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Abstract

The investigation of quantum entanglement has emerged as a prominent area of
study in theoretical high-energy and condensed-matter physics. Initially driven
by motivations rooted in black hole physics and the holographic principle, entan-
glement has been revealed to be a powerful tool for probing quantum many-body
physics. This thesis is primarily concerned with the investigation of entanglement
in 1D critical systems with open boundaries via entanglement quantifiers such
as the Rényi Entanglement Entropy (REE) and the Von Neumann Entanglement En-
tropy (EE). This is done by employing the replica trick and twist field formalism,
which allows one to reduce the calculation of REE in critical systems with open
boundaries to the determinations of correlators in a 1+ 1D cyclic orbifold Boundary
Conformal Field Theory (BCFT). In this framework, we first establish an exact and
general result for the second REE of an interval in the bulk of such a system. Then,
we specialize to critical one-dimensional quantum models described by compact
boson BCFTs with Dirichlet and Neumann BC, for which we are able to calculate
the REE of an interval more generally. As a by-product, we also obtain results for
the REE and EE of systems described by a non-compact boson BCFT. The thesis
also explores the calculation of REE for mixed BCs, in which case one needs to
use the Boundary Condition Changing Operators (BCCOs) formalism. The analytical
results for these investigations are compared with appropriate lattice numerics,
to good agreement. Additionally, an algebraic framework is presented for cyclic
orbifold conformal field theories, offering insights into their operator content and
fusion rules, which complements the more physical and geometrical approaches
of the other investigations.



Contents

Introduction 5
1 Entanglement, conformal field theory and all that 10
1.1 Ageneralsetup . . ... ... ... ... ... L. 10
1.1.1 Whatis a good entanglement measure? . . . ... ... ... 11
1.1.2  Entanglement measures for purestates . . . ... ... ... 14
1.2 Entanglement for 1D quantum systems - The replica trick . . . . . . 15
1.3 The twist field formalism at criticality . . ... ... ... ...... 17
14 REEinsystems withopenBC . . . ... ... ... . ... ..... 22
1.5 Outline . . ... ... ... ... 24
2 Second Rényi entropy and annulus partition function for one-dimensional
quantum critical systems with boundaries 26
21 Summary . . .. ... 26
2.2 Exact calculation of the second Rényientropy . . . . ... ... ... 30
22.1 Conformal equivalence to theannulus . . . . . ... ... .. 31
2.2.2 Rényientropy of an interval in thebulk . . . . ... ... .. 32
2.2.3 Rényi Entropy of an interval touching the boundary . . . . . 34
224 Compactboson . ... .......... ... ... .. .. 35
225 Other entanglement measures . . .. ............. 36
2.3 Comparison with numerics and finite-size scaling . . . .. ... .. 39
23.1 Rényientropy in a quantum Ising chain . . . . . .. ... .. 39
2.3.2 Finite-sizeeffects . . . .. ... ... ... . 00 L 42
24 Conclusion . . . . ... ... L o 45
3 Entanglement entropies of an interval for the massless scalar field in the
presence of a boundary 46
31 Summary. . ... ... ... ... 46
3.2 Entanglement entropies in the unitdisk . . . ... ... ... .... 54
3.2.1 Partitionfunction . . . .. ... ... ..o 0oL 55
3.2.2 Decompactificationregime . . .. ... ... ......... 62
3.3 Numerical results from harmonic chains . . . . . ... ... ... .. 64
34 Conclusions . .. ... ... ... 75

4 Renyientropies for one-dimensional quantum systems with mixed bound-

ary conditions 76
41 Introduction . .. ... ... ... .. ... ... o L 76
4.2 Setup and summary of analyticresults . . . ... ... ... ... .. 78
4.3 Numerical results and finite-size corrections in quantum chains . . 82
43.1 The Ising quantum chain with mixed BC . . ... ... ... 83
4.3.2 The three-state Potts quantum chain with mixed BC . . . . . 86

1



CONTENTS

44 Thecyclicorbifold . ... .... ... ... ... . ... . ... ... 93
441 The cyclic orbifold on the Riemann sphere . . . ... .. .. 93
442 The cyclic orbifold on the upper half plane . . . . . ... .. 96
443 Operator algebra of the cyclic orbifold BCFT . . ... .. .. 98
4.5 Differential equations in the Z, and Z; orbifold BCFT . . . . . . .. 100
451 The function (W, - 0 - W1) in a generic Z, orbifold . . . . . 101
452 The function (W1, - 05, - W12) in a generic Z, orbifold . . . . . 104
453 The function (W1, - 0 - W12) in a generic Z; orbifold . . . . . 108

454 The function (Wi, - 013 - W1) in the Z; orbifold of the Ising
model . ... ... ... 109

45.5 Morehypergeometric differential equationsin the Ising cyclic

orbifold BCFTs . . . ... ... ... ... ... . ...... 111
46 Conclusion . . .. ... ... ... .. ... o 112
5 Operator algebra of the cyclic orbifold 114
51 Summary . . ... .. ... .. ... 114
52 Cyclicorbifolds . . ... ...... .. .. .. .. o 116
521 Thecyclicorbifold CFT . . ... ... ... .......... 116
522 Orbifold Virasoroalgebra . . . . ... ... .......... 118
523 Orbifold induction procedure . . . . . ... ... ... .. .. 120
5.3 Operator content, OPEs and conformal blocks . . . ... ... ... 121
53.1 Invariantoperators . . . ... .. ... ... ... ... ... 121
53.2 Invariant Hilbertspace . . . . . ... ... ...... ... .. 124
533 Onfusionnumbers . . . . ... ... ... ... ..., 125
53.4 (Extended) conformal blocks on the sphere . . . . ... ... 129
5.4 Modular properties and Verlinde’s formula . . . ... ... ... .. 131
54.1 Torus partition function . . .. ... ...... .. .. ... 131
542 Modularcharacters . . . ... ... ... .. 00 0L 132
543 Fusionrules . ... ... ... .. Lo oo 134
5.5 Example applications . . . . ... ... oo Lo oL 135
5.5.1 The Z; orbifold of the Yang-Lee CFT . . . . .. ... ... .. 135
5.5.2 Counting conformal blocks of twist correlators . . . . . . .. 138
56 Conclusion . . .. ... ... . ... L 139
6 Epilogue 141
Acknowledgements 143
A Appendix for chapter 2 144
A.1 Conventions and identities for elliptic functions . . . ... ... .. 144
A.1.1 Jacobi theta functions . . ... ... ... ........... 144
A.1.2 Elliptic integral of the firstkind . . . . . ... ... ... ... 145
A.13 Weierstrass elliptic function . . . . ... ............ 145

A2 Alternative derivation of the second Rényi entropy for A, minimal
models . . . ... 146
A.3 Annulus partition function for the compactboson . . . .. ... .. 148
B Appendix for Chapter 3 150
B.1 Aninsight from the six-vertexmodel . . . . . . ... ... ... ... 150
B.2 Periodmatrix . ... ... ... ... oL 151
B.3 Green function in the presence of twist fields . . . . ... ... ... 152



CONTENTS

B.4 Interval adjacent to theboundary . . . . . ... ... .. ... ... .. 155
B.5 Limits in the decompactifiedcase . . . . . . ... ... ... ..... 156
B.5.1 Normalization of twist 2-point function . . . . . .. ... .. 156
B52 Thex — l1behaviour . .. ... ... .............. 158
C Appendix for chapter 4 161
C.1 Mother BCFT conventions . . . . .. ... ............... 161
C.2 Computation of orbifold structure constants . . . . ... ... ... 162
C.2.1 Composite twist one-point structure constant in the Zy orb-
ifoldBCFT . . . ... ... .. .. ... ... .. ... ... 162
C.2.2 Bulk-boundary structure constant in the Z, orbifold CFT . . 162
C.3 Orbifold Ward identities for bulk fields . . . ... ... ... .... 164
C.4 Rényi entropies for the critical Ising chain with mixed fixed BC . . 164
C.5 Hypergeometric differential equation . . . ... ... ... ... .. 166
C.6 Derivation of differential equation in the Z; orbifold BCFT . . . . . 167
C.7 Numerical implementation of the Frobenius method . . . . . . . .. 169
D Appendix for Chapter 5 172
D.1 Proofs of the properties of invariant operators . . . ... ... ... 172
D.1.1 Untwistedsector . . ... ... ... ... .......... 172
D.2 Three-pointfunctions . . . . . . ... ... . ... . ... . ... ... 176
D.2.1 Three-point functions of twist operators . . . . . .. ... .. 176
D.2.2 Calculation of a three-point function in the Z; orbifold of
the Yang-LeeCFT . . . . ... .................. 179
D.3 Proofs for modular matrices . . . . .. ... ... .o 0L 180
D.3.1 The modular matricesP, . .. .. ... .. ... ....... 180
D.3.2 The orbifold modular S-matrix . . . ... ... ... ... .. 183



Acronyms

BCCOs Boundary Condition Changing Operators
BCFT Boundary Conformal Field Theory

CFT Conformal Field Theory

EE Von Neumann Entanglement Entropy

LOCC Local Operation Classical Communication
RDM Reduced Density Matrix

REE Rényi Entanglement Entropy

UHP Upper Half Plane



Introduction

The understanding of entanglement in quantum systems has emerged as a para-
mount research area across multiple scientific communities. The idea of persisting
quantum correlations between particles separated by vast distances’ was first
proposed in the landmark paper by Einstein, Podolsky, and Rosen (EPR) [1], where
they argued on the incompleteness of quantum mechanics in the Copenhagen
interpretation, due to its allowing of this type of “spooky action at a distance”.
In the decades since the EPR paper, many of the problems raised by [1] have been
addressed, but the core issue persists to this day: entanglement is a deeply puzzling
feature of quantum mechanics.

Consequentially, it has inspired a great deal of research into the foundations
of this subject [2-4] , complemented by experimental investigations [5]° which have
established it as a substantial research interest. However, it could be said that the
study of entanglement truly came into its own at the end of the second millennium,
when the potential of quantum computing became apparent to scientists and
funding agencies alike, following a series of important theoretical breakthroughs.

These advancements consisted of algorithm proposals for quantum computa-
tions, that would surpass the limits of efficiency of classical programming methods
for certain types of problems. We mention, non-exhaustively, the Deutch-Jozsa
[6], Shor [7] and Grover algorithms [8], as well as the first quantum teleporta-
tion protocols [9]. All of these methods would be, of course, a purely theoretical
achievement if not for the development of quantum error correction proposals
[10] around the same period, which paved the way for their real-life implementa-
tion. A key element in the design of these types of proposals is the entanglement
between the different qubits involved in the computation. For certain algorithms,
working with highly entangled states for qubits can lead to important speed-ups
[11], while in the domain of quantum cryptography, entanglement is essential for
the secure distribution of encryption keys between remote participants [12].

Aby-product of these developments was the understanding that entanglement
isa very useful resource for the numerical and analytical characterization of many-
body quantum systems. This lesson has been especially illuminating in the study
of their continuous phase transitions, for which the quantification of entanglement
offers new insights into their properties, as later paragraphs will show.

Consider then a critical quantum system in D’ dimensions. In such systems,
continuous phase transitions can occur at absolute zero temperature and are char-
acterized by abrupt shifts in the system’s ground state and collective properties
due to quantum fluctuations. Standard techniques allow for the mapping of D’-
dimensional quantum systems, at temperature T, to classical statistical models

IThe term ”Verschrankung” (entanglement) has first been used by Schrodinger in a reply to the
EPR paper

2Einstein, private communication with Bohr

3Complimented with a Nobel Prize in 2022
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in D = D’ + 1 dimensions [13]. Through this mapping, the quantum imaginary
time is traded for an additional spatial dimension in the statistical model, with a
length proportional to 1/T. Then, the Hamiltonian of the quantum system can be
interpreted as the anisotropic limit of the transfer matrix of the classical statistical
model [14]. Furthermore, a continuous phase transition occurring in the quantum
system at T = 0 corresponds to the same type of critical phenomena observed in
the higher-dimensional classical system, infinite in one of its dimensions.

Now, let’s shift our focus to such a classical critical statistical model in D
dimensions, which possesses a tunable parameter g, since this framework is more
straightforward when it comes to making contact with field theoretical methods.
What characterizes continuum phase transitions in such systems is the power-law
divergence of the correlation length & with respect to g, as we tune it towards its
critical value. At the critical point itself, the correlation length becomes infinite,
which implies that microscopic degrees of freedom are strongly correlated on
all distance scales. Close to criticality, power law divergences (with different
critical exponents) also characterize physical quantities of the theory such as the
susceptibility, and specific heat.

In these regimes, interesting conceptual consequences follow, from the uni-
versality hypothesis: there is a subset of properties of a system close to the critical
point (such as critical exponents and shape of correlation functions) of a contin-
uous phase transition that does not depend on the microscopic details of their
interactions. In consequence, critical statistical models can then be organized
into comparatively few universality classes, determined by their global features
(dimensionality, global symmetries, etc.).

Early support for these ideas was provided by Landau’s theory of continuous
phase transitions, through which one presupposes an ansatz for the free energy of
a system as a function of the order parameter of the system so that it satisfies some
global symmetry. This hypothesis is then used to obtain results for the critical
exponents. This approach is valid, as long as fluctuations of the order parameter
around its extremal value can be safely neglected, as is the case for systems of
dimensions D > 4. For low-dimensional systems, however, the wrong results
(compared to experiment) are obtained, and one needs to employ a different
framework.

This framework is the renormalization group, an approach with a tumultuous
history that spans decades and has fundamentally changed the scientific paradigm
on the formulation of physical models. The idea of renormalization first appeared
in the first half of the 20th century, as an ad-hoc mathematical artifice one must
employ in perturbative calculations of particle physics, to obtain a finite result.
This procedure introduced the idea that each QFT has an energy scale of validity,
as well as a general sense of dissatisfaction for generations of theoretical physicists
between the 1950s and 1960s.

It was the pioneering work [15] of Kenneth Wilson that resolved this impasse
and, as a by-product, modified how we conceive of physical models, to this day.
The conceptual starting point of this approach, first implemented for the 2D Ising
model [16], is to consider the transformation of a theory with couplings {g,} under
some type of coarse-graining operation. In the case of [16], the operation consists
of dividing the initial lattice of size L = Na, with lattice spacing a into blocks of size
a’ = ba of adjacent spins, and assigning to each of them a new block spin variable.
Then, one arrives at a model for the block spins, on a lattice of size L, with lattice
spacing a’, and possibly higher-point interactions. In consequence, this block RG
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transformation has effectively mapped the initial theory to a new one.

In a generalization of this, Wilson proposed that such considerations extended
to all physical models, including QFTs. In this general framework, any theory
comes with a built-in energy scale and couplings that depend on it. Under
RG transformations, the scale is changed, and, implicitly, the couplings, so that
theories “flow” into other theories. This procedure can be iterated until one arrives
at a fixed point of the RG transformation, where the model is scale-invariant. The
theories corresponding to these fixed points, Wilson realized, are exactly the ones
describing continuous phase transitions. This offers a general explanation for the
universality hypothesis: theories in the same universality class are related by RG
transformations to the same fixed point.

The fixed points of the RG flow correspond to scale-invariant QFT defined
on a D dimensional Riemannian manifold. It is conjectured [17] that, for generic
D, under reasonable assumptions®, the symmetry of the theory is enhanced to
conformal invariance - the set of transformations that preserve angles between
curves. The conjecture is open, with a few notable exceptions. One of them is D =
4, for which this statement has been proven to all orders in perturbation theory
[18], but a complete, non-perturbative proof only exists for the two-dimensional
case [19, 20].

This is not the only way in which the D = 2 case is special. In two dimen-
sions, the symmetry has an infinite number of generators. The consequences of
this realization have been integrated into a unified theoretical framework for the
treatment of 2D Conformal Field Theory (CFT) by Belavin, Polyakov, and Zamolod-
chikov in the seminal paper [21], published in 1984. This work has proven to
be extremely influential, leading to progress in string theory, mathematics, and,
most relevantly for this thesis, the study of critical phenomena. To do a just
and complete presentation of this continuously growing body of work is beyond
the scope of this thesis’, as it would require compressing copious material from
several textbooks and many more research articles [14, 23-25]

In the case of continuous phase transitions, the identification of the scaling
limit of the critical 2D classical model (or 1D critical quantum chain) as a specific
2D CFT enables the exact calculation of critical exponents and correlators. This
breakthrough has significantly contributed to the quantitative understanding and
classification of numerous continuous phase transitions [21]. As the formalism
of 2D CFT has evolved, it has been extended to accommodate more features of
discrete systems, such as extended symmetries [26, 27], boundaries [28-33], and
defects [34-36]. Finally, 2D CFT plays an essential role in the quantification of
entanglement in 1D critical quantum systems, which we will now clarify.

Let us consider a quantum system, prepared in some pure state, and define
a spatial bipartition on it, say A|B. One then constructs a function (entanglement
measure), satisfying certain common-sense properties®, that associates a real num-
ber to each pure state. This essentially quantifies how the entanglement between
the subsystems changes depending on the choice of bipartition.

A very important such function’ is the Von Neumann entanglement entropy
Sa. Crucially, for the ground states of a large class of many-body systems with

*These include reflection positivity, invariance under isometries of the spacetime, and others.
See [17] for a detailed discussion

°For a partial interdisciplinary summary of this material, we recommend the presentation [22]

®The meaning of common-sense will be explored in the next chapter

"Depending on one’s definition, it can be considered the unigue measure of entanglement for
pure bipartite states as we explain in Section 1.2

7
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local interactions, this function has been observed to satisfy the area law : the
entanglement entropy scales with the size of the boundary separating A|B.

The first instances of this intriguing relation were discovered in old works on
the thermodynamics of black holes [37] [38], where entanglement was proposed
as an explanation for their entropy. Recent developments in the AdS/CFT research
have identified an area law as being connected with the holographic principle in
QFT which can be formulated in layman’s terms as: the information content of a
region of spacetime should depend on its surface area rather than on its volume. For a
detailed presentation of these topics, we refer the reader to specialized reviews
and textbooks [39, 40]

We stress that the “area law” only addresses the leading behaviour of S
and there are situations in which the subleading terms also contain interesting
information. This is the case, for example, in two-dimensional quantum systems
exhibiting topological order, for which the subleading correction to the area law is a
constant known as topological entropy y [41, 42]. This quantity encodes information
about the topological phase in the system and can be used to detect it.

For one-dimensional quantum systems, if the area law holds, the entanglement
entropy will saturate, to a constant value, independent of the choice of bipartition.
This is the case for the ground state of any local, gapped Hamiltonian of spins with
finite couplings and system size, as proven rigorously by Hastings in [43]. For
non-critical free bosons and fermions as well, the area law is known to hold, albeit
there are no rigorous proofs for this yet [44]. However, the scaling of S, becomes
much more interesting when the area law does not hold, for instance when some
assumptions of [43] are relaxed. An intriguing example can be found in [45],
where a semi-infinite 1D quantum chain with nearest-neighbour interactions has
been engineered such that the entanglement entropy in the ground state satisfies
a volume law S, ~ € with respect to the interval size ¢.

The area law can also be invalidated at criticality when the Hamiltonian be-
comes gapless. The behaviour depends on the properties of the system, such as
boundary conditions, as well as the nature of the bipartition. In the seminal work
of [46], a systematic approach to the calculation of the entanglement entropy using
the methods of 2D CFT has been put forward. One of the most well-known results
obtained in this framework [47, 48] is the leading contribution to the entanglement
entropy of an interval of length ¢ in an infinite system, S4 ~ ¢/3log ¢ where c is
the central charge of the CFT that gives the scaling limit of the studied discrete
system. For more intricate setups, the infringements to the area law become more
mathematically involved. We will relegate these details of the method to the next
chapter, as they are too gruesome to include here. The main idea, however, is that
one can obtain, using 2D CFT, analytic predictions for the entanglement entropy
associated with a critical system — with good analytic control on both leading
and subleading contributions to it.

Understanding the dependence of the entanglement entropy on the length
scales of the system, through the area law or its replacements for critical systems,
also plays a crucial role in numerical quantum many-body studies. The “brute
force” simulation of a generic state in the Hilbert space of such systems is ex-
tremely challenging due to the exponential growth in the number of particles of
the parameters necessary to store it. In consequence, the system sizes one can
study with these methods are quite puny.

To circumvent these difficulties, methods for state approximation have been
developed, such as the Matrix Product State (MPS) representations of elements
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of the Hilbert space. These are used in conjunction with methods like the Den-
sity Matrix Renormalization Group (DMRG) [49] to study the energy spectrum
and correlation function of the model. These numerical approaches are based
on sensibly disregarding a subset of the Hilbert space of the system (and their
contribution to the quantities of interest) to save on computational resources. The
amount of entanglement in the state determines how much of the Hilbert space
we can “safely” discard for a particular numerical evaluation.

As discussed previously, for states of 1D local, gapped systems that obey the
area law, the entanglement entropy in the system saturates as we increase their
size, which means one can get very precise numerical results through DMRG
methods at a convenient computational cost (see [50] and references therein).
We remark that these techniques do not generalize straightforwardly to higher
dimensions, since, for D > 2, the entanglement entropy of states satisfying the area
law scales with the perimeter of the subsystem [44], so that eventually limitations
of digital storage are reached, for large enough subsystem sizes.

For 1D critical systems, additional challenges appear, as the entanglement
entropy does not saturate but grows with respect to the size of the system. In
consequence, constructing a faithful MPS representation of a state requires, in
principle, progressively more computational resources as one considers bigger
systems. To surmount these issues, modifications to the MPS approach can be
implemented [51], but another approach is to approximate the state by using
the Multi-scale Entanglement Renormalization Ansatz (MERA) [52]. This latter
approach is more accurate in the calculation of correlators and more natural for the
simulation of ground states of critical systems due to its scale-invariance, but can
sometimes be less efficient than the MPS approach when it comes to computing
ground state energies and other local observables [53].

Having given a modicum of context on the relevance of entanglement to
different areas of physics research, let us now finish this introductory section with
a brief teaser of the chapters to come. In Chapter 1, we present a few notions
of quantum information to give a quantitative definition of what entanglement
measures are and discuss the ones relevant for this work. We follow this with
a review of the replica approach to the calculation of entanglement entropies
in critical systems, from a lattice perspective, and how this reduces, essentially,
to the evaluation of correlators in a cyclic orbifold CFT. The next four chapters
are in correspondence with the different projects completed during this doctoral
program, for which the overarching themes are the study of entanglement in
systems with boundaries and a more formal understanding of the properties of
cyclic orbifold CFTs. We will give a more detailed summary of their content at
the end of the technical introduction of Chapter 1.



Chapter 1

Entanglement, conformal field theory
and all that

This chapter aims to explore the intricacies of quantifying entanglement in quan-
tum systems. We will commence by presenting a few notions of quantum infor-
mation theory, allowing us to discern the characteristics of a reliable measure of
entanglement for pure states in bipartite systems. Then, we will introduce the
entanglement measures of relevance for the present work, the REE, and review
the replica trick approach to their calculation in 1D critical systems, focusing on the
lattice realization of this formalism. Consequently, we review the twist operator
approach and assess the main achievements and difficulties of this method.

1.1 A general setup

We consider a quantum system S, with Hilbert space H, defined on some spatial
domain C. The state of such a system is encoded in the density matrix p, which is a
hermitian (p = p*) and positive semi-definite (p > 0) operator, normalized such that
Trp = 1. From these properties, one infers that the eigenvalues of p are strictly
non-negative and sum up to 1.

