx, for any x € E.
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Proof We have to show that [D, T;] is bounded, where T; is the left multiplication by
x;.Sincex; € Ais self-adjoint, so is the corresponding operator 7;. As T;(Hy) € Hy+1,
by self-adjointness we get 7;(H ,(L) - H,f-_l. Thus we have:

Ti(Ex) € Ex—1 @ Ex © Epy1-
This gives a decomposition T; = 7\ " + T'¥ + T, where

_ 0

Ti( h_ @kPEquiPEk’ Ti( ) = @kPEkTiPEkv Ti(l) = eakPEkﬂTiPEk
and Py, is the orthogonal projection onto E. It is routine to check that [D, Ti(a) ]=
aT® for any o € {—1,0, 1}, and this completes the proof. 0

The main result of this subsection is the following:

Theorem 10.1.8 ([5]) Let A be a spherical algebra and consider the associated
spectral triple (A, H, D). Then QISO* (A, H, D) exists. Moreover, QISO* (8"~ 1) =
O;.

Proof The first statement follows by an application of Theorem 3.4.2. So we prove
the second statement only. Consider the standard coaction o : A)Y — A’ ® O,;. This
extends to a unitary representation on the GNS space H,*, which we denote by U.

We have al(Hy) € H, ® C(O,’) sothat U(Hy) € Hy ® O, . By the unitarity of U,
we see that Hj" is also kept invariant by U. In particular, each Ej is U-invariant and
thus U commutes with the Dirac operator D. Therefore, the coaction « is isometric
with respect to D, and O} must be a quantum subgroup of QISO™(A)).

Assume now that Q is compact quantum group with a unitary corepresentation
V on H commuting with D, such that ady leaves (A))” invariant. Since D has an
eigenspace spanned by xp, ..., x,, both V and V* must preserve this subspace, so
we can find self-adjoint elements b; € Q such that:

adv(x,») = ij ® bl'j-
J

Now, we note that tr(xl.z) = % foralli =1, 2, ...n, which follows from the obser-
vation that for each 7, j, there exists an automorphism of S taking x; to x; and leaves
the rest of the x;’s unchanged. Then, {y; = +/nx;}; is an orthonormal set in LZ(S;, tr).
Asx; = x7, we have ady (y;) = >,y ® b; = >, y; ® bj;. This implies the unitarity
of both the matrices ((b;)) and ((b;“j)), hence of ((bj;)) too. It follows in particular
that the antipode  of Q must send b;; to b;;. Moreover, using the defining relations
satisfied by the x;’s and the fact that ady and (id ® k) o ady are *-homomorphism,
we can prove that the b;;’s will satisfy the same relations as those of the generators
u; of C(O,). Indeed, for the free case there is nothing to prove. The classical case
follows from Theorem 4.1.2 and the same proof goes through almost verbatim for
the half-liberated case too, replacing the words x;x; of length two by the length-3
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words x;xjx. This shows that Q is a quotient of C(O)), so Q is a quantum subgroup
of O)¢, and we are done. O

Remark 10.1.9 There is a generalization by Banica of Theorems 10.1.7 and 10.1.8
in the context of complex quantum spheres, where the quantum isometry group gets
replaced by suitable quantum subgroups of A, (n). For the details, we refer to [6].

10.1.2 Quantum Group of Affine Isometries a la Banica

In this section, we discuss the recent series of works by Banica in [6, 7], focusing our
attention on the theory of quantum group of affine isometries developed by Banica.
For more details, we refer to the review article [10] and the references therein.

Let us fix the following notation: for a C* algebraic quotient S of S’fl, we will
denote the quotient map from Sf‘[l to S by mg. Similarly, for a quantum subgroup Q
of A,(n), the quotient map from A, (n) to Q will be denoted by 7g.

Definition 10.1.10 Consider the categories C*(S) (CP(PS)) of pairs (Q, c)
where Q is a quantum subgroup of A,(n) anda : § — S ® Q (respectively o : PS —
PS ® Q) is a unital C*-homomorphism satisfying

alms(x) = D ms() @ mouy) (alrs(ix) = D ms(xa%p) ® wo (iakty) respectively),
J a,b

where x; and u; are the canonical generators of Si‘l and A,(n) respectively.
The morphisms of the above categories are CQG morphisms intertwining the -
homomorphisms.

An object (Q, ) of C¥(S)(respectively CP(PS)) will be said to coact in an
affine (respectively projective) isometric manner on S (respectively PS).

Remark 10.1.11 The C* homomorphism « of an object of C*T(S) or CP(PS) is
actually a coaction of Q. Moreover, the largest Woronowicz C*-subalgebra of Q
(€ CP™(PS)) which coacts faithfully on PS is the C*-subalgebra of Q generated by
{mo(uiqupp) :i,j,a,b e{l,2,...n}}.

Theorem 10.1.12 ([11]) IfS = Sfl/lg, where I is a two sided C*-ideal generated
by relations which are polynomials in xy, X, - - - X, then the categories C**(S) and
CP(PS) have universal objects.

Moreover, when S is one of the C*-algebras Sf‘[l, S:_l, Cc(Ss™ N, §n_1 and §:_1
respectively, the universal objects in CHt(S) coincide with A, (1), Ax(n), C(O(n)),
A, (n) and Kz(n) respectively, while the universal objects of CP(PS) are PA,(n),
C(PU(n)), and C(PO(n)) (respectively). Here, PU (n) and PO(n) denote the projec-
tive unitary and projective orthogonal groups respectively.

Itis natural to expect that the free unitary quantum group should also have interest-
ing quantum subgroups and homogeneous spaces, the latter to be viewed as complex
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versions of the spheres mentioned above. Indeed, Banica developed a theory for such
complex quantum spheres, their half-liberated and projective versions and identified
their quantum groups of affine isometries as suitable quantum subgroups of A, (7).
We refer to the papers [6, 11-13] for the details of this theory.

10.2 Easy Quantum Groups as Quantum Isometry Groups

One of the new areas of research in the theory of compact quantum groups that
has attracted a lot of attention is the theory of easy quantum groups initiated by
Banica and Speicher in [4]. These quantum groups are quantum subgroups of A, (1)
which have the quantum permutation group A;(n) as a quantum subgroup and can
be described by certain noncrossing partitions. For the classification program of
orthogonal easy quantum groups, we refer to [4, 14—17], etc. After the realization
of the easy quantum groups A, (n) and A} (n) as quantum isometry groups in [5], it
was a natural question to ask whether all easy quantum groups can be viewed as
quantum isometry groups. As a part of the classification program of orthogonal easy
quantum groups, Raum and Weber showed in [18] that there are uncountably many
mutually nonisomorphic easy quantum groups (in particular, those of simplifiable
hyperoctahedral type) admitting coaction by quantum isometries on the full group
C* algebra of certain quotient groups of Z3". We do not intend to go into the details of
the simplifiable hyperoctahedral easy quantum groups. Nevertheless, let us describe
very briefly the result of [18] regarding coactions by quantum isometries.

Let E be the subgroup of Z;> consisting of all words of even length. There exists
a certain subsemigroup of End(Z3*°) denoted by Sy (Definition 3.5 of [18]) such
that E is the unique maximal proper Sp-invariant subgroup of Z;*°. The set of all
So-invariant subgroups of E is isomorphic to a category of partitions, which were
called simplifiable hyperoctahedral.

On the other hand, a simplifiable hyperoctahedral easy quantum group is an
easy quantum group such that the entries u; of the fundamental corepresentation
u = ((uy)) satisfies ufjukl = uk,uizj for all i,j,k,l=1,2,...n and possibly some
more relations. In particular, the quantum subgroup of A,(n) defined by the ideal
generated by the relation u,-zju;d = Mk[u[zj is a simplifiable hyperoctahedral quantum
group denoted by H!*°! and any other such quantum group Q is a quantum subgroup
of H!>! defined by a suitable Woronowicz C*-ideals Io. It turns out that the ideals
I are in one-to-one correspondence with the hyperoctahedral category of partitions.
Summarizing the above discussion, the set of all Woronowicz C*-ideal /o defining
the simplifiable hyperoctahedral quantum groups are in one-to-one correspondence
with Sy invariant subgroups of E.