If the density matrix can be written as p = [W) (W[, with |V) € H, we classify
the state of our system as pure. If this is not the case, the system is in a mixed
state. In practice, to distinguish between these two kinds of states, it is sufficient
to calculate the quantum purity of p , defined as y = Trp* = }; A?, where A; are the
eigenvalues of p. We then have:

Trp? < 1 (mixed) Trp* = 1 (pure) (1.1)

In all the physical setups presented in this thesis, the initial state of the system is pure, so
we will focus our attention on states with Trp* = 1.
Let us now consider a bipartition of C into regions A and B, such that the
Hilbert space H factorizes'
H =Hr®Hp (1.2)

where H,, Hp encode the degrees of freedom in regions A and B respectively.

!In lattice gauge theories, for example, the Hilbert space of physical (gauge-invariant) states
does not admit such a tensor product decomposition with respect to the Hilbert spaces of each
subsystem and the quantification of entanglement becomes more subtle. Several proposals have
been put forward to address this issue [54-56]

10



Chapter 1 — Entanglement, conformal field theory and all that

One of the central objects employed in the study of quantum entanglement is
the Reduced Density Matrix (RDM):

pa = Trg[W) (W] (1.3)

defined as a partial trace over the Hilbert space of the subsystem B. It is important
to note that the partial trace operation does not, in general, preserve the purity of
the state, a fact that can be easily deduced from the Schmidt decomposition .

Schmidt decomposition

Let there be a quantum system, composed of two subsystems A and B with
Hilbert space dimensions dy4, dp respectively, and let d = min (d4,dp). Any
pure state |¥) has a Schmidt decomposition

d
W)=Y wili, A)li,B), (14)
i=1

where y; > 0 are known as Schmidt coefficients and {|i, A)}, {|i, B)} are sets of
orthonormal vectors in A and B respectively. The Schmidt rank r is defined
as the total number of non-vanishing Schmidt coefficients.

\. J

Using the Schmidt decomposition for some generic pure state p, and taking
the trace over Hjp, one now finds:

d
pa =) Aili, A) (i Al (15)
i=1

where the eigenvalues A; = u? of the RDM, also referred to as the entanglement
spectrum, are determined by the Schmidt coefficients. We can then conclude that
the RDM is pure if and only if there is only one non-vanishing Schmidt coefficient
i equal to unity. This is equivalent to the factorizability of the initial state [W) (V|
over the bipartition A|B, and thus, it implies there is no entanglement between A
and B [57].

On the other hand, (1.4) also allows us to define a notion of maximally entan-
gled states |W,,,,)[57] - states for which all Schmidt coefficients are identical and
non-vanishing so that i; = 1/ Vd.

The RDM is essential for constructing entanglement measures - scalar quantities
that allow us to meaningfully characterize entanglement. To understand what a
“good” entanglement measure is, we will introduce a few more concepts from
quantum information theory, following standard references [57, 58].

1.1.1 What is a good entanglement measure?

It is pedagogical to frame our discussion in the foreground of an imaginary ex-
perimental setup: Alice and Bob are researchers, working together on a quantum
system S, prepared in some initial pure state |¥). They implement a bipartition
A|B of the system, and each of them carefully(without changing |W¥)) transports
the subsystem labelled by the initial of their name to their private workstations.
There, they are allowed to perform operations on the partition in front of them.

11



Chapter 1 — Entanglement, conformal field theory and all that

Now, we should establish what kind of operations Alice and Bob are allowed
to perform on their quantum subsystems - these are formalized by the notion of
quantum channel.

Definition 1.1. Quantum channel/Proper quantum operation A quantum channel
is a linear map © between density matrices that acts as:

p—p =d(p) =) AipAl
i
where the matrices A; are known as Kraus operators, and are constrained to satisfy

Z AfAi =1 (1.6)

NB: In general, the states p and p’ can belong to different Hilbert spaces, so that the Kraus
operators are not necessarily square matrices.

The condition (1.6) ensures that the map ® is trace-preserving, i.e. Trp" = 1.
Now, with respect to the bipartition A|B of our system, we can define the notion
of local operation.

Definition 1.2. Local operation Consider two quantum channels ®,, ®@p, acting on a
state p as:

p = Palp) = ) (A @ Ip)p(Af ® )

1

p = ®y(p) = ) (14 ® B)p(ls © BY)

j
A local operation is then defined as the quantum channel ®, ® @p acting on states

p as:
[Ps® Dg](p) = E § ,(Ai@B/')P(A;r@B;)
i

where the condition:

Y (Ao B)(Ai@B) =1
ij
follows trivially from the trace-preserving property of @4 and Og.
We will also define here the slightly less restrictive separable operations:

Definition 1.3. (Separable operations) A separable operation Dg is a quantum
channel acting on a state p as:

p = Ds(p) = Z (Ai®B:)p (AlT ® B}) (1.7)

with A; and B; acting in Hy and Hp, respectively.

Note that for a separable operation ®s one can have ZZ-A:TAi 1, B}Bi * 1.
This means that the set of local operations LO is a subset of the set of separable
operations SO[57].

Referring back to the experimental setup of Alice and Bob, their tinkering with
the subsystems A and B can be understood as a local operation acting on the initial
state of the system p . On top of this, the researchers are allowed to exchange

12



Chapter 1 — Entanglement, conformal field theory and all that

among themselves classical information, in the sense of Shannon information
theory[59]. Combinations of local operations and transmission of classical infor-
mation constitute a fundamental type of process in quantum information theory,
known as Local Operation Classical Communication (LOCC). A simple example of
LOCC would consist of Alice measuring an observable on the subsystem A, and
communicating the results to Bob.

Although intuitively easy to understand, LOCC operations have technically
involved formal descriptions. They have been rigorously defined, initially for
protocols with a finite number of rounds of classical communication in [60], and
generalized to an infinite number of rounds in [61]. In practice, however, these
definitions are difficult to use and instead one takes advantage of the fundamental
result of [62], which establishes that the LOCC protocols form a subset of SO so
that any LOCC protocol can be written in the form (1.7).

Moving on, we can now establish what criteria define an entanglement mea-
sure for pure states. There is some uncertainty in the literature regarding the
minimal set of properties such a quantity should satisfy, so we will differentiate
between universally accepted axioms and additional constraints on entanglement
measures, following [58].

Entanglement measures

Consider a quantum system S with Hilbert space H of finite dimension
d = dimH, and a spatial bipartition of it A|B. Then, let there be a map
E : M — R* with M, the set of pure density matrices of S (acting on H) .
We say E(p) is an entanglement measure with respect to A|B, if it satisfies the
essential properties[58, 63]

1. Monotonicity (under LOCC) Let @ be a LOCC operation, such that
®(p) € M. Then we must have

E(p) = E(®(p))

2. Discriminance E(p) = 0 if p is separable

Then, there are additional properties one can require, of which we
mention [58]:

3. Normalization If p € M is maximally entangled, then E(p) = log(d)

4. Asymptotic continuity Let there be two sequences of Hilbert spaces
{7—(1(4")} and {ng")}, and define, for each 1, the space H™ = 7-(1(4") ® ‘7—(,;").
Then, we say that E(p) satisfies asymptotic continuity if, for any two
sequences of pure states {p,} and {0,}, with p, and o, acting on H,, one

has
5 (Pn) — I8 (Gn)
1 + log dim H,

Heuristically, this property ensures that the entanglement per qubit
is continuous under “small” changes in the state - such as adding
and removing a relatively small number of qubits to the system [60].
For measures that do not satisfy the above property, one can engineer
setups exhibiting entanglement locking [64], for which removing (or
measuring) even a single qubit from a state can dramatically change
the value of the entanglement measured by E(p).

—0asn— oo (1.8)

”pn - Gn” - 0=
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We stress that the presentation above holds only for bipartite quantum systems
prepared in pure states. For mixed p, the discussion of what properties a good
entanglement measure should satisfy is much more sophisticated, and we refer
the interested reader to [57, 58] for a detailed treatment.

1.1.2 Entanglement measures for pure states

Arguably the most important entanglement measure for pure states in bipartite
systems is the von Neumann entanglement entropy (EE) which is defined as:

S(A) = =Trpalogpa = —Z Ailog A; (1.9)

where {A;} are the eigenvalues of ps. The EE for pure states satistfies both the es-
sential and additional properties associated with entanglement measures defined
in the previous section [57, 63]. Furthermore, it satisfies a few more important
properties that we will now outline [57]:

1. Subadditivity: Let A,B be subsystems of the quantum system S. The
following inequality holds:

S(A) + S(B) > S(A U B) (1.10)

2. Strong subadditivity Let A, B, C be subsystems of A. The following inequal-
ity holds:
S(AUC)+S(BUC)=S(AUBUC) +S(C) (1.11)

3. Araki-Lieb inequality Let A, B be generic subsystems of the quantum sys-
tem S. The following inequality holds:

IS(A) — S(B)| < S(AU B) (1.12)
Note that for complementary intervals, S(A U B) = 0 and we must have that:

S(A) = S(B) (1.13)

Another important class of measures of bipartite entanglement and a natural
generalization of the EE are the Rényi entanglement entropies (REE) defined as:

5u(A) =

1
T logTrap,  neR" (1.14)

Crucially, the von Neumann entropy can be recovered as the n — 1 limit of
the REE:
S(A) = lin} S.(A) (1.15)

There are a few ”standout” REE, which encode important properties about the
state of the system:

e The Hartley/Max entropy
So(A) = logr (1.16)

encodes the Schmidt rank r of the state of the system p

14
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e The second Rényi entropy
S5:(A) = —log TrApIz4 (1.17)
encodes the purity of the RDM
e Single-copy entanglement/Min entropy
Se(A) = %gg 5.(A) = —log Ayax (1.18)

allows us to recover pimax, the largest eigenvalue in the spectrum of the RDM

We note that, for n # 1, the REE do not fulfil any of the properties (1.10)-(1.12).
Furthermore, they do not satisfy the asymptotic continuity and normalization
properties, so the REE do not qualify as entanglement measures if one includes
these additional constraints in the definition. In fact, for the case of bipartite
quantum systems prepared in pure states, the EE is the unique entanglement
measure that satisties these additional properties [58, 60].

Despite being less impressive quantifiers of entanglement, the REE do hold
an important theoretical advantage over the EE: analytical tractability. The direct
computation of S(A) is difficult, as it requires either the diagonalization of p4, or
an advantageous analytic characterization of ps. Such an approach can be fol-
lowed, notably, for 1D non-interacting fermionic and bosonic many-body systems
prepared in their ground state [65, 66].

For critical 1D models, a different strategy is pursued: one computes the REE
for generic integer n > 2, and then analytically continues (if possible) the result to
n — 1 to recover the EE from (1.15). In the work of Cardy and Calabrese [46],
the versatile replica trick approach to calculating REE has been introduced for this
purpose, which we will now proceed to present.

1.2 Entanglement for 1D quantum systems-Thereplica
trick

To illustrate the replica trick, we will consider a 1D quantum system of N sites
(labelled {0, ...,N — 1}), and lattice spacing € with Hamiltonian H and periodic
BC, at zero temperature. The system is prepared in its ground state [W,) Now,
we introduce a spatial bipartition of the system into two subregions, namely the
interval A = [u,v] with 0 < u < v < L = Ne and its complement B. The aim, then,
is to calculate the n'" REE of [W) with respect to this bipartition.

We will assume that the quantum Hamiltonian for the physical 1D system
is obtained in the anisotropic limit [67] of the transfer matrix of a classical 2D

statistical model, which we call M. Let us now consider a pair of states |a) , |B) for
the subsystem A. We can then express the elements of the RDM:

(pA)ap = (al Trp(|Wo) (Wol) B (1.19)

in the path integral approach
Zap

7z’

(Pa)ap = (1.20)

where Z; stands for the partition function of M on C; (the infinite cylinder of
width L), and Z; is the partition function on the infinite cylinder with a cut along
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Figure 1.1: (a) The cylinder partition function associated to a matrix element (p4).s
of the ground-state density matrix p4. The solid grey edges are identified. (b)
The partition function associated to Tra(p’) for n = 3. The solid grey edges are
identified. The colours on the sides of the slits indicate the sewing order of the
copies.

the segment [u, ] of length £ = v — u, and boundary conditions defined by the
configurations a and f on both sides of the cut: see Fig. 1.1a. By construction,
pa has unit trace. If n is a positive integer, the quantity Tra(p’;) is obtained by
stacking n copies of the cylinder, and connecting them cyclically along the cut, to
form the replicated surface R, depicted in Fig. 1.1.b. Thus, we have the relation

Zy

Tealpl) = 2%, (1.21)
1

where Z, is the partition function of the model M, supported on the replicated
surface R,. This surface is a ramified covering of C;, with branch points located
at the extremities of the interval A. Geometrically, these branch points are conical
singularities with an excess angle 2nt(n — 1). Conical singularities are not singu-
larities as far as the smooth (and even complex) structure is concerned?. But they
are singularities in the sense of Riemannian geometry: while the metric is flat ev-
erywhere else on R, there is a delta-function of negative curvature (proportional
to the excess angle) localized at each branch point, following the Gauss-Bonnet
theorem [68].

Instead of working with replicated surfaces, we can adopt a different perspec-
tive, and replicate the degrees of freedom. To establish this idea, let us consider in

more detail the 2D statistical model M, which we can take, for convenience, to be a
classical spin model on the infinite cylinder, with nearest-neighbour interactions.
The partition function on C;, is

zi =Y [ wist),s(1, (1.22)
{s@} <ij)

where s5(i) is the spin on site i, (i, j) denotes a pair of neighbouring sites, and W is
the Boltzmann weight which defines the local interaction.

%in the sense that there exists a smooth (and in fact holomorphic) coordinate chart about any
branch point.
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For any positive integer n, we can define the discrete cyclic orbifold of M.

This model, which we denote M,, lives on the original surface C;, which we
parametrize using discrete coordinates m € {0,N — 1} and ¢ € Z, so that u = m,e
and v = m,e. However, at each lattice site i, we have n independent spin
variables (s1(i),...,s,(i)), and the nearest-neighbour interactions are given by
HZ;& WIs4(i),54.(j)] — in other words, the copies a = 0,...,n — 1 are decoupled.
The partition function for n decoupled copies thus reads

zm) =Y 1 H Wisa(i), sa()] = Z; (1.23)

{sa()} (L,j) a=1

Local operators are n-tuples of M-operators. Additionally, since the model has an
internal Z,, symmetry generated by cyclic permutations of the copies, we can have
topological defects, which are oriented lines across which the local interaction is
modified as W[s,(i),s.(j)] = WIsa(i),5.+1(j)]. We thus introduce the lattice twist
operators o and ¢, which insert the endpoints of a topological defect of this type.

We note that the construction of such defect operators is pretty standard in
statistical models enjoying a discrete or continuous symmetry - this includes for
instance Z, disorder operators in the Ising model [69], and “electric” defects in
the six-vertex model [33]. In consequence, one can establish the relation:

Zy

— 1.24
ZT 4 ( )

A At
<Omu,00_mv,()> =

where we have employed the translational invariance of the model to set the
“time” coordinate of the twist operators to t = 0. The left-hand side is a correlator

of the orbifold model ﬁn on the infinite cylinder, and the numerator Z, on the
right-hand side is, as above, the partition function of the original model M on the
ramified covering R, of C;.

By generalizing the above construction, one can establish that correlation func-
tions of twist operators on a generic Riemann surface X exactly correspond to

partition functions of M, supported on ramified coverings X, of £ with branch
points at the position of the twists. In this way, the Rényi entropy of an interval
A = [u,v], for positive integer, n > 2 is related to a correlation function of twist

operators in the cyclic orbifold of M:

1

Su(A) = 1-n

10g<’a\mu/0’5}1—1m0> . (1.25)

where m, and m, once again denote the discrete coordinates of the extremal sites
in the interval.

1.3 The twist field formalism at criticality

While the replica trick approach presented in Section 1.2 is valid for generic 1D
quantum systems, it leads to particularly impressive results when the models are
tuned to criticality.

The scaling limit N — o0, ¢ — 0, and L = Ne = const. of the lattice model

//\7(, with lattice spacing € supported on the cylinder, C;, is the 2D CFT M with
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Euclidean spacetime C;. In the context of our discussion, M is referred to as the
mother or seed CFT and has a central charge c.

Similarly, the scaling limit of the lattice theory M, living on C;, corresponds
to the cyclic orbifold CFT M,, which is defined on the infinite cylinder of cir-
cumference L and has a central charge of nc. To construct a cyclic orbifold CFT,
one replicates n times the theory M, resulting in M®", the tensor product of n
copies of M. This replicated theory possesses a global discrete symmetry, namely,
invariance under permutations of the n copies.

Next, one needs to gauge the Abelian Z, subgroup of cyclic permutations.
This process involves enlarging the space of configurations to include oriented
defect lines that implement a Z,, domain wall. This means that the new theory
includes configurations that are related by cyclic permutations of the n copies, as
well as configurations that differ by the insertion of a Z,, domain wall.

In consequence, the spectrum of M, consists of two types of operators. On
one hand, the theory contains untwisted fields ¢; ® ... ¢,, which are simply n-
tuples of operators in the seed CFT M. Additionally, the theory contains twisted
operators O™ with an associated Z,, charge [k] which insert defect lines in the CFT.
To understand their effect, let us consider untwisted operators of the type:

Pp=10 0100810 - 01, (1.26)
(@)

where 1 is the identity operator in the mother CFT M, and ¢ acts on copy (a). The
monodromy of a twisted field O™ relative to ¢ is:

D (€*™z,e72"z) - OM(0) = P_p(z,2) - O™(0). (1.27)

meaning the O implement the cyclic permutation symmetry on the ¢ .
Of key importance are the bare twist fields o'!!, gI~11, which we often denote, for
convenience g, 0. They are primary operators, with conformal dimensions [70]

hy = hy = c/24(n — 1/n) (1.28)

and are the most relevant twist operators with charges +1. Under the state-operator
correspondence, they are associated with the lowest energy states in the twisted
sectors 1.
In this framework, one can recover, following [46, 71], the CFT counterpart to
the relation (1.24):
Z(Zn)

Z@y
where Z(X,) is the partition function of the mother CFT M on the surface ,,, and
(w;, @;) are coordinates on the surface L.

Similar relations to (1.29) can be inferred for orbifold correlators with both
twisted and untwisted field insertions:

= (o(w1, W)0" (W, 1))z, (1.29)

(P1®...Py)(w, D)o (w1, )0 (Wy, Wa))s. = {o(w1, @1)0" (w2, @,))x (H ij(wezm,w@_zm))zn
j=1
(1.30)
To illustrate how the notions presented in this section allow us to calculate
REE and find the EE, we will re-derive, in the framework and conventions of this
thesis, a standard result of [46].
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Example 1: EE in a periodic system

We consider the same setup as in Section 1.2, tuned to criticality. We want to
calculate, for generic n > 2, the REE of an interval A = [u,v] of size { = v —u :

Su(A) =

— 10g(Gm, 007, o) (1.31)
In the continuum limit € — 0, lattice operators can be expressed as a local
combination of CFT scaling fields [14]. For the lattice twist operator o, we should

then have [72-74]:
Oyt = Cn€M0(w, @) + ... (1.32)

where w = em + ite is the continuum coordinate on the infinite cylinder C;, ¢, is
a non-universal amplitude, and the dots correspond to less relevant operators of
twist charge +1. Note that a similar expansion holds for o', but containing twist
tields with [k] = [-1]. We stress that since these expansions are local, they do not
depend on the particular choice of surface the lattice model is supported on, or
the BC imposed on it.

Plugging (1.32) in (1.31), we find:

2log ¢,
Og; +o (1.33)

1
S.(A) = T log €¥*(a(u, u)o* (v, v))e, + -
where u = mye,v = mye, with 0 < u < v < L. Thus, to leading order, S,(A) is
determined by a two-point function of bare twist fields on C;,
We now remind a standard CFT result for the 2-point function of primary
operators on the infinite cylinder [23]:

—4h,
(o(u, u)o" (v,0))¢, = (£ sin n_f) (1.34)
Tt L
Putting everything together, we recover the result of [46] for the REE :
_cn+1) (L i nf) 2logc,
Sq.(A) = ” log —sin— + T_ . + (1.35)
By analytically continuing to n — 1, one finds:
c L . nt ,
S(A) = glog(% sin T)+2Cl +... (1.36)

. logc
where ¢ = lim,,_,; ==

Note that by taking the L — oo limit, one recovers the famous result of [47] for
an interval of length ¢ in an infinite system:

S(A) = glogg +20) + ... (1.37)

In the above example, we have considered one of the simplest applications of
the twist field formalism for the calculation of the REE and the determination of
the EE. However, this can be extended to more generic bipartitions and setups.
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Example 2: Disjoint intervals in a periodic system

For example, one can consider the entanglement between a union of M > 2 disjoint
intervals A = [u3,v1] U - -+ U [uy, om], with u;, v; € [0, L] and the rest of the system
with periodic BC. In this case, obtaining REE rests on the evaluation of a 2N point
correlator of twist fields on the closed surface X2 :

M
<H o(w;, w;)a" (w;, ZT71’)> (1.38)

i=1 z

which are difficult to evaluate, for generic CFTS. Alternatively, by (1.29), one can
try to compute the partition function Z(X,) of M on the branched covering Z,,.
We now remind the Riemann-Hurwitz formula:

2M
X(Ew) = nx(D)+ ) (= 1), (1.39)
i=1

which relates the Euler characteristic xy(X) = 2—2h of a Riemann surface X of genus
h to that of its n-sheeted cover x(X,), for which the covering map n : X, — X has
2M branch points with ramification index k; = n . This implies that the genus g of
2., is:

g=m-1)(M-1)+nh (1.40)

Let us now review the current status of the computation of such partition
function for generic CFTs. At ¢ = 1, oneis essentially dealing with a torus partition
function Z (7, 7) which is invariant under the PSL(2, Z) (modular) group:

Z(@) = Z(ZIZ) for all ( ’ Z ) € SL(2, Z) (1.41)
The Z(7,7) have been calculated exactly for a variety of CFTs such as Virasoro
minimal models [75, 76], WZW models and free bosonic and fermionic CFTs [23].
If a CFT is consistently defined at ¢ = 0 and g = 1, in the sense of [77], then it will
be consistently defined on all surfaces with ¢ > 2. The results of [77] guarantee
then that the partition functions at g > 2 are well-defined mathematical objects,
but their calculation is still an open problem for most CFTs. Relevant exceptions
to this status are partition functions for free bosonic and fermionic CFTs on closed
surfaces, which have been computed in a series of seminal works in the 80’s
[70, 78], in which cyclic orbifold CFTs were studied for string theoretical reasons.
Beyond these, however, higher genus partition functions are only understood for
a few theories [79, 80]. We note, for completeness, that there are also impressive
formal results for the partition functions of Virasoro minimal models through the
Coulomb gas approach [81] on surfaces of genus g > 1 [82, 83], but a glance at
their expressions should convince the reader of their manifest impracticability for
the calculation of the REE .