The connection with quantum isometry groups is given by the following result:

Theorem 10.2.1 ([18]) Let Q be a simplifiable hyperoctahedral easy quantum group
and H be the associated Sy-invariant subgroup of E. Then the universal object in
the category of compact quantum groups which are quantum subgroups of H'*! and
coact isometrically on C, (25" /(H),) is Q.
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10.3 Quantum Symmetry Groups of Orthogonal Filtrations

From the proof of existence of the quantum isometry groups QISO* and QISO™ in
Chap. 3, it is clear that the crucial ingredient for the proof is the existence of a family
of finite dimensional mutually orthogonal subspaces of some Hilbert space H whose
union is a dense subspace of 7. In the case of QISO, these are the eigenspaces
of the Laplacian while for the quantum group of orientation-preserving isometries,
these are the eigenspaces of the Dirac operator. Most importantly, each of these finite
dimensional subspaces is kept invari/alg/by the coaction (in the case of QISO) or

the corepresentation (in the case of QISO™) of the universal object in question. This
naturally leads to the question of existence of quantum symmetry groups for infinite
dimensional noncommutative manifolds in a broader framework. This was developed
by Banica and Skalski in [19], the key result of which is the following:

Theorem 10.3.1 ([19]) Let A be a unital C*-algebra equipped with a faithful state w.
Moreover, suppose that there exists a family {V;}ic; of finite dimensional subspaces of
A such that the index set I contains a distinguished element 0 satisfying the following
conditions:

1. Vy= (ClA,
2. foralli,jel, i#j,and forallainV;, binV;, we have w(a*b) = 0.
3. span(U;; V)) is a dense x-subalgebra of A.

Consider the category C 4, (v,),.,) with objects (Q, o), where Q is a compact quan-
tum group with a coactionc : A — A ® Qsuchthat a(V;) C V; ® Qg foralli, where
Qy is the canonical dense Hopf x-subalgebra of Q. The morphisms are CQG mor-
phisms intertwining the coaction.

Then C (v, admits a universal object called the quantum symmetry group of
(A, w, (V})icr) whose coaction on A is faithful.

When the index set / is countable, Banica and Skalski proved that there exists a
spectral triple (U;¢; V5, L*(A,w), D)onU;V;. Here,D = Z;’;O nP, where P, denotes
the projection onto the finite dimensional subspace V,, of L?(A, w). Then the connec-
tion with the quantum isometry group of this spectral triple is given by the following
result.

Theorem 10.3.2 ([19]) The quantum symmetry group of (A, w, (V)icr) is isomor-
phic to the quantum isometry group QISO™ (U;e; Vi, L*(A, w), D).

Remark 10.3.3 Theorem 10.3.2 in particular says that QISO* exists. In fact, the
setup of Theorem 10.3.1 forces the coaction of any object in C4,(v,),.,) to preserve
the state w on A. We refer Sect. 2 of to [19] for the details. Second, it should also be
pointed out that in the setup of orthogonal filtrations of Banica-Skalski, the nuance of
the quantum isometry group not having a C*-coaction (Theorem 4.5.15 of Chap. 4)
does not arise.
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Examples of C* algebras equipped with an orthogonal filtration include finite
dimensional examples as well as the spectral triples of [20] considered in Chap.5.
Further examples were studied in [21], where Skalski and Soltan showed that under
some assumptions, the inductive limit of C* algebras equipped with orthogonal fil-
trations is the projective limit of the quantum symmetry groups of the constituent C*
algebras. As an example, they considered the sequence {C*(Z/p"Z)};2 . Each of the
C* algebras C*(Z/p"Z) admits a filtration induced by word length. Then Skalski and
Soltan showed that the quantum symmetry group of the resulting inductive system
is Co(Z, x Z,), where Z,, denotes the group of p-adic integers and the action of Z,
onZ, is given by g > g~

In the same paper, Skalski and Soltan considered the inductive limit of
{C*(S,)}n=1, where S, denotes the permutation group on n distinct objects. However,
this inductive limit does not satisfy the conditions of their theorem and the authors of
[21] proved that the inductive limits of quantum symmetry groups indexed by even
and odd integers are nonisomorphic.

de Chanvalon [22] extended the theory of Banica and Skalski to the context of
Hilbert modules equipped with orthogonal filtration. She proved the existence of the
universal object in a certain category of compact quantum groups coacting on such
a Hilbert module in a filtration preserving way. This universal object is called the
quantum symmetry group of the orthogonal filtration for the precise definition of
the category mentioned above and the assumptions involved, we refer to [22]. One
of the novelties of this work is the development of a setup which simultaneously
generalizes the theories of [19, 23]. Some of the interesting examples where Chan-
valon’s theory works include a Hilbert module associated with the classical space
[0, 1] x {1, 2, - - - d}, whose quantum symmetry group turns out to be the hyperocta-
hedral quantum group. Moreover, Chanvalon showed the existence of the universal
object in certain interesting subcategories of the category mentioned above. These
universal objects can be viewed as the quantum symmetry groups of some quotients
of the space [0, 1] x {1,2,...d}.

10.4 Equivariant Spectral Triples on the Drinfeld—Jimbo
q-Deformation of Compact Lie Groups and Their
Homogeneous Spaces

In this section, we briefly describe a general construction of equivariant spec-
tral triples, due to Neshyvev and Tuset [24] on the compact quantum groups G,
and the associated (quantum) homogeneous spaces obtained by Drinfeld—Jimbo g-
deformation of simple compact Lie groups. We also discuss some partial results and
open problems about the corresponding quantum isometry groups. We mostly follow
the notation and definitions of [24]. We refer the reader to [25, 26] for the basics of
Lie algebras and Lie groups.
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Let G be a simply connected simple compact Lie group with the complexified
Lie algebra G. Let U(G) denote the universal enveloping Hopf algebra of G. Let
W*(G) be the group von Neumann algebra of G generated by the right regular
representation of the Lie group G in the GNS space L?(G) of its Haar state. It is in
fact the von Neumann algebra generated by the dual discrete quantum group G in
B(L*(G)). The elements of 2/(G) can be viewed as unbounded operators affiliated to
the von Neumann algebra W*(G). Let C(G) be the complexified Clifford algebra of
G, with the natural embedding v : G — C(G). The adjoint action of G on G extends
to an action of G on C(G), denoted by ad. This induces a s«-homomorphism from
the group von Neumann algebra W*(G) to C(G), which we continue to denote by
ad. Let us also denote by the same symbol the corresponding homomorphism at
the Lie algebra level as well as its lift to a homomorphism from U (G) to C(G).
Let us choose a basis {xi, ..., x,} which is orthonormal w.r.t. the Killing form on
G. Consider the canonical *-structure on C(g) requiring ~y(x) to be self-adjoint for
eachx € Gr.LetD = 3}, (xx ® v(xi) + 1 @ v(xv)ad(x)) € U(G) @ug C(G). Fix
a spinor module, i.e., an irreducible *- representatlon s : C(G) — End(S) where S
is a finite dimensional vector space. The corresponding spin Dirac operator D on
H = L*(G) ® S is given by

D=0 ®s)(D),

where 9 denotes the homomorphism from G into the algebra of first-order differential
operators on L>(G) induced by the right regular representation of G. Thus, D is a
first-order differential operator on L>(G) ® S. There are two natural G-actions on
'H, given by L, ® id and R, ® v,, where L,, R, denote the left and right regular
representations of G (respectively) and v, denotes the G-action on the spinor module
S, coming from the adjoint action. The Dirac operator D is equivariant w.r.t. both
these G-actions.