With these considerations in mind, it is now clear why exact calculations of
the REE for disjoint intervals are difficult, for most CFTs. Despite this, important
results for the REE in these setups have been obtained for arbitrary M > 2, for
the Dirac fermion and Ising CFTs [84-86], as well as for the compactified boson
of radius R [87, 88]

3At zero temperature X = C; while at finite T > 0, the surface L is a torus
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In this latter case, let us review the results for the REE S, (A) for two disjoint
intervals A = [uy,v1] U [uy, v2] in a periodic system of length L. For a generic CFT,
the moments of the RDM are related to a 4-point correlator of twist fields:

Trpy = cp(o(i)o’ (v1)0(2)0" (02)) (1.42)

so that by global conformal invariance the REE have the form

_c(n+1) s1.(u1 — tp)sy.(v1 — v2)
Sn(A) = log
6n sp(uq — v1)s1(ta — v2)s1. (U1 — 02)s1.(1p — V1) 1.43)
1 log F 4logc,
+1—n0g n(r) + -7
where ( - ) )

_ S5p(Ur —01)sp(Up — 0y L (mu
sp(ur — u)si (01 — vy) su(u) = p sm( I ) (1.44)

and 7,(r) is a universal function chosen so that F,(r) > 1asr —» Oorr — 1.
In the work of [87], which focuses on the case M = 2, for critical systems
described by the CFT of a compact boson of radius R, the function #,(r) was

found to be
O(0 | R?t/2)O(0 | 2t/R?)

Fu(r) = OO0 1] , (1.45)
where 7T is an (n — 1) X (n — 1) matrix with elements
2% . Fru(1=71) o
T;i(r) = 1; L sm(nk/n)m cos[2mk(i — j)/n] (1.46)

where Fy,(y) = 2F1(k/n,1 = k/n;1;y) is the Gauss hypergeometric function In
this setup, sending n — 1 in the first term of (1.43) is straightforward, while the
analytic continuation of ¥, (r) is still an open problem. Progress has been made in
this direction, however, through the numerical extrapolation methods introduced
in [89] and employed in works such as [90].

This example highlights one important limitation of the twist field approach
for the determination of the EE. To obtain it, one needs to be able to solve what
are essentially two distinct problems. The first one is the CFT calculation of the
REE for a generic integer n using the twist field approach. The second difficulty
is purely mathematical: analytically continuing the S, (A) ton = 1. In the “success
story” of (1.36), both problems are tractable. In most cases, however, even when
the REE have been calculated for generic 7, the analytic continuation remains
elusive [88].

Let us now explore another setup, which has been the main subject of this
thesis: the quantification of entanglement in critical quantum systems with open
BC. The characteristics of entanglement are significantly influenced by the pres-
ence of such physical boundaries, which has been extensively studied in various
contexts [46, 91-96]. These studies have yielded valuable insights into the subject.
Notably, in the case of holographic entanglement entropy [97, 98], examining the
effects of boundaries [99-102] has offered a fresh perspective on the information
paradox [103-107].

For such setups as well, the twist field formalism can be employed, but there
are several supplementary technicalities which we will now review.
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1.4 REE in systems with open BC

We will consider a 1D quantum system with identical open BCs with both its bulk
and boundary tuned to criticality, at zero temperature.

The scaling limit of such a system will be given by a BCFT M with conformal
BC a defined on an infinite strip §; of width L = Ne. Such theories have been
intensely studied since their elaboration in Cardy’s works [28, 29, 108], and we
refer the reader to [24] for a recent and thorough presentation.

In this case, the simplest setup to consider is that of an interval A = [0,{],
with ¢ = me, starting at one of the boundaries of the system. The constructions
of Sections 1.2 and 1.3 can now be generalized to this setup. In the replica trick
approach, one has to evaluate a partition function on the n-sheeted strip 5; , with
a single branch point corresponding to the bulk end of the interval A [71]. In the
twist field approach, on the other hand, the moments of the RDM are given by
the lattice correlator:

Teapls = @modg,” (147)

The leading BCFT contribution to this quantity is given by the one-point twist
correlator:

o)y (1.48)
By simple arguments of conformal invariance [28], it should have the form [46]:
o () 2L il A
() = A [— sm(—)] (1.49)
Tt L

where the one-point structure constant A can also be fixed by BCFT arguments
[109, 110] to be
A =gy (1.50)

where g, is the Ludwig-Affleck ground state degeneracy [32] in the mother BCFT,
defined as the overlap between its ground state and the conformal boundary state
la). In consequence, one arrives at:

N . [2L .
oo, =g | Zein (T (151
and finds the leading contribution to the REE to be:

log c,
1-n

5.(00, £]) ~ c(n+1) o (ZL

—sinn—€)+ lo +
12n 08 L & 8a

— (1.52)

It is important to note that the same non-universal amplitude c, appears in both
(1.52) and (1.35) and originates from the locality of the expansion in (1.32). This
provides an alternative and more general explanation for the relation observed in
[71, 111] between the non-universal terms in the REE (1.52) and (1.35).

Another remarkable fact about the result (1.52) is that all the information about
the particularities of the conformal BC a is encoded in the boundary entropy log g,.
This boundary entropy allows exploring the boundary renormalization group
(RG) flows induced by the change of boundary conditions [112, 113]. For all other
setups, the dependence on the conformal BC becomes more complicated, as we
shall see in later chapters of this thesis.
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©09

Figure 1.2: A Riemann surface with y =

Moving on, the result in (1.52) can be continued to n — 1 to recover another
celebrated result for the EE [46]:

S(A) = - log(% sin %5) +logg. + ] (1.53)

When dealing with more general bipartitions, it is expected that the analytic
continuation may pose some challenges. In the case of open BC, it should be
noted that even determining the REE is more difficult.

Consider, for example, a bipartition such that A = [u, v] is strictly in the bulk
of the system so that 0 < u < v < L. To find the BCFT prediction for S,(A) in this
case, one needs to calculate the twist 2-point function on the infinite strip §; with
conformal BC a [71] :

(o(w)a'(0))g) (1.54)

Such correlators are difficult to solve for generic seed BCFTs and arbitrary 7, since
they require more in-depth knowledge of the cyclic orbifold BCFT.

From the replicated surface point of view, the problem of determining the REE
in this setup is even more difficult to address, compared to the periodic case. The
replicated surface S;, has genus 0 and n disconnected boundaries, so that its
Euler characteristic is:

Xopen =2—1 (1.55)

Such a surface is conformally equivalent to a disk from which one has cut
n — 1 additional holes, as shown in Figure 1.2. For n = 2, this is of course an
annulus, for which the partition function is well understood for a variety of
BCFTs [25, 36, 114]. This observation is the cornerstone for the calculation of the
second REE , presented in Chapter 2.

For n > 2, however, few results are known. The difficulty stems from the fact
that objects of interest in a BCFT M defined on some open surface X are computed
or constructed by some implementation of a doubling trick. Qualitatively, this
means relating correlators in M to chiral CFT amplitudes on the double D(Z) - the
surface obtained by duplicating all the points in the bulk of £ [115]. The most
well-known example of such a procedure is Cardy’s doubling trick [28, 29] whose
general statement is that n-point functions of bulk primary operators on the Upper
Half Plane (UHP) satisfy the same Ward identities as 2n-point correlators of chiral
primary fields on C.

In a generalization of this, to calculate the BCFT partition function on an open
surface ¥, of Euler characteristic Xopen = 2 — 1 one can relate it to a CFT partition
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function on a closed Riemann surface X5 with y s = 4 — 2n. In consequence,
one needs to both calculate this latter quantity and “reverse” the doubling trick
to recover the zero-point function on X", This is a difficult task for most BCFTs.

One should observe, however, that Z;los"d is the same Riemann surface (up to
conformal mapping) that is involved in the determination of the REE for two
disjoint intervals, so these two problems are closely related. As we will show in
Chapter 3, one can make this connection explicit.

Generalizing to the case of M disjoint intervals at zero temperature (even
for the compact boson) adds an extra layer of challenge. In this case, the open
replicated surface foj v has ¢ = (n—1)(M —1) and xopen = 1 — (n — 1)(2M — 1), and
the known results [88] for the partition function on the double of D(X,”}7) are more
difficult to manipulate.

While the discussion so far has focused on quantifying entanglement in the
ground state of a critical quantum system, we remark that one can also use these
types of CFT methods to obtain results for the REE for excited states. Notably,
such investigations were done in [116, 117] for critical systems with a free CFT
description and in [118] for those described by minimal models. We anticipate here
that the work in [118], based on finding ODEs satisfied by the twist field correlators
that describe the REE of an interval for excited states, is deeply connected to the
investigations in 4, for the REE of an interval in the ground state of a system with
different open BC.

1.5 OQOutline

We will present, then, in the following chapters of this thesis, our contribution to
the understanding of entanglement in systems with identical open BC. Firstly, in
Chapter 2, we reveal the calculation of the 2nd REE for a subsystem A in a generic
1D critical system described by a BCFT M with conformal BC o and show how the
dependence of S;(A) on « is encoded in the annulus partition function Z,, of M.
This arises due to the conformal equivalence between a two-sheeted infinite strip,
with branch points at the ends of the interval A and an annulus of suitably chosen
aspect ratio, which we establish quantitatively by building suitable conformal
maps. We verify our findings with numerical checks on the Ising model, based
on Peschel’s trick[65].

Then, in Chapter 3, we focus our attention on 1D quantum systems described
by the BCFT of a compact boson with compactification radius R for both Dirichlet
and Neumann BC. For this computation, we have adapted the path integral and
SET methods of [70], also employed in [87], to account for the presence of a
conformal boundary. We were able to derive an exact result for the REE S, (A) for
an interval in the bulk of the system, and all integer n > 2. For finite R, we were not
able to find the analytic continuation ton — 1. However, in the decompactification
limit R — oo, we’ve managed, by employing some convenient identities [87],
to obtain analytic expressions for S(A), for both Dirichlet and Neumann BC.
Beyond various analytical checks, we’ve checked our R — oo results with lattice
predictions for the harmonic chain.

In Chapter 4, we consider yet another generalization of the setup of (1.52): the
implementation of mixed BC @ # f, i.e. tuning the boundaries of the 1D system
to different critical points. At the level of the CFT this requires the introduction
of Boundary Condition Changing Operators(BCCOs), that implement the change in

24



Chapter 1 — Entanglement, conformal field theory and all that

BCs. For an interval A starting at one of the boundaries of the system, the BCFT
contributions to the REE are calculated as 3-point functions of one (bulk) twist
tield and two BCCOs. We introduce a general procedure for deriving differential
equations for these correlators and show how, for small n, they can be solved by
conformal bootstrap methods. To this end, we exploit the null vector conditions
on the orbifold primary states, inherited from the ones of the mother BCFT by the
induction procedure [119] as well as various orbifold Ward identities. This method
also allows a good handle of finite-size corrections, which we analyse for both the
critical Ising chain and the three-state Potts model.

In Chapter 5, we will present a more formal algebraic construction of the
cyclic orbifold CFT M, of diagonal and rational mother CFTs. After identifying
the maximal symmetry subalgebra of M,, we classify the operator content with
respect to it and obtain the fusion rules and fusion numbers for all prime n. Itis an
almost self-contained presentation and acts as a complement to the geometrical
approach of Chapters 2 and 4, and as a helpful toolbox for the calculations of
Chapter 4.
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Chapter 2

Second Rényi entropy and annulus
partition function for
one-dimensional quantum critical
systems with boundaries

2.1 Summary

In this chapter, heavily based on [120], we present new results pertaining to
the calculation of the second REE S,(A) of an interval A in the bulk of a one-
dimensional critical system with identical open boundaries. In this section, we
will present the results, as well as outline the methods and ideas involved in their
derivation.

We are considering systems whose scaling limit is given by a generic BCFT M
with central charge ¢ and conformal BC a. We take the length of the system to be
L = Ne, where N is the number of sites and € is the lattice spacing. Hence, we
consider bipartitions A = [u, v] with 0 < u < v < L as in Figure 2.1.

« «

s FEE S

L

Figure 2.1: Interval in the bulk of a system with open BC

In comparison with the well-known result of [46] for an interval containing
one of the boundaries of the system (which we have rederived in Section 1.4) there
is an extra complication: the BCFT contribution to the REE is now determined by
a two-point function of twist fields on 5, the infinite strip of width L

(o(u)a(v))y (2.1)

where ¢ denotes the bare twist operator in the Z, orbifold BCFT. We can, alter-
natively, write the above correlator in terms of the partition function of the seed
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BCFT M on a replicated surface:

@ Z(512)
(o(u)a(v))g, = Z(SL)?

where 5y, is a two-sheeted cover of the strip with branch points at # and v.
One can now map the twist field correlator in (2.2) to the unit disk ID using;:

(2.2)

_ sp(w—u) s1(w) = 2L sin nw ) (2.3)

WHZ_SL(w+u)' T 2L

We now write the twist field correlator on ID as:

(0(0,0)0(x, D) = [Ix2(1 - xP)] * F () (24)
where x is the cross ratio on the unit disk ID, given by:
_s(v—u)
s (v+u) (25)

and Tz(“)(x), is a universal function of the cross-ratio x that also depends on the
conformal BC a. We have defined ?‘2(“)(36), so that that 9’2(”‘) (x) » lasx — 0and
F39(x) — g7% as x — 1 for generic BCFTs !. This is consistent with the notation of

Chapter 3 and other results in the literature [121].
Hence, the main analytical achievement we present in this chapter is the

computation of 7:2(“)(36) in terms of the annulus partition function of the mother
CFT:

FiO) = 82227 [P~ xP)]* Zaw(0), 26)

where Z,,(7) is the partition function on the annulus A, of unit circumference,
width Im 7/2, and boundary condition @ on both edges, and g, is the groundstate
degeneracy [32]. The parameter 7 (which is pure imaginary) is related to x via:

2 Fi(i,1 11— |x]?
211 YRS
[92(’[) B . (2 2 ), 27)

=|x|, orequivalently 7(x,X)=1
63(’1—) ZFl (%/ %I 11 |x|2)

where the 0;(7)’s are the Jacobi elliptic functions (see appendix A.1.1).

These results are completely general and apply to any mother BCFT. This
includes, of course, CFTs built from minimal models and Wess-Zumino-Witten
models (for which the annulus partition functions have been determined in [36,
114]), free and compactified bosonic CFTs [23] to name a few. This result is
reminiscent of the well-known relation between the twist four-point function on
the sphere and the torus partition function Z(z, 7) [70, 122, 123]

_ lez(T) !
0s(1)|
The final result for the S, entropy of an interval A = [u, v] in a system of length

L is, up to an additive non-universal constant coming from the normalization of
the lattice twist operator :

(@(O)a(n, Mo(L)o(eo)e = 475 |n(1 - | 2(z,7),

(2.8)

!There are cases in which the asymptotic behaviour of ?;a)(x) is more subtle, see Appendix
B.5.1
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Second Rényi entropy of an interval in the bulk

$qmmy€ibgﬁamqemﬁw+mﬁw—uﬂ+2mg&—k%zma)

To derive this result for generic BCFTs, two ingredients are essential. The
first one is the observation that ID, ,, the two-sheeted cover of the unit disk, with
branch points at 0 and x is conformally equivalent to the annulus A., through the
map:

(6D
t—>z=g(t) = (—91(t|’c)) (2.9)
R 1— —————— >
« T
z HTT 3 Imr g(t) @ «
) ° : 5 /\«

«

Figure 2.2: The annulus A, — fundamental domain pictured here —is mapped through
g to the two-sheeted disk ID, . The black edges are identified.

The second ingredient is a variation of the SET method, a well-established
technique for the calculation of CFT correlators [70]. One considers the following
combination of orbifold correlators

(Torp(2)0(0,0)o(x, x»](g)
(a(0,0)a(x, )\

where Top(z) = T(z) ® 1 + 1 Q® T(z) is the SET of the Z, orbifold of M. In the
replicated surface picture, one finds, using (1.30):

(2.10)

<T0rb(z)(7(0, O)G(x’ x))](g)
(0(0,0)o(x, x))}(g)

= AT, (2.11)

By taking advantage of the operator product expansion (OPE) between T, (z) and
the bare twist fields, and utilizing the mapping given by Equation (2.9) to connect
the right-hand side of Equation (2.11) with the annulus partition function Z,,(7),
one can ultimately derive (2.6).

While the above procedure is general, we were able to produce an alternative
derivation of (2.4) for A-series minimal model seed BCFTs. The main idea was to
employ Cardy’s mirror trick[28, 124], to write the disk correlator (2.4) as a linear
expansion of conformal blocks on the sphere. The details of the calculation are
relegated to Appendix A.2.

Numerical checks

To check the theoretical prediction obtained in Section 2.2 with numerical deter-
minations of the Rényi entropy in a critical lattice model, we have considered the
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critical Ising chain with free BC, with Hamiltonian

N-1

N
Hie = = ) ss%y = ) 5%, (2.12)
j=1 j=1

where the s? act as Pauli matrices o” at site j and trivially on the other sites of the
system. We stress that both the bulk and the boundary of the chain are critical at
this point in the parameter space of the model. The scaling limit of this model is
the M(4, 3) A-series minimal model CFT of central charge ¢ = 1/2, with free (f)
conformal BC. The annulus partition function Z(7) is given by:

Zas(1) = ?]3(—(;)) =20 (x V1 - xZ)_ﬁ (2.13)

This model can be mapped to a fermionic chain through a Jordan-Wigner (JW)

transformation
T _ Z .+ +
c = | | S35+ S;

Using Peschel’s trick [125, 126] one can recover the entanglement spectrum from
the eigenvalues of the N X N correlation matrix of this fermionic model. In conse-
quence, one can recover the Rényi entropies for large sizes with an advantageous
computational cost that scales as O(IN) with the number N of spins in the system,
instead of the O(2V) cost associated with directly determining the entanglement
spectrum in the spin chain.

For numerics, it will be useful to consider the shifted second Renyi entropy in
the lattice, which we define as:

N

(s; £is)). (2.14)

G5 (U mel) = S, m) 5 Tog (2) = ~ 108, .00~ s log (2 ), 2.19)

so that, in the scaling limit, the leading BCFT contribution to (2.15) is

G ([, my]) ~ —log(o(u, Ma(o, B — —log(ZL ) (2.16)

where u = myeand v = mye,and { = v —u = me

To investigate the agreement between the lattice data and the CFT result, we
have considered two ways of “growing” the interval length ¢ and depicted the
results in Figure 2.3. For the right side of Figure 2.3, we have considered an
interval that starts in the middle of the chain and grows towards one end. This
corresponds on the lattice to applying the first twist operator to the middle of the
chain, and the second one progressively closer to the right boundary. In the left
side of Figure 2.6, we consider the S, entropy as the interval length ¢ is grown
equidistantly from the middle of the chain towards the boundaries. We see, in
both cases, that the agreement with the CFT prediction is very good, although, as
we will detail later in this chapter, one needs to consider unusually large system
sizes to reach it, due to severe finite-size effects.

We now give here the organization of this chapter. Section 2.2 provides a
detailed derivation of the main result (2.1) and a non-trivial check that our calcu-
lation does recover the result of [46, 94, 126] for the second Rényi entropy of an
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Figure 2.3: Plots of shifted Rényi entropy Q£ ([m,, my,]) tor the Ising chain with
free BC, against the scaled interval size m/N. The deviations from the theoretical
predictions are stronger as the interval is grown towards the boundaries

interval A touching the boundary. We also recover the known results for the Dirac
fermion [127-129] and more generally the compact scalar field of [121]. Lastly,
we extend our results to exact expressions for the mutual information and the
entropy distance in specific situations. In Section 2.3, we compare our numerical
results with the BCFT prediction (2.1) for the critical Ising spin chain, based on
Peschel’s trick. We also carry out a careful analysis of the finite-size effects. In Sec-
tion 2.4, we conclude with a recapitulation of our results and comment on future
directions for exploration. The Appendices A.1, A.2 and A.3 contain respectively
our notations and conventions for elliptic functions, the alternate derivation of
the main result based on boundary CFT techniques applied to the Z, orbifold,
and the computation of the bosonic annulus partition function.

2.2 Exact calculation of the second Rényi entropy

We consider a one-dimensional quantum critical system of finite length L, with
open boundary conditions, and at zero temperature. We are interested in the
second Rényi entropy of an interval [u,v]. The critical point is assumed to
be described by a CFT. For a large enough system, the boundary flows to a
renormalisation-group fixed point. We will therefore assume that the boundary
condition is scale invariant. For a given bulk universality class, there is a set
of possible such conformal boundary conditions {B,} [108],[30],[124],[130]. We
restrict to the case where the same boundary conditions are applied at the two
ends of the system, and we assume that there is a non-degenerate ground state
Vo).

Evaluating the second Rényi entropy S7([u,v]) boils down to the computa-
tion of the following correlator in the Z, orbifold of the original CFT [87], [46],
[110],[96]:

(o(u, M)a(v,0))g) = expl=S5([u, v])], (217)

where ¢ denotes the twist operator”. This correlator is evaluated on the infinite

2Here, even though 1 and v are real, and hence u = il and v = 9, we use the standard notations
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strip (with imaginary time running along the imaginary axis) 5, = {w € C, 0 <
Re(w) < L} of width L with boundary condition (a) on both sides of the strip.
Alternatively, this two-point function is equal to the following ratio of partition
functions [46, 47]:

(o(u, @)o(v,0))y) = Zo(u,v)/Z3, (2.18)

where Z; stands for the strip partition function, and Z,(u, v) stands for the partition
function on a two-sheeted covering of the infinite strip with branch points at # and
v, being understood that all edges have the same conformal boundary condition
«. The main result of this paper rests on the fact that this Riemann surface (once
compactified) is conformally equivalent to an annulus, as was observed in [110].
It is therefore not surprising that the two-twist correlation function is equal, up
to some universal prefactors, to the annulus partition function. We present two
different ways to derive this result. The first method, which we now detail, is
more geometric in nature: we unfold the two-sheeted Riemann surface into an
annulus via an explicit conformal mapping. The second method, which is more
algebraic, is based on Cardy’s mirror trick [108, 130] applied to the Z, orbifold.
This second approach, which employs a larger set of BCFT and orbifold concepts,
has been relegated to Appendix A.2 to avoid congesting the logical flow of the
chapter.

2.2.1 Conformal equivalence to the annulus

To construct an explicit conformal map between the two-sheeted strip and the
annulus, it is convenient to first map the strip to the unit disk via

_sp(w —u) 2L w

= L@ sp(w) = —sin — (2.19)

W=z - T

The above conformal map also sends the two-sheeted strip (with branch points
at w = u and w = v) to the two-sheeted unit disk ID,, with branch points atz =0
and z = x, with

_sp(o—u) _ sing(v—u)

S si(0+u)  sinZ(o+u)’

(2.20)

Note that x is real, and 0 < x < 1. Let us now describe the conformal mapping
sending 1D, , to an annulus. First, for any complex number 7 with Im7 > 0, the
function

0,(t1) (2.21)

is a biholomorphic map from the torus of modular parameter 7 to the double-
sheeted cover of the Riemann sphere with four branch points at positions

2
tz=g(t) = (Q‘MT))

1+1 T 1 1
s0 =, 5(57)=xslz)=0 sz)- 3 222
with
62(7)\’ OF (33 51-2)
o) 0 T 1 ' (2.23)
3 T) 2F1 (E’ 5,1,x2)

o(u, i) and o(v, ©) for bulk operators, which emphasizes the fact that the correlation function is not
a holomorphic function of u and v.
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and where the 6(t,q)’s are Jacobi theta functions (see Appendix A.1.1 for defini-
tions and conventions). Using the properties (A.3) of these functions, we readily
see that the function g satisfies the identity:

gt +1/2) = gy, (2.24)

for any t on the torus. In the present situation, since 0 < x < 1, the modular
parameter 7 is pure imaginary, with Im 7 > 0. Then, from the above relation we
get

g(% + f) =g(t). (2.25)

Now notice that identifying ¢ and 7/2 + f amounts to folding the torus into an
annulus of unit width, and height Im 7/2

A, = {teC/Z, In}TT <Imt< 31“”},

(2.26)
while identifying z and 1/Z on the two-sheeted Riemann sphere yields the two-
sheeted unit disk ID, .. In essence, these foldings are the reverse of Cardy’s mirror
trick [30]. The relation (2.25) ensures that the map ¢ descends to the quotient,
yielding a biholomorphic map from the annulus A to the two-sheeted unit disk
D, x, as shown in Figure 2.

Figure 2.4: The annulus A, — fundamental domain pictured here —is mapped through
g to the two-sheeted disk ID, . The black edges are identified.

2.2.2 Rényi entropy of an interval in the bulk

Recall that the twist ¢ is a primary operator of conformal dimensions h, = h, =
c/16 in the Z, orbifold CFT. Using conformal covariance under the map (2.19), we
can relate the twist correlation functions on the strip and the unit disk:

(o, Ma(v,0))g) = (s1(u +0))"* (0(0,0)0(x, 233, (227)
where ( )
. _suv—u

x_x_—sL(u+v)20' (2.28)

The strategy (adapted from [70]) to compute (c(0,0)o(x, J‘c))](g) in terms of an an-
nulus partition function is the following. We insert the stress-energy tensor T,
into the twist correlation function on the unit disk and study the behaviour of the
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function (T, (2)a(0, 0)o(x, X))%‘) as z — x. Since o is a primary operator, we have

the OPE
h,o(x, %) N 0,0(x, %)

Tor(z)o(x, %) = (z— 1) . T regular terms, (2.29)
and thus
(Tow(2)a(0,0)a(x, x))(a)
s - 56 dz, 2.30
RO o o = o ¢ {a(0,0)0(x, %) ’ (2:30)

where the integration contour C, encloses the point x and goes anti-clockwise.
However, in (2.29) and (2.30) the parameter x stands for a complex variable
(independent of ¥). Setting x = ¥ thus yields

(Torn(2)0(0, 0)a(x, )\
2, (1 0,00(x, x| =2 L D dz. 2.31
( Og<(7( Jo(x, X) D |x:x) X 2711 C. (0(0, O)G(x,f»](g) z ( )

We will drop the |-z, but from now on x is assumed — without loss of generality
— to be real positive, with 0 < x < 1.

In terms of the mother theory, (Tow(z)a(0, 0)o(x, X))y @ is the one- point function
of the stress-energy tensor on the two-sheeted surface D, ,. Since Ty (z) = T(z) ®
I+ 1I® T(z), we can write

<Torb (Z)U(O, O)G(x, f))g)
= AT, , 232
(6(0,0)(x, %)) (T, (2.32)

where the last equality comes from the symmetry under the exchange of the two
copies of the unit disk. The last step is to compute (T(z))}, by exploiting the

conformal equivalence between the two-sheeted cover of the disk ID,, and the
annulus A, via the map z = g(t) described in (2.21):

(T, = ( )<T<t>>A Sz, (2.33)

where {t,z} denotes the Schwarzian derivative of the map g. First, the one-point
function of T(z) on the annulus is

(T(H)Y, = 2ind log Zaa(T), (2.34)

where Z,,(7) denotes the partition function on the annulus A, (with boundary
condition @ on both edges). Let |a) be the boundary state associated to the
boundary condition a. Since A; has unit width, and height /2 = —it/2, we have

Zaja(T) = (o™ Co o2y (2.35)

We can exploit the differential equation (A.17) obeyed by the map z = g(t), namely

dt\* 1
(E) - 41204(T)z(z — x)(1 — xz) (2.36)

to derive
x(1 — x?)

4z(z — x)(1 — zx)
33

(TN, =

9,108 Zua(7) + é{t,z}, (2.37)
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where we have also used the relation (A.11). The Schwarzian derivative can be
easily evaluated using (2.36), yielding

3x2(1+z4) —4(x+x3) (z+2%) + 2(2x4 +x% + 2)22

t,z) = 822(z — x)2(1 — xz)2 ’ (238)
and in particular, the residue at z — x is
1 o 1-22 1 ) 5
2—7_(1, 2 {t,Z} dz = —m = —gax lng (1 - X ) (239)
Finally plugging the above in (2.31) we get
@b%ﬂﬁwmm§:@MﬂWM—i&bWM—fy (2.40)
Upon integration, we obtain
((0,0)0(x, ) = const x [x%(1 = 1)) ¥ Zya(1). (2.41)

To fix the multiplicative constant in the above relation, we consider the leading
behaviour as x tends to zero. In this limit, we have Im7 — +o0 and g — 0, with
the relation g = ¢*™ ~ (x/4)*. Thus

Zoja(T) = (ale™ Lotbo=e/D)gy o g2 g2 o = [(a]0)], (2.42)

Imt—00

where |0) is the normalized ground state wavefunction of the Hamiltonian with
periodic boundary conditions. The twist operator ¢ is normalized so that

<damdL@g>%xﬂ{ (2.43)

and hence the fully explicit relation (2.41) is

(00,0001, ) = 82278 [*(1 = )] ¥ Zua(o). @4

Note that in the above equation we have assumed x = ¥, with 0 < x < 1. For a
generic complex x on the unit disk, the result still holds up to replacing x by |x| in
the r.h.s. as well as in (2.23). Back to the original problem on the strip, we obtain

(o, M0, N = g2227% [s1(0 + 1510 — s Qu)se20)] * Zulr),  (2.45)

and we get the announced result (2.1) for the second Rényi entropy.

2.2.3 Rényi Entropy of an interval touching the boundary

As a check for the formula (2.45), we want to recover the expression for the
Rényi entropy S, of an interval A = [0, {] touching the boundary of the chain
[46, 94, 96, 111, 131]:

S55([0,¢]) = % log [% sin (%[)] +log ga - (2.46)

34



Chapter 2 — Second Rényi entropy and annulus partition function for
one-dimensional quantum critical systems with boundaries

Let us consider the two-point function {o(u, it)o (v, z')))g’z) in the limit u — 0. On the
left-hand side of (2.45), we can use the bulk-boundary OPE:

o(u, i) ~ A% (u+a) B, (2.47)

where A? = (g,)7! is the OPE coefficient for the bulk operator ¢ approaching a
boundary with boundary condition «, and giving rise to the boundary identity
operator I. Hence, for u real:

(o(u, m)a(0)yy) ~ (a)7" u) (o (£))s”. (2.48)

u:0
On the right-hand side of (2.45), the limit u — 0 correspondstox — 1l and 7 — 0,
with

~ —2int/T 1-x° ’
g=e ~ g — 0. (2.49)

In a rational CFT, the annulus partition function decomposes on the characters of
primary representations Vi as

Zaa(0) = Y mE xe(=1/7),  xu(m) = Ty, (7977%) (2.50)

K
In the limit 4 — 0, we get Zy.(7) ~ n%,57/*, where k = 0 stands for the identity

operator, and 1%, = 1, since we assumed a non-degenerate ground state [¢). Thus

1=\ (s \
16 - us;(2v)

Zoja(T) ~ ( (2.51)

where we have used (2.20) to obtain the second relation. After some simple
algebra, one gets for the right-hand side of (2.45):

c/8
1
(@ _ 52 —c/8

(0@ ~ g [% — %[] (). (252)
Hence, comparing (2.48) and (2.52), we recover the well known one-point function

1 c/8

(@) _ -1

(0(@)g, = 8 [% n %f] , (2.53)

which indeed yields (2.46).

224 Compact boson

We can further apply our main formula (2.1) by recovering the known results for
the Dirac fermion [127-129] and more generally the compact boson [121]. We
consider a compact scalar field ¢ = ¢ + 2nR with action

1
S[¢] = o f d’rd,p e, (2.54)
and Dirichlet boundary conditions. The relevant annulus partition function is

(see Appendix A.3)

_ 03(-R*/1)

Z(7) = sy (2.55)
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Before plugging this partition function into our main formula (2.1), let us write it
as

_ 01/ 03(—R*/7) _ 65(7) y 03(-R?/1)

Z(1) = = . 2.
T 2 B X V2 M T VT (220
Now using
05(1) _ iafap T o 3 (v - u)sL(Zu)sL(Zz;))‘f—z
o =221 -2 " =2 ( - : (2.57)
we find (up to an additive constant)
N 1 SL(zu)SL(ZU)Si(U —u)
S5([u,v]) = 3 log Si(v ) —log #2(7), (2.58)
where the function #5(7) is given by
, Z exp (—inm2R2/T)
05(=R°/1) _ mez
Fo(t) = = : 2.59
27) 03(=1/7) Z exp (—inmz/”[) ( :

meZ

This is equivalent to the formulae (13) and (18) of [121] provided M = int/47 in
(18) [although we note a typo in the first term of (13)], and the result for the Dirac
fermion [namely #»(7) = 1 for R = 1] follows.

2.2.5 Other entanglement measures

In this section, we present two other entanglement measures related to the second
Rényi entropy: mutual information and entropy distance. Here they are defined
in the same context as considered above, namely in a critical 1d quantum system of
finite size L, with open boundaries, and the same conformal boundary condition
on both sides.

When considering two disjoint subsystems A and B, a standard measure of the
information “shared” by A and B is given by the mutual information 4.5, defined
as (see [132] and references therein)

Iag =S4+ Sp—Saus, (2.60)

where S stands for a given measure of entanglement for a single subsystem.
Using our result (2.1), we can express the mutual information (associated with
the second Rényi entropy) of two intervals each touching a different boundary of
the system, namely A = [0, u] and B = [v,L]. After some straightforward algebra
on (2.1) and (2.46), we get

s(2u)s(2v)
s(v+u)s(v—u)

c
Lioutor] = o lo

] +log Z (7). (2.61)

Back to the situation of a subsystem A consisting of a single interval [u, v]
inside the bulk of the system, we turn to the question of quantifying how much
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the whole spectrum of the density matrix p4 depends on the choice of external
parameters (see [133] and references therein) — in the present case, the external
parameter is the boundary condition. Here, we shall use the n-norm of an operator
A, defined as

1/n
7

1AL = {Tr [(A"A)"]) (2.62)

and the associated Schatten distance®

Dau(p, p") = llp = p’llun - (2.63)

To be specific, we denote by p, the reduced density matrix associated with the
ground state of our finite critical systems with boundary conditions @ on both
sides of the system. Then we consider the Schatten distance D,(pa,a, pag), where
a and p are two distinct conformal BCs. We restrict to the value n = 2, and we
have

1 1 12
Da(paa, pag) = [ETr Pi,a + ETI pi’ﬁ - Tr(pA,apA,ﬁ)] . (2.64)

The first two terms in (2.64) are given by (2.1), whereas the third term is obtained
by a slight generalization of the previous discussion. Indeed, we can write this
term as the two-twist correlation function

Tr(paapag) ~ (o, @)o(o, z')))gzﬁ ) (2.65)

on the infinite strip with BC a (resp. ) on both sides, for the first (resp. second)
copy of the mother CFT in the Z, orbifold. Through the same line of argument as
in Section 2.2.2, we obtain

(0, W)0(0,8))5" = (8a8p) 275 [s1.(v + u)s1.(v - u)zsL(2u)sL(20)]_2L4 Zop(T). (2.66)

As a result, we get

Da(pa pag) = 27 [s1(v + u)si(o — u)s. u)s(20)|  Kap(q), (2.67)
where "
Zoal) Z Z,
Kaﬁ(T):[ '(27)+ ﬁ'ﬁ(;)— W)} . (2.68)
28, Zgﬁ 8a8p

Plugging in the expression of the annulus partition function in terms of Ishibashi
states (A.26)

Zajp(1) = (™ Clel2)gy =} (pay @l (o) (269)
j

yields

1/2

« 48]
A3 - Al (o)

(2.70)

Kop(T) = l% Z

]

Interestingly the term j = 0 cancels out, as follows from Aj = Ag = 1. This means
that the vacuum sector does not contribute to the Schatten distance. Furthermore,

3While the most interesting distance is Dy, it can be extremely difficult to evaluate directly. One
can instead exploit a replica trick developed in [134, 135]: one first computes the distance D, for
all even n, followed by an analytic continuation to n = 1.
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this last expression is rather suggestive: it is the distance associated with the
following L? norm (weighted by the positive coefficients x;(7)/2) on the A; space

Y Iaf @

]

1/2

lAll= (2.71)

We shall now consider some limiting cases of the Schatten distance (2.67).

Small interval in the bulk

The limit of a very small interval in the bulk is recovered for u — v, which
corresponds to g = ¢#™ — 0. In this regime we have

Xxj(T) ~ g (2.72)

As mentioned above the term j = 0 does not contribute, so the L? norm (2.71) is
dominated by the term j, corresponding to the most relevant state such that

A% # Afo. (2.73)
Then ,
Kop(1) ~ 7 A% — Afo glio>c/48 (2.74)

and in the limit of a small interval in the bulk (£ — 0) the Schatten distance

behaves, up to a constant prefactor, as

A — AP
Jo Jo

s1(20)™i0

—c/8

Da(paa, pag) [~ " (2.75)

Interval touching the boundary

In the limit # — 0 (v fixed), the parameter g goes to 1 so it is more convenient to
work with § = 7™/, Thus we use expression (2.68) together with

Zap(T) = Z mh Xk(=1/7),  xx(=1/7) = Try, (67L°_C/24> o gret,  (2.76)
p

For the vacuum sector to propagate, the left and right conformal boundary con-
ditions must be the same [114] :

Mg = Oap (2.77)

This implies that the identity character x, does not appear in the expansion of
Zyg(t) for a # B. Thus, the leading order behaviour of the annulus partition
function is:

Zap(t) ~ T (278)

where kj corresponds to the most relevant state that can propagate with boundary
conditions @ on one side and f on the other. Equivalently, /, is the lowest allowed
conformal dimension in the spectrum of boundary changing operators between
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a and B. This implies that for an interval strictly touching the boundary the states
pa« and pa g simply become orthogonal

Dapaas pag) = \/ IpaalP+lpagll? - (2.79)

Furthermore the vanishing of the scalar product between ps, and pagasu — 0
is controlled by hy, :

T N Za tho
Ioanllioasl ~ NZan@ZygD) 0" \852(0)

2.3 Comparison with numerics and finite-size scaling

2.3.1 Rényi entropy in a quantum Ising chain

To compare the theoretical prediction obtained in Section 2.2 with numerical
determinations of the Rényi entropy in a critical lattice model, we have focused
on the model that was the most numerically accessible, i.e. the Ising spin chain
with free boundary conditions, with Hamiltonian:

-1 N

Hie == ) SISty =l Y 85, (2.81)

j=1 j=1

where the s¢ have their usual definition — they act as Pauli matrices ¢” at site j
and trivially on the other sites of the system. The chain is taken to have length
L = Ne, where € is the lattice spacing, and N is the number of spins. The scaling
limit of this system corresponds to taking N — oo and € — 0 while keeping the
chain length L fixed. Finally, to achieve criticality, the external field / should be
set to h = 1. We stress that both the bulk and the boundary of the chain are critical
at this point in the parameter space of the model.

A convenient feature of this model is that it can be mapped to a fermionic
chain through a Jordan-Wigner (JW) transformation

k-1 1
[Iss0,  st= S = is). (2.82)

]=

.I.
ay

Once the Hamiltonian of the fermionic chain has been obtained, one proceeds to
find a basis of fermionic operators 1;, 1! that diagonalizes it — and still satisfies the
standard anti-commutation relations {7;, 17;} = b;j, etc. For free or periodic bound-
ary conditions, the procedure is standard, and we refer the reader to the excellent
review [136]. Having found the diagonal fermionic basis 1;, 1’ one proceeds to
build the correlation matrix M = (n - 1*) with g = (11,..., v, 111, , %) " The eigen-
values of M are simply related to the values of the entanglement spectrum, and
thus one can calculate Rényi entropies for large sizes with an advantageous com-
putational cost that scales as O(N) with the number N of spins in the system. This
method, known in the literature as Peschel’s trick [65, 137], has been employed in
several works [125, 126] for both free and periodic boundary conditions, and we
refer to them for detailed explanations of the implementation.
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Due to the JW “strings” of s* operators in (2.82), the relation between the
fermionic and spin reduced density matrices of a given subsystem may be non-
trivial [125, 138]. For free and periodic BC though, the ground-state wavefunction
has a well-defined parity of the fermion number, and, as a consequence, the
fermionic and spin reduced density matrices of a single interval can be shown
to coincide. The Peschel trick fails, however, for the case of fixed BC, where the
above feature of the wavefunction no longer holds, as pointed out in [125]. There
has been progress, however, in adapting the trick to fixed BC, for the case of
an interval touching the boundary [125, 126, 139]. Extending the technique to
efficiently find the entanglement spectrum for an interval A that does not touch
the boundary is still an open problem.

To give concrete expressions to compare with the numerical data, we will
quickly review some basic aspects of the CFT description of the critical Ising
chain. It is well known that in the critical regime, the scaling limit of the infinite
and periodic Ising chains is the Ising CFT, namely the CFT with central charge
¢ = 1/2 and an operator spectrum consisting of three primary operators — the
identity I, energy ¢ and spin operators o — and their descendants [23]. The case
of open boundaries is also well understood from the CFT perspective. There are
three conformal boundary conditions for the Ising BCFT, which, in the framework
of radial quantization on the annulus, allow the construction of the following
physical boundary states [23, 30]:

)= 1) —le) (free BO), (283)
|i>=%|1>>+%|e>>_21/4|a>> (fixed BC), (284)

where |i)) denotes the Ishibashi state [30, 140] corresponding to the primary op-
erator i. The physical boundary states |a) are in one-to-one correspondence with
the primary fields of the bulk CFT*: |f) <> ¢ and |+) < I/¢. The annulus partition
function for the Ising BCFT is compactly written in terms of Jacobi theta functions
for all diagonal choices of BCs (a|a) and, in consequence, in terms of the parameter
x defined in Section 2.2

Sl

Zas(1) = % =20 (xVI-x2) 7. (2.85)

and

Zow(1) = Z_ (1) = VO:(0) +(\§64(T) - 21/61+sz (xV1- xZ)_f_z . (286
17 T

These relations allow us to express the orbifold two-point correlator on the disk
in an elementary way:

1

(0(0,0)0(x, D)5 = [P - 1P 7, (2.87)

1+|x|

(0(0, 000, N = RS (288)

which is, of course, very convenient for numerical checks. Note that the Z,
orbifold of the Ising model is equivalent to a special case of the critical Ashkin-
Teller model [142]. Therefore, the CFT we are considering here is nothing but the

4This statement is strictly true if the bulk CFT is diagonal, see [141] for a detailed discussion.

40



Chapter 2 — Second Rényi entropy and annulus partition function for
one-dimensional quantum critical systems with boundaries

Z, orbifold of a free boson. This might explain why the above two-point functions
end up being so simple.

Recall that the lattice operator o,,; labelled by discrete indices is described in
the scaling limit by Omi ~ C2 €?v o(w, ), where w = em + iet, and c, is a non-
universal amplitude. Hence, to obtain collapsed data for various chain lengths, it
will be convenient to introduce

— 1. (2N . 1. (2N
G (U, mo]) = S3([mu, mo) = g 1og =) = = 10§, i0m0)s ~ 5 log (=) , (289
Tt L8 T
so that, in the scaling limit, one expects from (2.27)
o 1. (2L
G5 (i, m.]) ~ = og(o(at, o2, 05 - < 1og (=) (2.90)
~ —log(a(0, 0)o(x, D) + %log lsin ”(”;Z o (2.91)

where u = em, and v = em,. We remind that the length of the interval is given
by ¢ = v —u = em with m = m, — m,, and emphasize that the entanglement is
considered as the ground state of the free BC Ising chain.
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Figure 2.5: Plot of shifted Rényi entropy §£ (IN/2,N/2+m]) for the Ising chain with
free BC, against the scaled interval size m/N. The deviations from the theoretical
predictions are stronger as the interval grows closer to the boundary.

To graphically emphasize the agreement between the fermionic chain data
and the theoretical prediction, we have looked at two ways of “growing” the
interval length ¢. In Figure 2.5, we have considered an interval that starts in
the middle of the chain and grows towards one end. This corresponds on the
lattice to applying the first twist operator to the middle of the chain, and the
second one progressively closer to the right boundary. Since twist operators are
placed between lattice sites, one should consider even system sizes. The curves
of Figure 2.6, follow the dependence of the S, entropy as the interval length ¢ is
grown equidistantly from the middle of the chain towards the boundaries. We see,
in both cases, that the agreement with the CFT prediction is very good, although,
as we will detail below, one needs to consider unusually large system sizes to
reach it.
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Figure 2.6: Plot of shifted Rényi entropy Qg ([N —m)/2,(N + m)/2]) for the Ising
chain with free BC, against the scaled interval size m/N. The deviations from the

theoretical predictions are stronger as the interval is grown towards the bound-
aries.
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Figure 2.7: Plot of shifted Rényi entropy g§ ([((N—=m)/2,(N+m)/2]) for a wide range
of system sizes. The sizes typically accessible to exact diagonalization (N ~ 10) or
DMRG methods (N ~ 10°%) suffer from large finite-size effects.

2.3.2 Finite-size effects

There is a plethora of sources of finite-size corrections to the orbifold CFT result
calculated in Section 2.2. One should be aware of corrections from irrelevant
bulk and boundary deformations of the Hamiltonian [143], as well as unusual
corrections to scaling as analysed in [144, 145]. Finally, one should generically
worry about parity effects [146] but, in agreement with [147], we have found no
such corrections in the numerical results.

The strongest corrections, however, come from the subleading scaling of the
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lattice twist operators [118]. We remind that the lattice twist operator ¢ can be
expressed, in the continuum limite — 0 as a local combination of scaling operators
[67]:

Ot = Co €70 (w, @) + c5 € 0. (w,®) + . .. (2.92)

where the integers (m, t) give the lattice position of the operator as w = e(m + it),
and the dots in (2.92) denote the contribution from descendant operators. The
amplitudes ¢, and ¢; of the scaling fields are non-universal, and thus cannot
be inferred from CFT methods. However, since the expansion (2.92) does not
depend on the global properties of the system, it is independent of the choice of
BC. Using the exact results for the correlation matrix M of the fermionic system
associated with an infinite Ising chain [148], and the well-known result for the
Rényi entropies of an interval of length ¢ in an infinite system [46, 47], one can
find a fit for the values of ¢; and c;.