We now come to the quantum case. Fix ¢ € (0, 1). Deforming the Serre relations
for semisimple Lie algebras, Drinfeld and Jimbo defined the Hopf algebra U, (G)
called the Drinfeld—Jimbo quantized universal enveloping algebras. We do not explic-
itly describe the defining relations here, but refer the reader to [27-31]. It is shown
by Rosso [32] that there is a compact quantum group G, in the sense of Woronowicz
such that the corresponding canonical dense Hopf algebra, say (G,)o, is the dual of
the Hopf algebralf, (G). Let L*(G 4) denote the GNS Hilbert space of the Haar state on
G, with the GNS representation 7, : G, — B(L*(G,)) and the cyclic vctor &,. Let
U be the right regular corepresentation given by U (7, (a)§,) = (71, ® id)(A4(a)&,,
where A, denotes the coproduct of G,. As discussed in Chap. 1, the dual discrete
quantum group G has a faithful *- representatlon Iy on LZ(Gq) and let W*(G,)
denote the von Neumann algebra generated by its image in B(Lz(Gq)) As noted
in [24], there is a faithful representation of /,(G) into an algebra of operators affil-
iated to W*(G,). It is known that W*(G) and W*(G,) are isomorphic for every
q € (0, 1). Moreover, a special choice of *-isomorphism ¢, from W*(G,) to W*(G)
can be made, as in Theorem 1.1 of [24], along with a unitary element F, (called the
Drinfeld twist) of W*(G)®W*(G), which satisfies the conditions of that theorem.
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Let us fix such a Drinfeld twist. The isomorphism ¢, naturally lifts to an isomorphism
between U, (G) and U(G) as well, to be denoted by the same symbol again.
Let

D, = (¢, ®id) ((id ® ad)(F,)D(id ® ad)(F})) € Uy(G) ®ug C(G).

We have the following analogue 0, of the representation 0. For w € Uy (G), we
define 0,(w) to be the linear operator defined on the dense subspace spanned by
elements of the form m,(a)&,, with a in the canonical dense Hopf algebra (G,)o of
G, as follows:

Og (W) (mg(a)éy) = m4(améy) ® wlaw)),

using the Sweedler notation and the duality between U, (G) and (G,)o mentioned
before. We can define 0, on elements of W*(G,) by the same formula and verify
that it is a *-homomorphism. Let éaq =ado g W (G, — C(G). Then, (0; ® s o
&lq)zq is a *k-homomorphism from W*((jﬂ) to B(Lz(Hq)), where Z; denotes the
coproduct of the discrete quantum group G, extended naturally to W*(G,). There
is a unitary corepresentation, say U,, of G, corresponding to this *-homomorphism.
We have another unitary corepresentation U; on H, given by U;(m,(a){, ® n) =
me(a)ég ®n ® /i’l(a(l)), where a € (G4)o, 1 € S and k denotes the antipode.

Now we define D, = (9, ® 5)(D,) to be the g-deformed Dirac operator. Let us
denote by A the * subalgebra generated by 7,(a) ® 1s on H, := LZ(Gq) ® S. then
Neshveyev and Tuset proved that

Theorem 10.4.1 ([24]) (A, H,, D,) is a spectral triple of compact type. and it is
also equivariant with respect to the copresentations Uy and U, of G, on 'H,,.

This motivates one to ask the following:

Question I: Does QISO™ (D,) exist?

Question I1: Ifit exists, is it a g-deformation of the group of orientation-preserving
isometries for the classical counterpart, i.e., g-deformation of C(ISO™(D))?

Moreover, it is interesting to consider appropriate R-twisted volume forms on the
above spectral triples, and then ask Question II for QISO}r (Dy).