Moving on, the excited twist operator o. can be defined through point-splitting
as [118],[149]:

0.(w,@) = lim | @l = w) o, ), M) @ 1) . (2.93)

This operator has conformal dimensions h,, = h,;, = h,+h,/2. The expansion (2.92)
implies that in our case, the correlator of twist operators on the Ising spin chain
with free boundary conditions can be expressed in terms of CFT correlators as:

G o T = (@)™ (o, o (o, )"
+ (CZCE) €4hg+h{v [<G€ (u, L_l)(j(v, 77)>;J;/f) + <U(M, l/_l)GE (Z), 5)>é{'f)]

+... (2.94)

Using the map (2.19), and recalling that L = Na, we get

_ /4 (5(0,0)0(x, )y o el
0= () v D) G
GO = @ (51 T + () (55 L1, 0) + ..
2L
(2.95)

where u = m,e and v = m,e are the physical positions of the twist operators, and
x is given by (2.20). The first term in the right-hand side of (2.95) corresponds to
the two-point function (2.45), whereas the function G (1, v) in the second term is
defined as

v 400,000 N + 4 (0(0,0)0.(x, D)

11(u+v) ]C/4+h¥
2L

Gr(u,v) = , (2.96)

[sin
with y = sin 7/ sin % The exact determination of the function G;(u, v) is be-
yond the scope of the present work — for instance, through a conformal mapping,
it would imply the calculation of the one-point function of the energy operator
on the annulus. Since, in the Ising CFT, we have h, = 1/2, this second term gives
a correction of order 1/ VN to the Rényi entropy predicted by (2.1), which is in
agreement with the results of [96, 127, 144]. This is a very significant correction,
and it shows why the system sizes accessible through exact diagonalization (lim-
ited to N < 30) are not sufficient to separate the leading contribution from its
subleading corrections.
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To show the dramatic effect of this term, Figure 2.7 contains a comparison
of the collapse for diverse system sizes. As noticed in other works [94], where
DMRG methods were used, system sizes of N ~ 100 are not enough to satisfyingly

collapse the data.
Furthermore, the module organization of the fields in the orbifold CFT implies

that the scaling exponents of finite-size corrections are half-integer spaced: there
will be contributions both at relative order O(N'), and O(N~%?), and so on. This
increases the difficulty of a finite-size analysis since there are more terms with
significant contributions for the system sizes that are numerically accessible. To
illustrate this, we give in Figure 2.8 a plot of the subleading contributions to the
lattice twist correlator

(2.97)

. _ 7\ (0(0,0)0(x, )Y
Fsubleading(]/ k) = Gmu,O va,0>§\j;,f) - (C2)2 (ﬁ) . m(u+o) c/ill3
[sin 22|

The plot shows that even at N ~ 10° the collapse is not perfect.
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Figure 2.8: The rescaled subleading contribution (2N/ 1)/ 4+h£Fsubleading to the lattice
two-point function of twist fields, for an interval starting in the middle of the chain
and growing towards one boundary. The plot shows that even at large system
sizes, the finite-size corrections are significant.
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2.4 Conclusion

In this chapter, we have reported exact results for the Rényi entropy S, of a single
interval in the ground state of a 1D critical system with open boundaries, assuming
the same boundary conditions on both sides. This amounts to computing the two-
point function of twist operators in the unit disk with diagonal BCs () in the Z,
orbifold framework.

By constructing a biholomorphic mapping from the annulus to the two-sheeted
disk, we have managed to express the orbifold two-point correlator of twist fields
in terms of the annulus partition function of the mother CFT. We have also detailed
in the Appendix an alternative derivation of the result for minimal CFTs in the
A-series.

We have numerically checked the CFT result and found good agreement with
Ising spin chain data, for free BC. It was, however, necessary to achieve large
system sizes for this purpose, as the finite-size corrections decayed slowly (~ N~
relatively to the dominant term) with the number of sites, as opposed to the case
of an interval in a periodic chain, where this decay is of order N~ (see [118]
for instance). Checking the result for other models and BCs could be achieved
through more sophisticated numerical techniques, like (adaptations of) the DMRG
approach (see [94, 150]).

To generalize the method of this section to Rényi entropies S;; with n > 2,
one would need, essentially, good analytic control of the partition function of the
mother BCFT on surfaces with n boundary components, which are not known for
generic BCFTs. In Chapter 3, we manage to perform such a calculation, for the
BCFT of a compact boson of radius R, with either Neumann or Dirichlet BC.

A natural extension would be to consider the second Rényi entropy for a sys-
tem with different conformal BCs on each side of the strip. However, this situation
adds the extra complication of insertions of boundary condition changing opera-
tors into the correlator of twist operators [130], thus requiring a calculation of the
four-point function of boundary operators on the two-sheeted disk. The simpler
setup of an interval containing one of the boundaries can, however, be addressed,
as we shall show in Chapter 4.
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Chapter 3

Entanglement entropies of an
interval for the massless scalar field
in the presence of a boundary

3.1 Summary

In this chapter, based on [151], we present new results for the calculation of the
REE S, (A) for the compact and non-compact massless scalar BCFT either on the
half line or on the segment, when the same boundary condition is imposed at both
endpoints in the latter case. Both Dirichlet BC and Neumann BC are investigated.

These results give the leading contribution to the REE of an interval in the
ground state of a one-dimensional quantum critical system with open boundaries,
whose scaling limit is realized by one of the aforementioned BCFTs. In conse-
quence, for the compact case, our analysis applies to a gapless one-dimensional
quantum system belonging to the Luttinger liquid universality class, whose low
energy behaviour is captured by the massless compact real boson, which is a
CFT with ¢ = 1. A prototypical example is the spin—% XXZ spin chain (see Ap-
pendix B.1).

Our results are valid when such a system is defined on a segment of finite
length L or the half line - the latter case can be easily obtained from the former by
taking the limit L — oo.

Figure 3.1: Spatial bipartitions considered in this chapter: the interval A (red
segment) is either on the half line (left panel) or on the segment of finite length L
(right panel), and the boundary condition is labelled by a. In the right panel, the
same boundary condition is imposed at both endpoints of the segment.

We consider the spatial bipartition of the system given by an interval A = (1, v)
and its complement when A is not adjacent to the boundary, namely 0 < u <v <L,
as shown in Figure 3.1. The moments of the reduced density matrix p4 read

M(A) = Tr ply = (G0 0y, o) (3.1)

where 6 and 6" are the lattice twist operators discussed in Section 1.2 and m,, m,
are lattice coordinates such that u = m,e, v = mye. We remind that in the scaling
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limit, the lattice operator o can be expanded into a linear combination of scaling
tields in the corresponding conformal field theory model, and the most relevant
among these primaries is the bare twist operator o, with scaling dimension [46]

c 1
A, =—[n-- 2
12 (” n) 52
Hence [72, 73, 152]
G=cpeMo+... (3.3)

where dots correspond to less relevant fields whose contribution to Tr p’, matters
when finite size corrections are taken into account. The prefactor c, is a non-
universal constant coming from the normalization of the microscopic operator
6 and € is a UV cut-off, like e.g. the lattice spacing. Thus, the moments of the
reduced density matrix M;(A) in (3.1) can be written as

ME(A) = &M (o) ot (), (3.4)

where 5; = {w € C, 0 < Re(w) < L} is the infinite strip (with imaginary time
running along the imaginary axis) of width L with boundary condition a on both
sides of the strip. The moments Trp’, for the interval on the half line with either
Dirichlet and Neumann BC are obtained by taking the L — oo in (3.4).

The CFT quantities that we are considering are related to the two-point func-
tions of twist fields (o(u) a*(v))SL on the strip $;, = {w € C, 0 < Re(w) < L}. Since

the strip is conformally equivalent to the unit disk D = {z € C,lz| < 1} via the
map:

_ s(w —u) _ 2L . (mw
wz= oS s =T sm(z) (3.5)
we have (0(0) 5 ()
0o, = TR -2, 36)

where the same boundary condition is imposed on both the boundaries of §; holds
on the boundary of ID. In the case of the BCFT on the half line, it is convenient to
consider the right half plane geometry RHP = {z € C,Re(z) > O} , which can be
studied by taking L — oo in (3.6), finding

(0(0) 0" (%)), v-u
(o) 6" (0))rup = W = v+u

(3.7)

Thus, the computation of Rényi entropies we are interested in boils down to
evaluating the two-point function of twist fields (o(0) o¥(x)),, on the unit disk,
when 0 < x < 1, which can be written as:

(0(0) " @ND =[rA - NI F)  r=a (3.8)

where ?'rf“)(r) is a universal function, conventionally chosen so that 77,1(”‘)(7) — las
r— 0.
In consequence, the moments of the RDM take the following form

» 20

MH(A) = nTrpA = Crl P(M,U)A"

(3.9)
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where

s(2u) s(2v) s(v — u)* (S(U - ”))2 (3.10)

Plu,0) = €2s(v + u)? "= s(v + u)
and 7, depends on the specific BCFT model, which is characterized also by the
boundary conditions labelled by «, and is related to partition functions on the
Riemann sphere with n boundary components. In particular, 7"2(“) is essentially
the annulus partition function, which is consistent with [120] and the results of
Chapter 3.

The moments (3.9) straightforwardly provide the REE of an interval A for a
BCFT on the strip

(@)
X A, log[c2 7" ()]
SpA) = log|P(u,v)| + — (3.11)
which lead to the corresponding single copy entanglement (1.18) given by
log[c2 7, (“)(r)]
a _ i . n/n
S5.(A) = log[P(u,v)| + lim ————— (3.12)

The expressions (3.4) and (3.9) for the moments of the reduced density matrix
naturally lead to the introduction of two kinds of ratios that are UV finite. A first
type of ratio can be defined for an assigned boundary condition a as follows

M*(A)
RY(A) = 1
where A, = [0,u] and A, = [0, v] (see Figure 3.1). In the BCFT we are considering,
by using the expressions in (3.9)-(3.10), this ratio becomes

VM0

7An

RY(A) = g2V (3.14)

From (3.13) and (1.14), the following UV finite combination of entanglement
entropies is obtained

In(A) = Sn(Au) + Sn(Av) - Sn(A) (315)

For a BCFT on a segment, by using (3.11), one finds that this UV finite combination

becomes [ @ ]
1 log| 7" (r)
T(4) = - (1 ¥ n)log(r) b=

which is a function of the harmonic ratio 7 in (3.10).

Another type of UV finite ratio can be introduced only through the interval A,
without using the entanglement entropies of intervals adjacent to the boundary.
Instead, two different conformally invariant boundary conditions a; and a, must
be considered. From (3.4) and (3.9), these ratios are defined as

MMA)  Fr)

< +21og g (3.16)

_ 3.17)
MPA) - 70 (
which leads to the following difference of Rényi entropies
(1)
SU(A) — §2(A) = — Jog[ L2 (3.18)
L=n 2\Fr)
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where we have denoted by S (A) the Rényi entropies (1.14), to highlight its depen-
dence on the boundary condition @. We remark that the above expressions hold
for a BCFT on a segment and that the corresponding expressions for the BCFT on
the half-line are obtained by taking L — oo.

We remind that the disk two-point function (3.63) can be equivalently evalu-
ated as the following ratio of partition functions [46]

(0(0) " (X)), = Zu(¥)/ Z} (3.19)

where Z,(x) stands for the BCFT partition function on the n-sheeted covering
of the unit disk ID,, with branch points at 0 and x, while Z; is simply the BCFT
partition function on the unit disk.

Strategy for BCFT computation

The goal, then, is to evaluate the partition function Z,(x) or, equivalently, the
two-point correlators on the disk in (3.19). This is presented in detail in Section
3.2, but we will summarize here the main ideas involved. The crucial insight is
that this problem is conceptually related, through the “generalized” mirror trick
in [115], to the calculation of the REE of two disjoint intervals on the infinite line
for the compact boson CFT in [71].

In this case, the moments Tr p’, are obtained as the partition function of the
model on a specific n-sheeted Riemann surface M = .#, which is a Riemann
surface obtained through the replica construction, with genus ¢ = n — 1 (see the
Appendix A of [85]). For a CFT, this special Riemann surface is characterized by
the harmonic ratio of the endpoints of the two intervals, which is a real parameter
in (0,1). For instance, .#; has genus ¢ = 3 and it is shown in the left panel
of Figure3.2 for the special case of two equal intervals. Further analyses and
generalisations of .#, have been discussed e.g. in [85, 88, 153].

The method of the images allows one to find the n-sheeted Riemann surface
M = .7, for a BCFT on the half line and in its ground state as follows. Consider
My for two intervals of equal length (when n = 4, see the left panel of Figure 3.2),
which exhibits a Z, symmetry (a reflection) with respect to a plane (see the black
plane in the middle panel of Figure3.2). The n-sheeted Riemann surface .7,
corresponds to one of the two halves identified by this reflection plane, whose
union gives .#,. Thus, .7, has the topology of a sphere with n boundaries, which
has genus ¢ = 0 and Euler characteristic y = 2 —n (for n = 4, see the right panel of
Figure 3.2). Such a surface, is of course, conformally equivalent to the n-sheeted
disk ID,,.

Let us now sketch our computational strategy, based on adapting the methods
of [70] ( which were also employed in [71]) to account for the conformal BC.
Following [70], in the path integral on ID,, for the partition function, we decompose
the field ¢ = ¢, + ¢, into the classical field ¢, and a quantum part ¢,. The
Euclidean action of the massless compact real boson on a generic Riemann surface
M equipped with metric g, and whose target space is a circle of radius R reads

Sl¢] = 8% fM g 9,0 0,0 \igld*x ¢~ +2nR (3.20)

Since the action S[¢] is quadratic and ¢, satisfies the equation of motion, (3.20)
admits the decomposition S[¢] = S[p.] + S[P,.]-
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Figure 3.2: The Riemann surface .7} (right panel) is topologically a sphere with
four boundaries. It is obtained by exploiting the reflection symmetry of .#, for
two equal intervals (left panel) with respect to a plane (the black plane in the
middle panel).

This implies that the partition function on the Riemann surface M factorizes
as follows

Z(Dy) = Zu(Dy; R) Zyu(Dy) (3.21)

where the classical and the quantum terms are defined respectively as

Z DRy = ) et Z,(D,) = f (D, Je s (3.22)

m

where ng“ ) is the classical solution with winding m and the sum in m is over all
possible windings of the classical solutions. Note that while the classical part
depends on the compactification radius R, due to configurations of ¢, with non-
trivial winding, the quantum term Z (M) is independent of the compactification
radius R.

To calculate Z,(ID,;R), one first finds the classical solutions on the double
D(ID,,) in the standard way [70]. Following this, the effect of imposing the Dirichlet
or Neumann BC is to select a subset of these classical solutions which contribute
to the partition function on ID,,.

For the quantum part, it is simpler to calculate Z,(ID,) as the square root
of the partition function of a complex boson ®. Then, one can use the methods
of [70, 71, 154], together with the gluing conditions of the U(1) currents at the
boundary, to calculate the result.

For convenience, we give here a dictionary between the notation of [71] and
the conventions of this chapter. In our calculations, we have set ¢ = 1/2, n = R?
and, in consequence, the Luttinger parameter and the compactification radius are
related as K = R™2. We will relegate to Section 3 a detailed comparison of our
result in (3.23) with the universal function ¥, of [71].
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Few explicit analytic expressions for 7*) in (3.9) are available in the literature:
for the massless Dirac field, where ) = 1 identically for any value of n and
independently of the (conformally invariant) boundary conditions [129], and for
the massless compactified scalar for n = 2 and a generic conformally invariant
boundary condition, in terms of the annulus partition function [120]. In this
chapter, we extend the latter result for the massless compactified scalar to a
generic value of the Rényi index 7, focussing on Dirichlet BC and Neumann BC.

Let us collect here the results for the universal functions 7—"”(“) derived in this
chapter. At finite compactification radius R we have:

Main results at finite R

The universal functions Tn(“) for Dirichlet (D) and Neumann (N) boundary
conditions to be:
O(t(r)/R? O(R?t(r)/4
Fgy - 2O Fvy = IO
@(T(r)) @(T(r))
where .
Q(h) = Z gl hem (3.24)
mezZ"1
is the Siegel theta function and 7 the period matrix of [71]
n—-1
.2 ) Fin(1=7) .
Ti(r) = i— sin(rtk/n) ——————= cos|2ntk(i — j)/n 3.25
)= 15 ) sintek/n) =g [2mk(i = p/n]  (325)
where 1 <i,j <n—1and Fy/,(r) = Fi(k/n,1 - k/n;1;7).

From the results (3.23) and equations (3.8) and (3.19) , we observe that the fol-
lowing relation occurs between the partition functions corresponding to Dirichlet
and Neumann BC

ZY((R) = ZY(2/R) (3.26)

This provides a non-trivial consistency check of the dependence on the compact-
ification radius R in (3.23); indeed, for the compact massless boson this T-duality
relation is expected to hold, as discussed in [25] for the annulus (i.e. the n = 2
case) and in [155] for a generic Riemann surfaces with boundaries.

The limit of large compactification radius R — oo corresponds to the case where
the target space is the infinite line. In this regime, we find that the moments Trp’,
of the interval A = [u,v] on the strip of length L for Dirichlet and Neumann BC
become respectively

2

D Cn ) N
MPA) = poon BP0 M@ =

2
Cn

s 10 G2

where ¢, are non-universal constants as in (3.3) and we have denoted the universal
functions by £, to distinguish them from the finite R case.

We note that here the ¢, is assumed to relate twist fields in the Z,, orbifold of the
non-compact boson BCFT and lattice twist operators in a harmonic chain model
that is properly regularized in the UV and IR. In the case of Dirichlet boundary
conditions, the constant ¢, has the same UV origin as in Eq. (3.3). The case of

51



Chapter 3 — Entanglement entropies of an interval for the massless scalar field in
the presence of a boundary

Neumann boundary conditions is more subtle, as the lattice model requires an IR
regularization due to the presence of a zero mode.
We now report our results in this regime:

Main results in the decompactification limit

e For n > 2 the result is:

FO(r) = FN(r) = ; (3.28)

\/H 1 Fkn(1=171) ' NITizt Figu(r)

e By using (3.27), we can also obtain the UV finite combination (3.18) in
this regime, which reads

S(D)(A) _ S(N)(A) Zl (Fk/n(l ) (3.29)
8 ! Z(n 1) & Fr/u(7)

e In the limit n — oo, we have found:

_ 1
lim — log F2(r) = f log|F(1 - )|dx (3.30)
n—oo 1 — 1 0

and )
i — log FN(r) = f log[F.(r)|dx (3.31)
n—oo n—l 0

which allow for the swift numerical evaluation of the single copy
entanglement defined in (3.12).

e Using the results of [71], one finds:

) 1 o niz log[F.(1 —1)]
}}E} 1- 10g7: (= I o Isin(mz)]?

dz (3.32)

and
lim niz log[F.(r)]

. 1 (N) - -
P logT )= foo [sin(nz)]2

so that the EE can be evaluated numerically .

dz (3.33)

Comparison with numerical results in the decompactification limit

In Sec.3.3 we check the validity of the analytic expressions in (3.27) and (3.29)
against numerical results for the entanglement entropies of a block of consecutive
sites in the spatial bipartitions shown in Figure 3.1 for harmonic chains defined
either on the semi-infinite line or on the segment, when either Dirichlet BC or
Neumann BC are imposed.

The Hamiltonian of a finite harmonic chain with nearest neighbour spring-like
interactions made by N — 1 sites in the interior and two sites at its endpoints reads

N
ﬁ:;(%p )+ szm % 3:34)
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in terms of the position and the momentum operators §; and p;, that are hermitian
operators satisfying the canonical commutation relations [§;, §;] = [pi, p;] = 0 and
[:,P;] = i0;; (We set i = 1). At the endpoints of the harmonic chain we impose
the same boundary condition, which is either Dirichlet BC

Jo=4n=0 (3.35)

or Neumann BC
fi—=q0 =0 gn —gn-1=0 (3.36)

The entanglement entropies Sff;) for a spatial interval A = [u,v], with u =
my€, v = my€e, containing m,y = m, —m, consecutive sites can be computed through
the method developed in [44, 65, 66, 156-161]. The first step consists in con-
structing the reduced correlation matrices Q4 and P4, whose generic elements are
respectively (§:4;) and (p;p;), with i,j € A. In both cases of interest (finite N and
N — o0), their analytical expressions are known [157, 162, 163] or can be found
(3.97) for Dirichlet and Neumann BC.

The next step is to diagonalize, for each choice of bipartition A|B, the matrix
Qa - P. Similarly to Peschel’s trick, the eigenvalues of this matrix determine the
entanglement spectrum of the harmonic chain for that particular bipartition from
which the entanglement entropies are readily obtained.

We’ve considered four setups in the harmonic chain. For each boundary
condition (Neumann or Dirichlet) we’ve analyzed both the infinite chain on the
semi-infinite line and the finite chain made by N consecutive sites on the segment.
The continuum limit of the lattice results was compared against the corresponding
noncompact boson BCFT predictions on the right half plane RHP (for N — oo)
and the strip 5;, (finite N).

In the case of Dirichlet b.c., our lattice data are taken by setting @ = 0 in
the analytic expressions for (4;4;) and {(p;p;), given in (3.84) and (3.87), since they
remain well-defined in this limit. Instead, when Neumann b.c. are imposed,
the (4;4;) correlator in (3.89) diverges in the massless limit @ — 0 because of the
occurrence of a zero mode. This forces us to set a small but non-vanishing mass:
in our analysis we have chosen wm, ~ 107 for the semi-infinite chains and
wN ~ 10710 for the finite chains, which are much smaller than the other scales.

With these specifications, we have performed numerical comparisons for a
variety of entanglement quantifiers and bipartitions, copiously detailed in Sec-
tion 3.3. Of this, we will only reproduce here our numerical results for the EE
and the EE difference between Dirichlet and Neumann BC, since the EE is an
entanglement measure by all definitions !. In the case of the massless scalar field
in the decompactification regime that we are exploring, we consider (3.29) and its
analytic continuation n — 1, which can be easily obtained from (3.32) and(3.33).
The results of our analyses for this UV finite quantity are shown in Figure 3.3.

The collection of the lattice data has been performed by setting m, to a constant
value in both setups: we have chosen € {100, 200, 400} for the semi-infinite chains,
while we took = N/2 with N € {100, 200, 400} for the finite chains. Then, we varied
my, €1{1,...,m, — 1} and plotted the entanglement entropy in terms of m4/m, and
the entropy difference in terms of the corresponding cross ratio r in each case.
For Neumann BC, we have set wm, ~ 107 in both the semi-infinite and finite
chains. The agreement between the lattice data points and the corresponding
BCFT predictions is excellent in all these cases. In the insets of Figure 3.3 we have

1See Section 1.1.1
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reported Sa,, — const, where the constant value that has been subtracted is given
by %log(va) for the semi-infinite chains (left panel) and %log(ZN /m) for finite
chains (right panel).
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Figure 3.3: The difference between the entanglement entropy for Dirichlet BC and
Neumann BC for the bipartitions of Figure 3.1, either in the semi-infinite chains
(left panel) or in the finite chains (right panel). The insets show the entanglement
entropy for the two different boundary conditions.

Let us now summarize the outline of this chapter. We shall first present in
Section 3.2 the calculation of the twist 2-point function on the disk at finite R, and
in the decompactification limit R — oco. In Section 3.3, we check the results in the
decompactified limit against numerics in the harmonic chain, in a variety of se-
tups. For Dirichlet BC, the agreement is excellent for all the quantities considered,
while for Neumann BC, at larger values of the Rényi index 1, the numerical results
deviate from the BCFT prediction - we presume this disagreement might be due
to the introduction of a zero mode regulator in the harmonic chain with Neumann
BC. We then conclude this chapter with Section 3.4, in which we discuss possible
extensions of this setup. Finally, in the appendix associated with this chapter, we
have relegated the more technical derivations of this work.

3.2 [Entanglement entropies in the unit disk

In this section, we discuss the main BCFT calculation of this chapter. As antic-
ipated in Sec.3.1, we employ the mirror trick to evaluate the partition function
Z(H,) for the compact boson on the specific surface .#;, occurring in our problem
because of the replica construction. Since the action is quadratic, the partition
function factorizes into a classical part and a quantum part, which are evaluated
separately.
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Figure 3.4: The cycles (red curves) employed in Sec.3.2.1. Solid curves lie in the
first sheet, while dashed lines stand for curves on the second sheet. The unit disk
D corresponds to the white region. The twist fields are located at the origin and
X.

3.2.1 Partition function
Mirror trick

In Sec. 3.1 we have qualitatively discussed that evaluating the Rényi entropies for
the bipartitions in Figure 3.1 corresponds to computing a partition function on a
surface M = .7, with boundary which is topologically equivalent to a sphere with
n equal disks removed (for n = 4, see the right panel of Figure 3.2). In a BCFT, this
partition function can be obtained also as the two-point function (o(0) o' (x)),, of
twist-fields on the unit disk ID, placed at the origin and at x, with 0 < x < 1.

The replica construction introduces the branched covering M = %,, which
is obtained by joining cyclically n copies of ID through the cut along the interval
(0,x). Astandard approach to investigate partition functions on a Riemann surface
M with boundaries is to introduce the so-called double of M, that we denote by
D(M) [115]. The double of Mis a compact Riemann surface endowed with an anti-
holomorphic involutive map C (called a real structure) such that M = D(M)/C
and the boundary d M corresponds to the fixed points of C. For instance, the
double of the upper half plane is the whole plane with {(z) = Z and the double of
the right half plane is the entire plane with real structure given by the reflection
w.r.t. the vertical axis. The double of the unit disk ID is the Riemann sphere CIP*
with real structure {(z) = 1/z. This construction is allowed when d M is analytic
w.r.t. the complex structure induced by the metric and this condition is verified
for 9,. Thus, D(2,) is simply the n-sheeted covering of the Riemann sphere CP!
with branch points at 0,x,1/x and oo and the anti-holomorphic involution is (a
lift of) C(z) = 1/z. The case of the interval in the right half plane is considered in
Figure3.2.

The first step of our analysis consists of constructing a canonical homology
basis for the genus n — 1 surface D(Z,) that is compatible with the involution C.
Consider the cycles C; and B; shown in Figure 3.4. The contour C; is any cycle
in the same homology class as the unit circle. In particular, its homology class
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is invariant (even) under C. On the other hand, the homology class of 8; is odd
under (; indeed B; can be chosen so that {(8;) is the same loop as B, but with the
opposite orientation. These contours can be replicated on each sheet through the
deck transformation f sending sheet jto j+1,i.e. Cj11 = f(Cj) and B,,1 = f(8)), for
1 < j < n-1. Since the deck transformation commutes with the real structure C,
the (homology class of the) cycles B; and C; are respectively odd and even under
C. Although the contours C; and B, for 1 < j < n—1 generate the whole homology
group, they do not form a canonical basis because 8B; intersects both C; and Cj,1.
More precisely, their intersection numbers are #(C;, B;) = b;;j — 6;j:1. However,
the cycles A; = C; + -+ + Cj are such that §(A;, Bj) = 0;; (and #(A;, A;) = 0)
and therefore (A;, B)) is a canonical homology basis. Furthermore, this basis
satisties {(A;) = A; and ((B;) = —B; (up to smooth deformations). Thus, under
C, each A; is invariant, while each B; just changes its orientation. The period
matrix corresponding to this canonical homology basis is (3.25) and its derivation
is discussed in Appendix B.2.

We are interested in the partition function of the compact real massless boson
¢ ~ ¢ +27nR on a compact Riemann surface M with boundaries. The action (3.20)
for this BCFT can be written also as follows

So] = — [ g@o,dp)iy = — [ donwdo == [dpnds  (337)
81 Im 81 Im 4m

where g is the metric tensor on M, whose volume form is du = \/@ d’x, and
* is the Hodge star operator. In the last equality we introduced the Dolbeault
operators d = £ (d+i%d) and d = 1 (d —ix d). The same boundary conditions
are imposed on all the boundary components of M and in our case, they are
either Dirichlet BC or Neumann BC. The action (3.37) is invariant under Weyl
rescaling ¢ — eg. Such invariance can be made more manifest by introducing
the decomposition d¢ = d¢ + d¢ and using that x dz = —idz, xdz = idz, which
imply xd¢ = —id¢p + id¢p. This leads to the last expression in (3.37), which is
manifestly independent of the metric (in a given conformal class). The partition
function Z = f [Dop]e59! is obtained by performing the path integration over
all field configurations that satisfy the appropriate boundary conditions in dM,
which are Neumann BC or Dirichlet BC in our analysis. A non-compact real
boson ¢ takes values in IR, while in the compact case that we are considering the
real field ¢ takes values in the circle of radius R, i.e. in R/(2nRZ). Thus, in the
latter case, the field configurations can be classified through their windings (or
instanton sectors). This means that

f dp = 2mn;R ni€”Z (3.38)
P.

]

where the integer 1; determines the winding number corresponding to the path
#;, which can be either a non-contractible cycle on the Riemann surface or an
open path connecting two of its boundary components.

Following the standard procedure to deal with these windings discussed in
[70], in the path integral for the partition function we decompose the field ¢ =
¢Pa + ¢, into the classical field ¢, and a quantum part ¢,,. The classical solution
¢q is a harmonic function ¢, : M — R/(2nR Z) satistying (3.38) (hence it depends
on the winding vector n, having n; as j-th element), while the quantum field ¢,
does not have windings.
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The quadratic form of the action (3.37) combined with the fact that ¢, is a
solution of the equation of motion lead to decomposition S[¢] = S[¢p.] + S[Pal,
where only the classical term S[¢,] depends on the winding vector. This implies
that the partition function on the Riemann surface M factorises as follows

ZM) = Zu(M;R) Z,.(M) (3.39)

where the classical and the quantum terms are defined respectively as

ZM;R) = Y et Z (M= f [D, el (3.40)

n

We remark that the quantum term Z,,(M) is independent of the compactification
radius R.

Classical term

We consider first the classical part Z.(M;R) of the partition function in (3.21)
in the case of same Dirichlet BC ¢ = ¢, where ¢y is a constant in R/(2nR Z).
Crucially we impose the same constant ¢, on on all the components of M (see
Appendix B.1). Exploiting the U(1) invariance of the theory, we assume ¢y = 0
without loss of generality. Classical solutions of this Dirichlet problem are thus
harmonic functions ¢, that vanish on the boundary. Combining the vanishing
(mod 2nR) of ¢, on IM with the fact that any harmonic function is (locally) the
real part of an analytic function, ¢, can be extended to the double D(M) through
the Schwarz reflection principle via the condition ¢,(C(p)) = —¢a(p). This means
that classical solutions ¢, on M satisfying vanishing Dirichlet BC are in one-to-
one correspondence with classical solutions on the double D(M) that are odd
under C. Hence, d¢, is a harmonic form on D(M) satisfying C'd¢, = —d¢d,, where
C* denote the pullback by C.

On the other hand, the even harmonic forms on D(M) are such that C'd¢, = do,
and their restriction to M provides the classical solutions satisfying Neumann
BC for all the components of dM. In this case ¢, can be extended to D(M)
via ¢4(C(p)) = ¢Pu(p). Alternatively, we can consider the dual field 0,, which is
defined by d0, = % d¢,. When ¢, satisfies Neumann BC, the dual field 6, obeys
Dirichlet BC; hence C*'d0, = —d0,. Since (, is an orientation reversing isometry, it
anticommutes with the Hodge star operator and therefore C'd¢p, = d.,,.

In the computation of the moments Tr p’} for the bipartitions shown in Fig-
ure 3.1, the Riemann surface M = 2, is topologically equivalent to a sphere with
n disks removed (for n = 4, see the right panel of Figure3.2). Its double D(%Z,)
is the compact Riemann sphere of genus ¢ = n — 1 described in Sec.3.2.1. When
n = 4, the double D(Z,) is topologically equivalent to the Riemann surface shown
in the left panel of Figure3.2. Consider the canonical homology basis (A;, B;)
discussed in Sec.3.2.1. It is a standard result of Hodge theory [164] that there
exists a unique dual basis (@, §;) of real harmonic one-forms such that

95 aj = b 56 a;=0 and SE Bi=0 9§ﬁj=5ij- (3.41)
A: B; Ai B,

1 1

Because the homology class of A; and B; are respectively even and odd under
sigma, the relations (3.41) are also satistied by C'a; and —C'f;. Hence, it follows
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from uniqueness that (*a; = a; and U"f; = —f;, meaning that, under (, the one-
forms a; are even, while 8; are odd. For Dirichlet BC such that ¢ takes the same
value (modulo 2R) on each boundary component of %, we have that

f d¢p, = 2R m; m; e, (3.42)
B

]

where j € { 1,...,n— 1} ; being B defined as the part of B; that lies inside &, hence
B is a path connecting the j-th component to the (j + 1)-th component of of 0D,
(see Figure 3.4). On D(%,), we thus have that:

95 dpy = 4R m; m; € Z (3.43)
B.

]

Moreover, since ¢ is constant on each boundary component, we have 56% dp, =0
]

for all the allowed values of j. The analytic continuation of d¢, to D(Z,) only
involves the odd harmonic forms f3; as follows

dy = 4nR Y m;f; (3.44)
i

The Riemann bilinear relation [164] provides the value of the action (3.37) for
this classical solution. It reads

1

1
Slpal = o~ L dpua A xdpy = 7— D(@)dq)d/\ xdp, = nR>m' - 730 m  (3.45)

where 7, = Im(7) is the imaginary part of the (n — 1) X (1 — 1) period matrix 7 of
D(%,) in the canonical homology basis (A;, B;). In our case, the period matrix is
purely imaginary. Indeed, given a basis of the holomorphic one-forms wy such
that §ﬂ/ wg = Ojx, we have C"wy = wy and therefore

?i,j = f C(_)]' = f Wj = —Tj; (346)
B; azh)

From (3.45) and the first expression in (3.40), for vanishing Dirichlet BC one
obtains
Z0, = o(-R*t) (3.47)

in terms of the Siegel theta function (3.24) and of the period matrix defined by
(3.25), whose derivation is discussed in the Appendix B.2.

The case where Neumann BC are imposed on all the n boundary components
of 9, canbe addressed by adapting the steps described above for Dirichlet bound-
ary conditions. For Neumann BC, the classical solutions can be extended to D(%,)
through the requirement ¢, o C = ¢,, as already mentioned. Given the canon-
ical homology base introduced above (see Sec.3.2.1 and (3.41)), these classical
solutions correspond to harmonic forms d¢,, satisfying

f dpg = 2mniR f dp, =0 njez (3.48)
Aj B

58



Chapter 3 — Entanglement entropies of an interval for the massless scalar field in
the presence of a boundary

where j € {1, e, N = 1} and the absence of winding over 8; follows from the fact
that d¢, is even under C. Thus we have

dpy = 2mR Y nja (3.49)
j

Again, the Riemann bilinear relation allows us to compute the action (3.37) for
these classical solutions and the result is
R? _ R?
S[qbd]:nTn‘-T-Tz‘l-T-n:—inTnt-T'n (3.50)
where the last step has been obtained by using that 7 is pure imaginary,i.e. T = i7,.
Finally, we obtain

Z5, = O(R*7/4) (3.51)
in terms of the Siegel theta function (3.24).

Quantum term

The quantum part of the partition function in (3.21) and (3.40) for M = 2,
is independent of the compactification radius R. Rather than determining the
quantum determinant of the Green function of the Laplacian on Z,, we find it
more convenient to adapt the analysis discussed in [71], which is heavily based
on the method introduced in [70]. In Sec.3.2.1 the field ¢ has been decomposed
into the sum ¢ = ¢, + ¢p,.. In the following analysis of the quantum term ¢,, is
denoted just by ¢ to enlighten the expressions. Since M = &, is made by n copies
of the unit disk joined cyclically along the cut (0, x), the path integral in (3.40) can
be rewritten by introducing a field ¢; on the j-th copy, for 1 < j < n. The total
action reads S[¢] =}, ;S[¢;] and the fields on the consecutive copies are coupled
through their boundary condition along the cut.

Following [165], it is useful to perform a discrete Fourier transform for the n
bosonic fields in the different replicas and introduce

- 1 © L
bl e 1exen 65
j=1

which is a complex combination of fields; hence it is more convenient to replace
the real bosons ¢; with the complex bosons ®; throughout the computation. The
result for the real field is obtained by taking the square root of the final expression.
The fields introduced through the transformation (3.52) are decoupled. However,
the coupling of the original fields ¢; through the cut imposes the following twist
condition around the origin

(f)k(ezmz, e—ZinZ) — e2nik/n (]Bk(Z, Z) (353)

and a similar one around the branch point at x, with the phase factor ¥ in the
r.h.s. replaced by its complex conjugate.

The partition function of a complex scalar on the Riemann sphere satisfying
the above twisted boundary conditions around four branch points for an assigned
value of k/n has been studied in [70]. In the case of the unit disk ID and of two
branch points we are dealing with, this analysis tells us that the corresponding
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partition function can be written as the two-point function of particular twist
tields oy, and az/n placed at the endpoints of the branch cut. This leads us to
write the quantum part of the partition function as the following product (up to
normalization)

n—1
Z2 . = [ [<oxn( 0, (0, (3.54)
k=1

where the mode corresponding to k = n does not contribute because the corre-
sponding twist field is the identity operator.

A method to determine {oy/,,(0) a;: /n(x)>D was developed in [70] and it is based
on the expectation value of the stress-energy tensor T(z) in the presence of the
twist fields. In Appendix B.3 the analysis of [70] has been adapted to the specific
cases under investigation and the main results are presented below. We find that

(T(2) 01/a(0) 71, (V)

Iy log(om(0) ot (x)), = Res, (3.55)
Bk O (017a(0) 07, (X))
1 1 .
T (; r— /X) -9, log[EY ()] (3.56)
where
2 o

e = 1 E (1 ~ k) £ () = Fk/n(l — |x] ) Dirichlet BC (3.57)

2n kin Fk/n(|x|2) Neumann BC

(we remind that Fy/,(y) = 2Fi(k/n,1 —k/n;1;y)). As for the quantum part of the
partition function (3.54), this leads to

9,108 Zpou = — Ay (% + = _11 /x) — dlog E(x) (3.58)

where we used that Zz;ll e = Ay = 11—2(11 — 1/n) (see (3.2) with ¢ = 1), and we
introduced

n-1
E9(x) = H E) (x) (3.59)
k=1

From the relations reported in Appendix C of [71], the function Eﬁf‘)(x) in (3.57)
can be expressed as a Siegel theta function as follows

n—1

k=1

n—-1
Fiu(ix?) = ©((x)) \J]"[Pk/na —IxP) = ©(-(x)")  (3.60)
k=1

in terms of the Siegel theta (3.24) and of the period matrix 7(x) defined in (3.25).
Then, integrating (3.58), for the quantum part of the partition function we get

1

BN G e — = [x[2(1 = |x? 3.61
Zual) Px) = (1 - |xP) (3.61)
where
©(r(lx))) Dirichlet BC
E™(x) = (3.62)
@(—T(le)‘l) Neumann BC

and the overall constant, which can depend both on n and the BC, will be fixed
later.
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Two point functions of twist fields

Combining the classical part and the quantum part of the partition function, given
by (3.47)-(3.51) and (3.61)-(3.62) respectively, we find that the two-point functions
of the twist fields on the unit disk ID for the compactified massless scalar field
with either Dirichlet BC or Neumann BC read respectively

oo o1 O(-R2 ()" ) 1 ©(r(x)/R?)
(0ul0) ()75 PO o(-1(x)) - RPN O(r(x)) e
1 O(Rr(x)/4)
Px)A @(T(x))

where P(x) has been defined in (3.61) and the last expression of (3.63) has been
obtained by employing the following identity

O(-1(™) = ,/det(—ir(x)) O(r(x)) (3.65)

which involves the Siegel theta function (3.24) and the period matrix (3.25).
In the limit x — O, for the generic element (3.25) of the period matrix we have
that 7(x);; — +ico; therefore ®(nz(x)) — 1 for any constant n > 0, which implies

(04(0) 77, (X))

(3.64)

that 7“(x) — 1 as x — 0 for any finite value of R. By applying this observation
to (3.63) and (3.64), at the leading order we find that

1

TN @
(@S ~ roo

x—=0 a € {D,N] (3.66)

which fixes the overall normalizations in (3.63) and (3.64). Thus, we find the final
result for the twist correlator on the unit disk:

O(r(x)/R?) O(R?7(x)/4)
@(T(x))

@(T(x))
(3.67)

Finally, the two-point twist correlators on the unit disk in (3.67) provide the
expressions for the two-point twist correlator on the infinite strip and right half
plane geometries, which are given by (3.6) and (3.7) respectively, as discussed in
Sec 3.1.From this, one readily recovers all the sought-after entanglement measures.

The Rényi entropies for the massless scalar field in the case of Dirichlet BC and
the spatial bipartition in the right panel of Figure 3.1 have been already studied in
[166], where implicit results have been found. This analysis has been developed
further in [121] for inhomogeneous systems. To apply the results of these works,
linear integral equations must be solved and, since analytic solutions have not
been found, approximate results can be obtained numerically by discretising the
interval A, as discussed in [166]. This provides an important benchmark for our
analytic results corresponding to Dirichlet BC; and we checked? that our BCFT
expression is compatible with the one obtained numerically in [166]. In particular,
for n < 5 and various sizes for the interval, we have found numerical agreement
between the period matrix 7 in (3.25) and the matrix M of [166], once the difference

(04(0) 0, (x))g = Pl (0(0) 0,,(0))y), = Pa)~

D

2We are grateful to Alvise Bastianello for having shared with us his notebook for the numerical
evaluation of the expression obtained in [166].
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in the notations has been taken into account. Also the compatibility for the Rényi
entropies when n < 5 and for various values for the compactification radius
R € (0.5, 3) has been checked. As n increases, higher accuracy in the discretization
procedure is needed to find agreement with our BCFT results in the continuum.
It is now interesting to make a more careful comparison with the results of
[71], which used similar techniques to calculate Rényi entropies for two disjoint
intervals in the infinite line. As already mentioned in Section 3.1, their calculation
is centred around the evaluation of the partition function of the compact boson
of radius R, on an n-sheeted Riemann surface M,, which is characterized by the
same period matrix 7 as the double D(D,) of the n-sheeted disk of our setup.
Based on this geometrical connection, it is interesting to compare the universal
function TH[CCT'Og] of [71] , which we reproduce below in our conventions

©(R21(r)/2)0(21(r)/R?)
[©(r(r)P

with the results for Neumann and Dirichlet BC in (3.23).

We note that the multiplicative factors of the period matrices in the Riemann-
Siegel functions in the numerator of (3.68) are not the same as the ones in the
numerators of (3.23). This difference arises in the calculation for the classical part,
from two sources: the winding condition around the cycle B; for the Dirichlet
BC (3.43), and the fact that for classical action (3.45) the spacetime is 9,,, and not
D(D,), as it would be in the bulk case.

Thus, we found no obvious correspondence between the results for two dis-
joint intervals on M, and the results for Neumann and Dirichlet BC for a compact
boson with the same compactification radius R. However, we notice the relation:

7_~[CCT’O9] r) =

n

(3.68)

FICCTOIR 1y _ ORI N2 ()R V2 ) (3.69)

CCT’09],R
Fa

between the universal function for a compact boson CFT of radius R,

in the two disjoint interval setup, and the functions %>~/ V21, FORYZ(4 for one
interval in the bulk, for compact boson BCFTs with Dirichlet and Neumann BC
and different compactification radii R/ V2 and R V2, respectively.

Beyond purely analytical considerations, such a relation between the bulk and
boundary entanglement properties of compact boson CFTs could be of interest
for numerical investigations of entanglement in the critical XXZ chain.

3.2.2 Decompactification regime

Animportant regime to explore is given by the decompactification regime R — co.

Taking this limit in (3.23) does not provide well-defined finite expressions.
A similar problem already arises for the conformal boundary states of the com-
pact boson BCFT. Indeed, the boundary states corresponding to Dirichlet and
Neumann BC can be constructed through the |(mm, n))) Ishibashi states as follows

[142]
Nk = \/g D 10,m) Dy = \/% Y 1m0y (3.70)

nez. meZ.

and do not have a well-defined behaviour as R — oo. For these boundary states,
a formal regularization scheme for the compact boson BCFT data (spectrum of
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primary fields, boundary states, structure constants) has been implemented [167,
168] to construct a well-defined decompactification limit. However, extending
this procedure to the Zy orbifold of the compact boson BCFT is beyond the scope
of this work.

Well-defined expressions in the decompactification limit can be obtained as
follows. Since @(R2 7(x) /4) — 1 and @(—R2 T(x)‘l) — 1 in this limit, and dis-
regarding proportionality constants for the moment, it is straightforward to find
that the two-point functions of twist fields in (3.63) and (3.64) become respectively
Fi(?) (@4(0) 7} (1))3) o

(04(0) ()2 o - F0()  (3.71)

P(x)* Px) )
where we have employed the identities (3.60) and the functions (3.28). To fix
the CFT normalization in the above expressions, a careful, and slightly technical
consideration of the x — 0 limit of (3.71) is necessary. We relegate it to Appendix
B.5.1 and give here the final results for the two-point functions on the unit disk in
the decompactiﬁcation regime:

(04(0) 0, (x)) =

F() (0n(0) T} = FO () (3.72)

P(x )A

From (3.72) we arrive at the results reported in Section 1.14
As for the Rényi entropies of an interval in the segment, from (3.11) we have

Px )

log(c, n-1
1 —< n 2(11 1) Z log[Fk/n(]/a) (3.73)
)=

where y, =1 —r and yy = r (we remind that Fy/,(y) has been introduced in the
text below (3.25)). The corresponding result for the interval on the half line is
obtained by taking the limit L — oo in (3.73).

Finally, by using (3.16) and (3.73), we find the following UV finite quantity

S*(A) = A log[SD(u v)|+2

w_ A .
Iy = === log(r) + 2(1 Z g[Fisu(ya)] (3.74)
k:

where we have also employed that gp = gy = 1 in our conventions, as shown
in B.5.1, and compatible with existing results in the literature [24]. As for the
entanglement entropy, the analytic continuation n — 1 of (3.73) can be studied by
employing the following result [71]

n—1
ygllan(zmg[h/n(w]): f mloglEWl dz _ iy s
k=1

Cieo ISIN(m2)]2 i

where the integral along the imaginary axis defining 9 (y) is evaluated numer-
ically. This leads to the following result for the entanglement entropy of the
interval in the segment

1 D1 (Ya
SYA) = = 1og[50(u, v)] _ D) +2¢] (3.76)
6 2
where the constant non-universal shift is given by ¢; = lim,_,; 5. The entangle-

ment entropy of an interval on the half line is obtained by takmg the L — oo limit
of (3.76).
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From the UV finite quantity (3.74), we find it worth introducing

n n Ay
90 =19 - T——log(r) (3.77)

Its analytic continuation n — 1 reads
D)

7O _
70, = =5 (3.78)

in terms of (3.75), where the constant shifts depend on the boundary conditions.
The limit n — oo of (3.73) provides the single copy entanglement entropy in
the decompactification regime. By introducing

n—1 1

, 1
tim Y loglFuu(w)] = [ log[R@)fix=sw)  @79)
k=1 0
where the integral defining S(y) can be evaluated numerically. For the single
copy entanglement entropy of the interval in the segment, one finds

S(Ya
(zy)+2c:>0

S ([u, v]) = 11—2 log|P(u,v)] + (3.80)

where ¢, = lim, . 8%, The limit L — oo of (3.80) provides the single copy

entanglement entropy of the interval in the half-line in the decompactification
regime.