The reader may recall at this point the equivariant spectral triple constructed by
Chakraborty and Pal on SU,(2) [33] which was discussed in Chap.2. However, it
is different from the spectral triple on SU,(2) constructed in [34]. The construction
in [34] is actually a particular case of the general prescription in [24]. Unlike the
spectral triple of [34], the Dirac operator for the Chakraborty—Pal example does not
admit a “classical limit” as ¢ — 17, Nevertheless, in [35], we have computed the
quantum isometry group of this spectral triple and observed the following:

Theorem 10.4.2 ([35], Theorem 4.13) In the notation of Example 2.2.8 and Sect. 3.4,
we have for all 0 < p < 1,
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QISO™ (DSVr@) = U, (2),
where the coaction I' of U,,(2) on SU,(2) is given by
M) =a@ui +7* @ uuy, T =a®u up+7*+ uxn.

Towards the end of [24], Neshveyev and Tuset discuss construction of G-
equivariant spectral triples on the quantum homogeneous spaces G,/K,, for suitable
Lie subgroup K of G (see [36] and [37] for another construction). In fact, such spec-
tral triples are constructed by restricting the Dirac operator D, discussed before to a
suitable subspace of H,;, which is K -invariant in an appropriate sense. The SU,(2)-
equivariant spectral triples on the Podles’ spheres Si,o considered in Chap.2 are
closely related to such construction. One can ask analogues of Questions I and II for
the spectral triples on quantum homogeneous spaces as well. In fact, we have given
an affirmative answer to Question II for the example of Podles sphere in Chap. 4. In
an ongoing joint work with Mandal [38], the second author seems to have obtained
an affirmative answer to Question II for a natural class of R and for ¢ in a small
enough neighborhood of 1.

10.5 Quantum Isometry Groups for Metric Spaces

It is a natural question to ask whether one can formulate a notion of quantum iso-
metric coactions in a purely metric space setup. Indeed, for finite metric spaces, we
already discussed Banica’s approach in Chap.5 and interpreted the corresponding
universal quantum groups as the quantum isometry groups of suitable spectral triples
or Laplacians. We now briefly discuss the more general case. Let (X, d) be a compact
metric space and G be a compact group acting continuously on X. The G-action is
isometric with respect to d if and only if d(x, gy) = d(y, g7 'x)(= d(g~'x, y)) for
all x, y € X, which can be re-written as

(ide ® B)(d) = 023 0 ((id¢ ® K) 0 B ®idc)(d),

where 5 : C(X) - C(X) ® C(G) is the coaction map given by 8(f)(x, g) = f(gx),
073 denotes the flip of the second and third tensor copies and « denotes the (bounded)
antipode on C(G). In order to generalize this to the case of CQG coactions, we
need a well-defined bounded antipode map. However, it is a well-known fact (see
Theorem 3.23, [39]) that any CQG S coacting faithfully on C(X), where X is a
compact Hausdorff space, must be of Kac type, i.e., the Haar state is tracial and
the antipode x admits a norm-bounded extension on S, satisfying x*> = id. This
allows us to define the following notion of quantum isometry in the metric space
setup.
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Definition 10.5.1 ([40]) Let (X, d) be a compact metric space. Given a coaction (3
of a CQG S on C = C(X), we say that (3 is “isometric in the metric space sense” if
the corresponding reduced coaction 3, := (id ® 7,) o 5 of S, satisfies the following:

(ide ® B,)(d) = 023 0 ((ide ® k) o fr ® id¢)(d), (10.5.1)

where as before, 0,3 denotes the flip of the second and third tensor copies, d €
C(X x X) denotes the metric and ~ denotes the (bounded) antipode.

Let us mention that A. Chirvasitu called the above notion “D-isometry” in [41].
Let us consider the category Q™(X, d) of all CQG’s coacting faithfully and iso-
metrically on (X, d) in the above sense, with the obvious morphisms. Clearly, if X
is a finite set, the above definition does coincide with Banica’s definition discussed
earlier and we get a universal object in the category Q™(X, d). The general case
is open, but in [40] an existence theorem has been obtained which covers a very
large class of interesting metric spaces, including all those which are embeddable
(as metric spaces) in some Euclidean space. We state this existence result below, and
refer the reader to [40] for a proof and other discussions.