3.3 Numerical results from harmonic chains

In this section, we compare the BCFT results reported in Sec 3.1 and Sec.3.2.2
for the decompactification regime with the entanglement entropies of a block
of consecutive sites in the spatial bipartitions shown in Figure 3.1 for harmonic
chains defined either on the semi-infinite line or on the segment, when either
Dirichlet BC or Neumann BC are imposed.

The Hamiltonian of a finite harmonic chain with nearest neighbour spring-like
interactions made by N — 1 sites in the interior and two sites at its endpoints reads

N N-1
—~ 1 . ma? . - A
H= Z (% pi + B qzz) + ; E(qiﬂ -4 (3.81)

in terms of the position and the momentum operators §; and p;, that are hermitian
operators satisfying the canonical commutation relations [§;, §;] = [pi, p;] = 0 and
[i,P;] = i0;; (We set i = 1). At the endpoints of the harmonic chain we impose
the same boundary condition, which is either Dirichlet BC

Jo=4gn=0 (3.82)

or Neumann BC
fi—=q0=0 gn —dn-1=0 (3.83)
We consider these quadratic systems in their ground state, that is a Gaussian
state. Since these are free systems, the crucial objects to perform our numerical
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analysis are the correlation matrices Q and P, whose generic elements are the
two-point correlators in the ground state, i.e. {§;4;) and (p;p;) respectively [44, 65,
66, 156-161].

For the Dirichlet BC (3.82), the generic elements of the correlation matrices Q
and P are given respectively by [169]

G4 = Z — sm(rckz/N) sin(rtk j/N) (3.84)

(pip;) = Z may. sin(rtki/N) sin(rtk j/N) (3.85)

where the dispersion relation reads

Wy = \/a)z + %{ [sin(Tck/(ZN))]:Z > w 1<k<N-1 (3.86)

In the massless regime (i.e. when w = 0) and in the thermodynamic limit N — oo,
these correlators simplify respectively to [163]

a1
<qlq] > - M M
2+km 1 1
R (4(i+j)2—1 = )
where (z) is the digamma function. These correlators can be employed to inves-
tigate the semi-infinite massless harmonic chain with Dirichlet BC at its origin.

When the Neumann BC (3.83) are imposed, the generic elements of the corre-
lation matrices Q and P read respectively [162, 170]

(va/2+i+j)-ypaj2z+i-j) (3.87)

(3.88)

(N 1N
<qzq]> = E ; m_a)k ik Vj,k E ; My Vi,k Vj,k (3.89)
where
B dicp . 2 _n(k-1)
Wi = \/a)2 t— | sin(64/2)] Or =~ (3.90)
and
Vie =\ %= cos(@k(z ~1/2)) (3.91)
The correlators in (3.89) can be written as (§;;) = 3 M( ) and (pip hi) = 5 ), where
Mf’? is defined as follows
N-1
Mf,;) e 1;( - NZ 1 Z cos[Ok(i — 1/2)] cos[Ok(j — 1/2)] - (3.92)
mw (2vim ) {ma?/(4x) + [sm(ek/Z)]Z}
In the thermodynamic limit N — oo, th1s expression becomes
" 03 —1/2 0(Gj—-1/2
e 2 f ol = 12 costO = U2 46 (3.93)
(2 Vi ) (ma?(4x) + [sin(6/2))
1 ™ cos[O(i + j — 1)] + cos[O(i — j)]
= 72 de

n(Vzim)' [ma /@) +1]" Yo (1= [ma/@1) +1] cos(0)]
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By employing the following formula [171]

__cos(nd) 2T(n+b) _ N

F(a, b; = = b ,F n+1;a
(a,b;n,d) f T —acos0) do T+ DI ) a’, 1(b,n+b,n+ ,a)
(3.94)

with d = (1 - V1-a2 ) /a, the integral in the last step of (3.93) can be performed,
finding

= ﬁ[ F(1/a? n/2;i+j-1,8) + F(1/a%n/2;i- j,@)|  (3.95)

where @* = mw?/(2x) + 1. This observation allows us to write the analytic expres-
sions of the correlators in (3.89) in the thermodynamic limit in terms of (3.95) as
follows

A 1
<q1q]> = E ‘Z-f,lj) <p p]> - 1]1) (396)

In the massless limit @ — 0, these expressions become respectively

@) =~ \1/@(¢(|i —jl+ 1)+ (i + j+ 1) + log(ma?/x) + 4y + log(4) +2¢(}1))
(3.97)

o mm( 1 1
P == ((i—j)2—1/4+(i+j—1)2—1/4) (3.98)

where y = —(1) = 0.5772 is the Euler-Mascheroni constant. In all our numerical
analyses we have set x = m = 1.

We remark that all the finite correlation matrices Q and P introduced above
are symmetric matrices satisfying QP = 11, where 1 is the identity matrix, as
expected for the ground state.

Another important feature to highlight is the occurrence of the zero mode:
while it is forbidden by the Dirichlet BC (3.82), it is allowed by the Neumann
BC (3.83). The occurrence of the zero mode heavily influences the massless limit
@ — 0 of the corresponding correlators. Indeed, while for Dirichlet BC (see (3.84)
and (3.85)) finite results are obtained in this limit, for Neumann BC (see (3.89))
the term corresponding to k = 1in (44, is divergent as @ — 0. Hence, exploring
the massless regime is more delicate when Neumann BC are imposed because
the zero mode could lead to effects that are difficult to quantify through analytic
methods.

The entanglement entropies S(:) of a block A made by 14 consecutive sites can
be computed through a well-established method [44, 65, 66, 156-161]. The first
step consists of introducing the reduced correlation matrices Q4 and P,, whose
generic elements are respectively (4;4;) and (p;p;), with i, j € A. Then, the Rényi
entropies SZ') are obtained as follows

5,(A) = nlj i“ log [(yj ; %)— (pj - %)l (3.99)
e

where {u3,..., u3, } is the spectrum of the m, X m, matrix Q4 P, and provide the
symplectic eigenvalues {y1, ..., tn,} of the covariance matrix Q4 ® P,4. The limits
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Figure 3.5: The function ,” for the bipartitions in Figure 3.1 with Dirichlet bound-
ary conditions. The black dotted lines correspond to the BCFT result given by the
first expression in (3.28). The data points have been obtained for the block of m,4
consecutive sites either in the semi-infinite chain (left panel) or on the finite chain
made by N sites (right panel) with Dirichlet BC (see Sec. 3.3).

n — 1and n — oo of (3.99) give respectively the entanglement entropy
. 1 1 1 1
S(A) = ; log [(p]- + E)log(yj + E) - (‘uj - E)log(pj - E)] (3.100)
and the single-copy entanglement
ma 1
Su(A) = ; log(yj + E) (3.101)

In the following, we report some numerical results for the entanglement en-
tropies of a block A made by m,4 consecutive sites providing the bipartitions
shown in Figure 3.1, when either Dirichlet BC or Neumann BC are imposed and
the whole harmonic chain is in its ground state. This leads to four possible se-
tups for the harmonic chain: either an infinite chain on the semi-infinite line or
a finite chain made by N consecutive sites on the segment, and either Dirichlet
BC or Neumann BC (we remind that, in the case of the segment, the same BC is
chosen at both its boundaries). The continuum limit of the lattice results for the
semi-infinite chain and for the segment are compared against the corresponding
BCFT expressions for the massless scalar field in the decompactification regime,
either on the right half plane RHP or on the strip §; respectively.

Unless stated otherwise, for the semi-infinite chains the interval size m, is kept
tixed while its distance from the boundary is varied in such a way that r covers
the whole range r € (0,1). Instead, in the finite chains of even size N, the whole
range r € (0,1) is spanned by keeping one endpoint of A fixed in the middle of
the chain (this is not ambiguous for even values of N) while the interval grows
towards one of the boundaries of the finite chain.
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In the case of Dirichlet BC, our lattice data are taken by setting w = 0 in the
correlators (3.84) and (3.87), which are still well-defined in this limit. Instead,
when Neumann BC are imposed, the first correlator in (3.89) diverges in the
massless limit w — 0 because of the occurrence of the zero mode corresponding
to k = 1. This forces us to set a small but non-vanishing mass: in our analysis
we have chosen wmy ~ 10710 for the semi-infinite chains and wN ~ 107! for the
finite chains, which are much smaller than the other scales in each setup. This
procedure is the standard one in the case of periodic BC (or infinite chain), where
the zero mode occurs as well.

For the harmonic chains on the semi-infinite line, when Dirichlet BC are ob-
served, we have observed that block sizes m4 € {50,100} are large enough to
obtain a nice agreement with the BCFT predictions. Instead, for Neumann BC
large sizes for the blocks are typically needed: we used my4 € {200,400} for the
semi-infinite chains and N € {100, 200} for the finite chains.

We find it worth remarking that, in all the figures of this chapter, the lattice
data corresponding to Dirichlet BC have not been shifted to be compared with
the BCFT curves for all the UV finite quantities considered. On the other hand,
for the ones corresponding to Neumann BC, we have to introduce a constant shift
depending on the Rényi index and the lattice zero-mode regulator, that we are not
able to characterize analytically. It would be interesting to establish a quantitative
relation between this shift and w, if it exists (see e.g. [170, 172] for some results in
this direction).

When the block A is not adjacent to the boundary, one can consider also the
blocks A, and A,, starting from the boundary, and made by m, and m, consecutive
sites as shown in Figure 3.6. The subsystems A, A, and A, lead to construct the
ratios (3.13), which provide the combination of entanglement entropies in (3.15).
The BCFT expressions for the UV finite ratios (3.13) are obtained by combining
(3.14) and (3.28), which tell us also that it is worth considering rA"Ri’f), for both the
finite and semi-infinite chains. From (3.10), we have that the ratio r is given by
r = [s(m, —m,)/s(m, + m,)]? for the finite chains and r = [(m, — m,)/(m, +m,)]? for
the semi-infinite chains.

Figure 3.6: The three intervals relevant for constructing UV finite ratios (3.13). For
the semi-infinite chain, the @ boundary on the right is sent to infinity

The numerical data for these quantities and the corresponding BCFT expres-
sions are shown in Figure 3.5 for Dirichlet BC and in Figure3.7 and Figure 3.8
for Neumann BC. A remarkable agreement between the lattice data points in
the scaling limit and the BCFT predictions are observed for Dirichlet BC, for any
value of r considered and even for very large values of the Rényi index n. In-
stead, when Neumann BC are imposed, we obtain a nice agreement for n < 7
and r € (0.5,1). To understand these discrepancies, for Neumann BC we have
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reported also the UV finite ratio (3.13) in the cases of n = 3, n = 13 and n = 50
(see Figure 3.8), according to the colour code adopted in Figure3.7. To enhance
the visibility of the data, the curves for various values of n have been deliberately
shifted vertically. The relation between the BCFT expressions of the quantities
considered in Figure 3.7 and Figure 3.8 is given in (3.14). The nice behaviour of the
lattice data points w.r.t. the BCFT curves in Figure 3.8 suggests that, in Figure 3.7,
larger blocks and system sizes are needed to obtain a better match with the BCFT
predictions.

Another possible reason for this discrepancy in Figure3.7 could be related
to the occurrence of the zero mode. We have noticed that as 7 is increased to
larger values, at fixed N or m,4, one needs smaller regulating w for the HC data
to converge (up to shift). Thus, for the regulators w and system sizes considered
in (3.7) the hypothesis that the HC data and the CFT results differ only by a shift
might not hold over the full range r € (0, 1).

However, as mentioned earlier in this section, to probe beyond this assumption
one needs to analytically characterize the dependence of £, on w in the harmonic
chain, as well as the finite-size corrections to the CFT result we’ve found. From
the point of view of numerics, it seems that to find good agreement between the
HC data and the CFT prediction at large 1 one needs to simultaneously work with
larger system sizes and smaller regulators wN, to the effect of greatly increased
computational time.

Finally, it seems that the data for ;"' (r) is particularly sensitive to these effects,
as opposed to the quantities plotted in Figures 3.8 and 3.13. The deviation from the
CFT prediction in the r — 0 case is less evident compared to Figure 5, which could
simply be an artefact of plotting on a logarithmic scale. In any case, a quantitative
understanding of these effects is beyond the analytical and numerical goals of this
project.
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Figure 3.7: The function ;" for the bipartitions in Figure3.1 with Neumann
boundary conditions. The black dotted lines correspond to the BCFT result given
by the second expression in (3.28). The data points have been obtained for the
block of m, consecutive sites either in the semi-infinite chain (left panel) or on
the finite chain made by N sites (right panel) with Neumann BC, as discussed in
Sec.3.3.
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entropy for the two different boundary conditions. The BCFT curves have been
obtained from (3.76).

In Sec.3.1 we have observed that the difference (3.18) between the entangle-
ment entropies corresponding to two different conformally invariant boundary
conditions is another interesting UV finite quantity to investigate and it is a
function of the harmonic ratio r. In the case of the massless scalar field in the de-
compactification regime that we are exploring, we consider (3.29) and its analytic
continuation n — 1, which can be easily written by using (3.76). The results of
our analyses for this UV finite quantity are shown in Figure 3.9.

The collection of the lattice data has been performed by setting 11, to a constant
value in both setups: we have chosen m, € {100,200,400} for the semi-infinite
chains, while we took m, = N/2 with N € {100,200,400} for the finite chains.
Then, we varied m, € {1,...,m, — 1} and plotted the entanglement entropy in
terms of m,/m, and the entropy difference in terms of the corresponding cross
ratio 7 in each case. For Neumann BC, we have set wm, ~ 107 in both the semi-
infinite and finite chains. In the case of Dirichlet BC, we have considered w = 0,
but we checked that introducing a small non-vanishing w, such that wm, ~ 10710,
does not lead to changes that can be observed. The agreement between the lattice
data points and the corresponding BCFT predictions is excellent. In the insets
of Figure 3.9 we have reported S,,, — const, where the constant value that has
been subtracted is given by % log(2m,) for the semi-infinite chains (left panel) and
% log(2N/m) for finite chains (right panel).

In Sec.3.2.2 we have introduced the UV finite quantity (3.77), obtained from
(3.15) and (3.14), which depends on the cross-ratio r. Its limit n — 1 is given by
the following combination

—~0 . log(rA" Rff))
g e e——

= §%(A,) + 5%(Ay) — SU(A) + %logr (3.102)
Our results for this UV finite quantity are reported in Figure 3.10 and Figure 3.11
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for Dirichlet BC and Neumann BC respectively. The corresponding BCFT expres-
sions are given by (3.78), which correspond to the dashed lines in these figures.
When imposing Dirichlet boundary conditions, we observe a remarkable con-
sistency between the lattice data points and the BCFT prediction, indicating an
excellent agreement for this quantity. Instead, a slight discrepancy is found in the
case of Neumann BC, which might be due to the zero mode, whose effect we are
not able to quantify.

The numerical analysis discussed above allows to evaluate also the corre-
sponding single copy entanglement (1.18) by applying (3.101). The resulting
numerical data in the thermodynamic limit can be compared with the BCFT pre-
dictions given by (3.80) and (3.79). These comparisons are shown in Figure 3.12
and Figure 3.13 for Dirichlet and Neumann BC respectively (semi-infinite chains
and finite chains made by N sites have been considered in the left and right pan-
els respectively). In these figures, the harmonic chain data for n — oo have been
obtained through (3.101). In particular, by using (3.14), one obtains

. log(rA" RZ’))

o o woay 1
lim — ——= = 5(A) = So(Aw) = 55(Ao) — 75 log7 (3.103)

Also in this analysis, we observe an excellent agreement between the lattice data
points in the scaling limit and the corresponding BCFT predictions for Dirichlet
BC; while in the case of Neumann BC, some discrepancy occurs (see the right
panel of Figure 3.13, for small values of r)
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3.4 Conclusions

In this chapter, we have employed CFT techniques to calculate the leading be-
haviour of entanglement entropies in a critical one-dimensional system belonging
to the Luttinger liquid universality class. Specifically, we have examined the sce-
narios where region A is an interval located on the half line or within a segment
that is not adjacent to the system boundary, as depicted in Figure 3.1.

In the case of the segment, the same boundary condition has been imposed
at both endpoints. Both Dirichlet and Neumann boundary conditions have been
considered. Our main results for the interval in the half line and in the segment
are given in (3.11), with the functions 77,1(“)(1’) given in (3.23), written in terms of
the Siegel theta function and of the period matrix (3.25), which occurs also for
the entanglement entropies of two disjoint intervals on the line [71]. Our analysis
extends the one performed in [120], whose results are recovered when n = 2.
Furthermore, we have checked numerically that our analytical expressions are
compatible with the implicit results of [166] for the compact boson with Dirichlet
boundary conditions.

In the decompactification regime, the analytic expressions found through the
BCFT approach of the twist fields method (see Sec. 3.2.2) have been compared with
the corresponding numerical results obtained in harmonic chains (see Sec.3.3)
for the bipartitions shown in Figure3.1. In the case of Dirichlet BC excellent
agreement has been found (see Figure 3.5, Figure 3.10 and Figure 3.12), while for
Neumann BC some discrepancies occurs (see Figure 3.7, Figure 3.8, Figure 3.11
and Figure 3.13). It is important to note that both the non-compact massless scalar
tield and the harmonic chain exhibit a zero mode when Neumann boundary
conditions are applied. Consequently, they lack a normalizable ground state,
requiring the introduction of an infrared cut-off. The discrepancy observed may
originate from the method employed to regulate these models. In the case of the
harmonic chain, the zero mode was regulated by introducing a small mass, while
for the non-compact boson, the zero mode was regulated by compactifying the
target space. Finite size corrections in particular are expected to be sensitive to the
IR regulator [172]. Also, the UV finite quantity is given by the difference between
the entanglement entropy corresponding to different BC has been studied, finding
excellent agreement with the numerical lattice data (see Figure 3.9).

Natural extensions of our analysis involving the compact scalar could be per-
formed by considering mixed boundary conditions [173], or non-vanishing tem-
perature for the entire system, or a non vanishing mass [174], or a subsystem made
by the union of a generic number of disjoint intervals [88, 175, 176], or spatially
inhomogeneous backgrounds [121, 128, 166], or defects [150, 177-180].

Our results can be developed further in various directions. As for the lattice
calculations in the harmonic chains discussed in Sec. 3.3, a general issue to address
is to find a way to control analytically the effects of the zero mode. In our analysis,
this could help to understand the above-mentioned discrepancies between our
BCFT expressions and the lattice results when Neumann BC are imposed. We find
it worth investigating the spatial bipartitions in Figure 3.1 also in other interesting
1+1 dimensional models like the Ising BCFT [29], interacting BCFT models (see e.g.
the Liouville field theory [181, 182]). It may also be interesting to explore further
the effect of physical boundaries for other related entanglement quantifiers like
the entanglement Hamiltonians and their spectra [109, 183-196] or the logarithmic
negativity [163, 197-206].
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Chapter 4

Renyi entropies for one-dimensional
quantum systems with mixed
boundary conditions

4.1 Introduction

In this chapter, we consider the Rényi entanglement entropy in an open system
with mixed boundary conditions, when the subregion A is a single interval touching
the boundary — we take the boundary condition (BC) at one end of the chain to
be different from the BC at the other end (see Figure 4.1). In the scaling limit,
such an open critical system is described by a Boundary Conformal Field Theory
(BCFT), with a well-understood [30, 31, 108, 124] correspondence between the
chiral Virasoro representations and the conformal boundary conditions allowed by
the theory, and an algebra of boundary operators that interpolate between them.

@ B

L

Figure 4.1: An interval of length ¢ in a 1d critical chain with mixed BC (af) and
length L.

The more accessible setup of an interval touching one of two identical bound-
aries has been thoroughly analysed using either conformal field theory methods
[46, 87,94,120, 207] or exact free fermion techniques [125, 126, 139]. These analyt-
ical studies have been complemented with numerical implementations based on
density-matrix renormalization group (DMRG) techniques [96, 111, 208, 209] and
other methods [210]. In that setup, the subsystem A is at the end of a finite system
with the same boundary condition & on both sides. The computation of the Rényi
entanglement entropies rests on the evaluation of a twist one-point function on
the upper half-plane. Such a correlation function is straightforwardly fixed by
conformal invariance, and as a consequence, the entanglement entropy exhibits a
simple dependence on the interval and system sizes. Explicitly, in the case of an
interval of length € at the end of a system of size L, one finds the leading universal
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behaviour (1.52), derived in [46] . When one studies systems with mixed BC, at the
level of the BCFT one has to introduce BCCOs, and thus the corresponding corre-
lators are more complicated. The core idea of this framework is that the singular
behaviour associated with the change in boundary conditions can be encoded in
the form of operators placed on the boundary, that interpolate between regions of
different BC @ # p. Thus, to compute the Rényi entropy S, in this setup, we will
evaluate three-point functions with one twist operator and two BCCO insertions.
Such setups have already been studied for the Ising and XX chains in [94], at the
level of the CFT on the replicated surface, and rely on the knowledge of relatively
simple closed-form expressions for the 2n-point correlator of BCCOs on the unit
disk for their calculations. However, such knowledge is the exception, rather than
the norm, for generic BCFTs.

In this chapter, we present an alternative method to compute such twist cor-
relation functions with mixed BCs, based on the null-vectors of the BCCOs. The
most technically demanding part of this framework is finding Ordinary Differen-
tial Equations (ODEs) that the correlators satisfy. According to Cardy’s doubling
trick [108], in the half-plane geometry, the three-point functions of interest obey
the same Ward identities as a four-point conformal block with the corresponding
operators, where the bulk twist operator o(z,z) is replaced by the insertion of
0(z)o"(z). Thus, in an adaptation of the method of [118], we can derive a differen-
tial equation by combining knowledge of the null-vector conditions obeyed by the
twisted and untwisted fields under the symmetry algebra of the cyclic orbifold
[119] with the derivation of well-chosen Ward identities obtained from current
insertions in the correlators of interest. The final ingredient is the determination
of a subset of the (bulk and boundary) structure constants of the cyclic orbifold
BCFT, which fix the specific linear combination of solutions of the differential
equation that gives the sought correlator.

We have illustrated this approach with a variety of BCFT setups, that share
a common assumption: in the mother CFT, the mixed boundary conditions (af)
are implemented by a BCCO which is degenerate at level two under the Virasoro
algebra.