Theorem 10.5.2 ([40]) Let (X, d) be a compact metric space. Suppose also that
there are topological embedding f : X — R" and a homeomorphism 1) of R™ such
that (Y od)(x,y) = do(f (x),f(y)) for all x,y € X, where we have denoted the
Euclidean metric of R" by dy. Then there is a universal object in Q™" (X, d).

We denote the above universal object by QISO™" (X, d).

Let X be a compact subset of R”, with the Euclidean coordinates given by
Xi,...,X, and let « be a coaction of some CQG Q on C(X). Then the coaction
is isometric in the metric space sense if and only if

> @X)p) — aX) (@) = di(p. )1,

for all p, g € X, where dj denotes the Euclidean distance. Moreover, the coaction «
must be affine, i.e., of the form

aX) =D X;®qi+1®mn, (10.5.2)

J

where, g;;, r; are self-adjoint elements such that the matrices ((g;));; and ((g;i))i;
are unitary elements in M, (Q).

Remark 10.5.3 1t follows from [42] that an arbitrary finite metric space satisfies the
condition of Theorem 10.5.2 with ¥ () = ¢ for some ¢ > 0. This implies that our
existence theorem does extend that of Banica for finite spaces. Examples of metric
spaces satisfying the condition of Theorem 10.5.2 also include the spheres S” for all
n>1.
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If the metric space X in Theorem 10.5.2 has at least 4 components each of which
is isometric to some given set, QISO™(X, d) will have SI as a quantum sub-
group, hence genuine. It is more interesting to compute QISO™" (X, d) when X is
connected and see whether it is a genuine CQG or not. We refer to [43] (see also
[44]) for a rich source of such examples. In fact, for a compact connected X € R”,
QISO™e(X d) coincides with C(ISO(X, d)) whenever X has nonempty interior
in R”. We refer the reader to [40] for explicit computations of QISO™(X, d) for
more examples.

For a compact connected Riemannian manifold M one has a natural metric d
coming from the geodesic distance and it is interesting to compare the correspond-
ing quantum isometry group QISO™"¢ (M, d) (whenever it exists) with the geomet-
ric quantum isometry group QISO* (M) defined in Chap.3 in terms of the Hodge
Laplacian. We make the following:

Conjecture QISO™(M, d) exists and equals QISO* (M) = C(ISO(M)).

A.L. Chirvasitu has recently proved this fact for negatively curved M [45].

There is also an attempt by Sabbe and Quaegebeur in [46] to give such a for-
mulation for even more general framework of compact quantum metric spaces a
la Rieffel [47]. We do not go into the details of this approach here, as we did not
define a compact quantum metric space (CQMS) in this book. However, for the
metric spaces case, it is based on the following observation : an equivalent condi-
tion for a continuous action by a group G on a metric space (X, d) is the inequality
d(gx, gy) <d(x,y) forall x,y € X and for all g € G. This follows because we can
replace x, y by g~'x, g~y (respectively) to get the reverse inequality. This condition
is also equivalent to |f(gx) — f(gy)| < 1 for all g € G for all f € C(X) satisfying
f(x) —fO)| <d(x,y) for all x,y € X. This leads to the following definition of
quantum isometry in [46]: call a coaction § of a CQG S on X to be isometric if
I8¢ (x) — B < 1 for all x, y whenever [f(x) —f ()| < d(x,y)¥x,y € X. In
[46], the authors took this as the definition of quantum isometry and proved that this
is equivalent to Banica’s definition for finite metric spaces. It is also easy to see that
the definition of quantum isometry given in [40] implies that of [46]. However, the
following questions are still open:

Question I: Do the notions of quantum isometric coactions given by [40, 46]
agree in general?

Question II: If the answer of Question I is negative, does there exist a universal
quantum isometry group for the category of CQG’s coacting isometrically in the
sense of [46]?
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