We provide here the outline of the chapter. In Section 4.2, we give a more con-
crete description of our setup and a summary of the analytical results obtained in
this work. Section 4.3 contains a comparison of our BCFT results with lattice data,
for both the Ising and three-state Potts critical chains. In Section 4.4 we review
some elements of the cyclic orbifold construction, with a focus on its implemen-
tation on the upper-half plane. We discuss in this section the bulk and boundary
operator algebra and show how some orbifold bulk and boundary structure con-
stants can be expressed in terms of mother BCFT quantities by unfolding and
factorizing arguments. We dedicate Section 4.5 to the derivation of ODEs for the
different setups described above. On top of the announced derivations involving
orbifold Ward identities, we also use the results on the fusion rules of the Z,
cyclic orbifold of [211] and some mathematical facts about the hypergeometric
differential equation, to derive low-order differential equations for the Ising case.
Finally, we have relegated the more technical derivations to the Appendix, to
avoid congesting the logical flow of the paper.
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4.2 Setup and summary of analytic results

We consider a quantum system at criticality on an open chain of size L, whose
universal properties are captured by a two-dimensional boundary conformal field
theory (BCFT). The left and right sides of the system are governed by conformal
boundary conditions denoted as a and g respectively. Our objective is to evaluate
the entanglement entropy of the ground state between the interval A = [0, £] and
the remaining part of the system B = [{, L], as depicted in Figure 4.1.

In the thermodynamic limit! the n" Rényi entropy S,(f) is given (up to a
non-universal additive constant), by a correlation function of twist fields o[46] :

Su(l) = log(o(w, @))y”,  w=wm=¢ (4.1)

1-n
where §; denote the infinite strip (with imaginary time running along the imagi-
nary axis)

S5, ={weC, 0<Re(w) <L} 4.2)

with boundary condition (a, ) on both sides of the strip. When a = f, the result
is well known [46] and is given by (1.52). At the CFT level, having the same
boundary condition a = § at both ends of the chain implies that the ground
state is conformally trivial, in the sense that its image under the state-operator
correspondence is the boundary identity operator. That is to say, the ground state
is the highest weight state [11;) with conformal dimension /;; = 0. Upon mapping
to the upper half plane H via the map z: 5, — H

_inw in(L-w)

zZ(w)=—e" L =¢ T (4.3)
computing the entanglement entropy boils down to the evaluation of a one-point
function

—\\ (@a) — (aw) — z 2y _\\a
(o(w, @))g " = (Y1l o) Wi1)g, T2 (0(z,2))n (4.4)

from which one easily recovers (1.52). However, when distinct boundary con-
ditions are employed, the ground state is no longer trivial. In this case, it is
mapped, under the state-operator correspondence, to a BCCO W* that inter-
polates between these distinct boundary conditions. Consequently, one has to
evaluate a three-point function instead

N — (B (e ) Wy, = | (e 2) Wah)
(o, @) = (WP 0w, ) WD), = T2 (W6 (000 ) WD), 45)

Furthermore the CFT correlation function {o(w, w));iﬁ ) captures only the lead-

ing asymptotic behaviour of the entanglement entropy as the system size tends
to infinity [118]. When comparing with a finite-size system, one needs to con-
sider various sources of corrections originating from irrelevant deformations of
the Hamiltonian in both the bulk and the boundary [144, 145]. Additionally, one
should generally be concerned about parity effects [146]. The most significant
corrections arise from the subleading scaling of the lattice twist operators [118].

1meaning L,¢{> 1, keeping 0 < ¢/L < 1.
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Similar to any other lattice operator, the lattice twist operator ¢ can be expressed,
in the continuum limit, as a local combination of scaling operators [73, 74]

6~ Y cheio; (4.6)
j

where € — 0is an ultraviolet cut-off such as e.g. the lattice spacing. The constants

¢/ are non-universal, dimensionful amplitudes, and the sum contains an infinite

series of contributions from increasingly irrelevant operators. The leading opera-
tor is the bare twist field o, which is primary with respect to the orbifold symmetry
algebra OVir® OVir. We shall denote its corresponding non-universal amplitude
¢} = ¢, for brevity. The subleading contributions consist of its descendants with
respect to this algebra, as well as the composite or excited twist fields o; [118, 149]
and their descendants.

It is well known [94, 212] that for open systems, the finite-size corrections to
the leading CFT prediction for the entanglement entropy are much more severe
than for a periodic chain. To reproduce numerical data, it is crucial to identify and
compute the leading finite-size correction, that is correlation functions involving
excited twist fields

(o0, = | Tl (W )0 2, 2) WP ) 47)

Let us now present a summary of the results obtained in this approach.

Summary of results

The main results of this chapter pertain to the second and third Rényi entropies,
under a specific scenario where the boundary conditions («, ) are chosen in such
a way that the ground state of the mother BCFT of central charge:

R Gl Vi (4.8)

8

corresponds to [i1,), characterized by a conformal dimension h;, = (33 —2)/4. As
a consequence, |(1,) possesses a null-vector at level 2, enabling us to establish an
ordinary differential equation that governs the orbifold correlation function

(W (e0)o; (2,2) ¥(0)). (4.9)

for a primary excited twist field ¢;. Such differential equations can be solved
analytically in some cases (see Section 4.5), but if closed-form solutions are not
available one can always employ series methods (as explained in Appendix C.7).
The solutions can then be used to determine (4.9) as detailed in Section 4.5.

In the Z, orbifold of a generic BCFT, we have derived a second-order and a
fourth-order ODE, respectively for the bare and composite® twist correlator. In the
Z; orbifold of a generic BCFT, we have determined a third-order ODE for the bare
twist correlator. We have also worked out, for the case of the Z, and Z; cyclic
orbifolds of the Ising BCFT, a variety of lower-order ODEs. All these ODEs are
presented and derived in Section 5.

2obtained by fusing the bare twist operator with an untwisted operator ¢.
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Exact results for the Z, orbifold

We have obtained an exact result® for the leading BCFT contribution to the second
Rényi entropy, which applies to any critical system described by a BCFT based
on a minimal model M(p, p’) with mixed conformal BC («, ) chosen such that the

most relevant BCCO interpolating between them is IP%‘B ).
ap _ o0 2L (”_5)_ (ap)
S,7([0,£]) = 3 log —sin| log F,"(¢/L) (4.10)
where . ,
FSP(e/L) = 2. Gsl/D) + = Go(L=D/L) (4.11)
and G, does not depend on the boundary conditions and is given by
sin2mg yes il
Gy(/L) = sin37ig (Ig (— cos T) +2cosmgl, (cos T)) (4.12)
with
1+x\%" 1-x
Lw=(52) oFi(e1-g2-25—7) (4.13)

is essentially a Legendre function of the first kind. This expression depends in
a very simple way on the boundary conditions a and g via the terms g, and
gp, and is manifestly invariant under exchanging @ < f and { — L — {. For
g > 1/2, the function G, interpolates smoothly between G4(0) = 1 and G,(1) = 0,
making manifest that the first term in (4.11) dominates the small ¢ behaviour,
while the second term controls the £ — L asymptotic. To put it differently,

F(Zaﬂ )(é’ /L) interpolates between its extremal values

F;“ﬁ’(O):gi, and P;“ﬁ>(1):glﬁ. (4.14)

It is interesting to check that the theoretical prediction for this kind of mixed
BC has the expected behaviour as the twist operator approaches the a and f
boundaries. We remind that the second Rényi entropy of an interval ¢ touching
one of the identical boundaries of a finite system of size L is given by:

y _ ¢ 2L (n_f)]
S, ([0, ¢]) = 810g[n€ sin i +logyg, (4.15)

In the limits £ — 0 and £ — L the effect of the boundary § and respectively, «a is
suppressed. In consequence, we expect that this asymptotic behaviour is captured
by (4.15) with y = @ and y = §, corresponding]ly.

To illustrate this result, we have plotted in Figure 4.2 the Rényi entropy Sgﬁ
shifted by ¢ log L for different choices of mixed BC in the A-series minimal model
M(10,9). We remind that in such BCFTs, the conformal BC are in one-to-one
correspondence with the primary fields ¢, of the theory, and thus it is convenient
to label them as a = (7, s)

3up to the usual non-universal additive constant

80



Chapter 4 — Renyi entropies for one-dimensional quantum systems with mixed
boundary conditions

_10 - h\\

-3.0F |

=35 --- CFT(1,1)BC CFT (6,5 BC  --- CFT(8,3) BC
CFT (1,2) BC CFT (6,6) BC CFT (8,4) BC
I ! I I I ! I I I

00 01 02 03 04 05 06 07 08 09 1.0
2L

Figure 4.2: Shifted second Rényi entropies for the mixed BC setups ((1, 2), (1, 1)),
((6,6),(6,5)) and ((8,4), (8,3)) for the BCFTs based on M(10,9). The black curves
denote the mixed BC prediction interpolating between the identical BC results in
each case.

Furthermore, we’ve found that for a subset of these pairs of conformal BCs
(a, ) in a generic minimal model M(p, p’), the expressions in (4.10) gains interest-
ing features. Atthelevel of the mother BCFT, this is the case whenever the operator

gﬁf ) is not allowed in the theory. For BCFTs based on A-series minimal models
M(p,p’), this holds for any pair of mixed conformal BCs (a, ) = ((r,2),(r, 1)), la-
belled by bulk primary fields with 1 < r < p. In this case, the following relation

holds for their corresponding ground state degeneracies

1+ 2cos(ng) se) _ 0 (4.16)
81
and the function F\"” simplifies into
¢ 1 7l
FE2ED) (_) _ i) I - 4.17
5 I g(r,Z)( cos 1tg) I, | cos T (4.17)

Consider now the difference in second Rényi entropies between two mixed BC
setups ((r,2),(r,1)) and ((+',2),(r’,1)) for the same bulk CFI. We then find the
following universal result:

AS, = ST _ g0 _ 160 8D _ 1o . 8(r1) 4.18)
2 2 802 8o

where the latter equation follows from the expression of () = S¢-.),(ro,50)/ VS1,1),(r0,50)
[32] in terms of S-matrix elements of minimal models [23] - here (r(, sy) denote the
Kac label of the field with the lowest conformal dimension of the diagonal bulk
CFT. In particular, for unitary minimal models (ro, sp) = (1,1).

We illustrate these ideas graphically for the A-series minimal model M(6, 5) in
Figure 4.3, by plotting the second Rényi entropies shifted by ¢ log L for two mixed
BC setups ((1,2),(1,1)) and ((3,2),(3,1)), together with the relevant identical BC
setups for each case.
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Figure 4.3: Shifted second Rényi entropies for the mixed BC setups ((1,2),(1,1))
and ((3,2),(3,1)) for the BCFTs based on M(6,5). The difference between the
two curves is constant with respect to the interval size, and thus fixed by their
respective asymptotic behaviours around £ — 0 and £ — L

4.3 Numerical results and finite-size corrections in
quantum chains

To provide an independent appraisal of the validity of our CFT results, we have
performed a numerical analysis on the Ising and three-state Potts open quantum
chains for different settings of mixed BC. Once finite-size effects are properly
accounted for, the validity of the CFT results becomes apparent.

We should note that the Rényi entropies in the Ising case have already been
obtained, for generic n in the work of [94], through a different approach. We found
that our analytical calculations (for n = 2, 3) are compatible with their results.

Furthermore, by studying the finite-size corrections to their result, we manage
to quantitatively understand the deviation of the chain data from the leading
CFT prediction in the DMRG numerical analysis of [94], even for relatively large
system sizes M ~ 10% sites. Thus, when the subleading CFT contribution to the
Rényi entropy is taken into account, as our analysis shall show, the agreement
with the lattice data is excellent, even for the small system sizes M ~ 26 sites
accessible to exact diagonalization.
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4.3.1 The Ising quantum chain with mixed BC

The Hamiltonian of the Ising quantum chain with open BC, describing M spins
with generic BC at the boundary, is given by:

M-1

Hyp = Z $is2,) hZ has? — hgss,, (4.19)

j=1

where sj’y * denote Pauli spin operators acting non-trivially at site j, and as identity
at all the other sites. We denote the lattice spacing by ¢, so that the length of the
chain is L = Me. The parameters h,, hg denote external fields (in the z direction)
acting at the boundary sites j = 1 and j = M. The ground state of this Hamiltonian
is then found by exact diagonalization (ED) for system sizes M < 26 sites, and from
it, the Rényi entropies are extracted.

To take the scaling limit of the critical chain, we send M — o0,e — 0 while
keeping L fixed. In this limit, criticality is achieved in the bulk for & = 1, while
each boundary admits three critical points h,, hy € {0, £00}.

From a CFT perspective, the scaling limit of the critical Ising chain with open
boundaries is very well understood. It is described by the BCFT with central
charge c = 1/2 and a bulk operator spectrum consisting of three primary operators
— the identity 1 (h; = 0), energy ¢ (h, = 0) and spin operators s (h; = 1/16)— and
their descendants [23]. The three boundary critical points correspond to the three
conformal boundary conditions for the Ising BCFI, which, in the framework
of radial quantization on the annulus, allow the construction of the following
physical boundary states [23, 108]:

If)=11) —le) (free BC), (4.20)
1 1 .
)= 5+ sl = 5 s (fixed BC), (4.21)

where |i)) denotes the Ishibashi state [108][140] corresponding to the primary op-
erator i. The physical boundary states |a) are in one-to-one correspondence with
the primary fields of the bulk CFT *: |f) & s and |+) & 1/¢. The boundary fields
that interpolate between two conformal BCs can be inferred from this correspon-
dence, as shown in [108],[130]. Thus, the spectrum of primary boundary fields

lpgaﬁ ) of the Ising BCFT is the one of Table 4.1.

@) | + | -] f
+ wl Hbe lps
— Y [ Y1 s
fo s | §s | ¥ e

Table 4.1: Boundary operator spectrum of the Ising BCFT

On the discrete side, we are calculating the one-point correlator of the lattice
twist operator 6(m,t), where (m,t) are square-lattice coordinates. In the scaling
limit with € — 0, 6(m, t) admits a local expansion into scaling operators of the
corresponding orbifold CFT. The two most relevant terms in this expansion are:

6(m, t) = ¢, € oy(w, @) + & € g (w, @) + less relevant terms, 4.22
n

4This statement is strictly true if the bulk CFT is diagonal, see [213] for a detailed discussion.
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with the composite twist operator o, defined in (4.49) and h,, = h; + h./n. The
integers (m, t) parametrize the lattice, and they are related to the continuum coor-
dinate on the strip as w = (m + it)e, @ = (m — it)e. We can take advantage of the
translation invariance in the ¢ direction to fix the “time” coordinate of the lattice
twist operators to be t = 0. We will then denote their continuum coordinate by
{ = me.

The amplitudes ¢, and c;, in (4.22) are not universal quantities, so we cannot
determine them by CFT techniques. However, they are also independent of the
global properties of the system (e.g. choice of BC) so they can be found from
a numerical analysis of the infinite Ising chain. Here one can employ the free
fermion techniques of [148] and the well-known analytical results for the Rényi
entropy of an interval in an infinite system [46, 214] to fit for the values®

We can now express the lattice one-point twist correlator with generic mixed
BC as an expansion of CFT correlators:

(@(m, 0)* = c,e(a(€,0))g" + cie™(ac(t, O)Yg +... (4.23)
Using the map (4.3), we can make the dependence on system size in (4.23) explicit:

—2hy —2hg,
(&(m, 0 = ¢, (%) 0z 2% + ¢ (%) 0B+ ... (4.24)

where z = exp(in(L - €)/L), zZ = exp(—int(L — £)/L). In our computational setup, the
system sizes accessible through exact diagonalization are limited to M < 26 and,
since twist operators are placed between lattice sites, we have only considered even
system sizes.

With system sizes of this order of magnitude, finite-size corrections are quite
strong. The most relevant corrections we have found arise from the subleading
scaling of the lattice twist operator, given in equation (4.24). The relative scaling
of the subleading term with respect to the leading one is O (M‘ZhS/ ”). Finite-size
corrections of this magnitude can be suppressed only with much larger system
sizes M ~ 10° sites, as shown in [120] . Since we do not have access, numerically,
to system sizes large enough to suppress these corrections, we had to take into
account the first two terms in the expansion of (4.24) to find a good agreement with
the lattice data. Furthermore, as the work of [94] suggests, the finite-size effects
are still important, even at the much larger system sizes M ~ 100 sites accessible
through DMRG methods. We mention that such subleading contributions to the
lattice twist operator, which have been identified here from the operator spectrum
of the Z, cyclic orbifold, have previously been understood, through the path
integral formalism on the corresponding replicated surface, under the name of
“unusual corrections” [144, 145].

We give now the results in the Z, orbifold for the correlators appearing in the
expansion (4.23), for mixed fixed BC with « = +, f = — (calculated in Appendix

> Alternately, one could have used the exact result of [215] for ¢, in the periodic Ising chain, to
fit only for the non-universal constant c;,
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C.4) and mixed free-fixed BC with « = + and § = f:

~1/16 7 4 cos 2L
/16’
(sm ”—{)

6,00 =277 (%)

T
L
2nt
L

9/16 7
sl
(Sln T)

2L )‘9/ 161 -9cos

(0:(L, Oy = 2752 (?

(4.25)

(e, ) =22 _
Sin —

-1/16 nd
% ) / Cos 77
(sin =

’
7_[f)l/l6

- 3¢
0o = ouz (2L oS AT
(0:(6,0))g =~ . T 96’

' Tt (sin ”—")

L

where the interval ¢ starts at the @ = + boundary. The expressions for the bare
twist correlators are in accord with the equivalent results obtained in [94].

With this mention, we show in Figure 4.4 the remarkable agreement between

our CFT calculations for the two terms contributing to the second Rényi entropy

Sgﬁ = —log(6(m, 0))@ of the interval [0, m] on the lattice, and the numerical results
for the critical Ising chain from the exact diagonalization of the Hamiltonian.
Figure 4.4a illustrates the case of different (+) fixed BC on the two sides of the
chain, while Figure 4.4b corresponds to letting the m = 0 site free and applying a
magnetic field at the boundary site m = M — 1.

To illustrate the large amplitude of finite-size effects, we show in Figure 4.5
how the CFT prediction fares against the lattice results with and without the in-
corporation of the subleading term. Even for the curve including both subleading
and leading terms in (4.24), the agreement with lattice data is not perfect close to
the boundary. This can be traced to the presence of corrections from descendants
of twist operators, which introduce terms of O(M™"71) relative to the bare twist
contribution.

We can repeat the same kind of analysis for the third Rényi entropy, related to
the Z;-orbifold one-point function by Sy = —1 log(6(1m, 0))®. The Ising orbifold
correlators in this case are given by:

-1/9 2nt
(o1(L, €))s” =372 (%) m

/9 /
T (sin “Tf)
~ (2L —4/91+8c052T“€
(0,0, =3 2(?) ()P
(sm “T)
f 2L\ cos Z (.26)
<01(515)>5L = 2<?) PN
(sm “T)

—-4/9 2nt
%) 19 cos e

4/9 °
s 1l
(Sll'l T)

(e, 0)5 =2

In Figure 4.6, we once again compare our CFT calculations (including both the
leading and subleading term) with the critical chain results for the third Rényi

entropy Sgﬁ , to good agreement for mixed fixed BC (Fig. 4.6a) and mixed free fixed
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Figure 4.4: Plots of the second Rényi entropy Sgﬁ ([m/M]) in the critical Ising chain
with two types of mixed BC for a chain of size M = 26. The interval is grown from
the @ = + boundary. We stress that the CFT prediction contains both the leading

and subleading BCFT contributions to Sgﬁ ([m/M])

BC (Fig. 4.6b). As for the Z, results, including the CFT subleading contribution
to Sgﬁ is necessary to find a satisfying match with the lattice results. Further

finite-size corrections in this case decay as O (M‘%‘1 .

As advertised at the beginning of the section, our results for the bare twist
correlators (for all configurations of mixed BC) are compatible with the ones of
[94]. The subleading contribution to the Rényi entropies from the excited twist
correlator is largely responsible for the mismatch between the lattice and CFT
data in the aforementioned article.

4.3.2 The three-state Potts quantum chain with mixed BC

A natural extension of the Ising chain, the three-state Potts model allows the
spins at each site to take one of three possible values {R, G, B}, which we can also
conveniently parametrize by third roots of unity {1, w, @}, with v = exp(2mi/3).
The Hamiltonian of the three-state Potts model, tuned to its bulk critical point
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Figure 4.5: Comparison of the second Rényi entropy in the critical Ising chain of
size M = 26 with mixed free fixed BC with CFT results. Inclusion of the subleading
term in the expansion 4.24 is crucial for obtaining a satisfying agreement with
lattice data

[216][217],[14] is given by:

M-1 M-1
Hog = =C| Y (2210 + Z1Zja) + Y (X + XT) + hHY + hHY) | (4.27)

j=1 j=2
where h are boundary couplings, C = 2;/3_,2 is the conformal normalization factor

[14] and the operators Z; and X act at site j as:

10 0
z=l0 w 0|, X=
00 «? 100

010
00 1]/. (4.28)

The terms Hi“) and H](ﬁ) set the BCs at the ends of the chain. For this analysis,
we will set fixed BC of type R at site M and restricted boundary conditions of type
{G, B} at site 1 — the spin at site 1 is forbidden from taking the value R. The critical
points of interest for the boundaries correspond to 1 = +c0. However, for any
h > 0, the boundaries will flow towards the same critical points, up to irrelevant
boundary perturbations[143] . These are typically inconsequential for & a large
positive value. Furthermore, in our numerical analysis we can, in fact, implement
|h| — oo by restricting the local Hilbert spaces of the boundary sites to exclude the
{G, B} and {R} configurations on the left and, respectively, right boundary.

The scaling limit M — o0, € — 0 (with L = Me fixed) of this critical chain is
also well understood. It is given by the D-series BCFT M(6, 5) with central charge
¢ = 4/5 and a bulk primary operator spectrum that contains the scalar fields given
in Table 4.2 as well as the non—diagonal fields {(P2/5,7/5, (P7/5,2/5, (Pg,,o, (POB} whose
labels indicate their respective holomorphic and antiholomorphic conformal di-
mensions. One can, as shown in Table 4.2, assign a Z3 charge to the scalar fields,
and their respective conformal families, that is consistent with the fusion rules
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Figure 4.6: Plots of the third Rényi entropy S;‘ﬁ ([m/M]) in the critical Ising chain
with two types of mixed BC for a chain of size M = 26. The interval is grown from

the @ = + boundary.

between them. The conjugation in Table 4.2 is, therefore, used to differentiate the
tields with the same conformal dimension, but opposite Z; charge.

Diagonal fields  (h,h)  Z; charge
1 0,0) 0
£= ¢ (%, % 0
e 5% 0
P14 3,3) 0
5,87 = a3 (£, 1) +1
U, Yt = day Z,2 +1

Table 4.2: Spectrum of spinless primary operators in the three-state Potts CFT
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In the scaling limit, the fixed and restricted® boundary critical points will
correspond, naturally, to the conformal boundary states [108, 218].

1) = NIADY + ) + ) + Ale) + Is) + Is™H)] (fixed R)
Py = NIILY + wlg) + @l + Adle) + wlsh + @ls™M)] (fixed G)
[P = NLI) + @) + wlp™) + Ade) + @ls) + wls™M)] (fixed B)
le) = NIAZ(L) + [p) + [9')) — A7 (le) + Is) + Is™M)] (restricted GB)
Is) = NIA2(I1) + wl) + @) — A7 (le) + wls) + @|s'))]  (restricted RB)

5" = NAA(I1) + @) + wlp™)) — A7 (le) + dls) + wls™))]  (restricted RG),
(4.29)

B / 2 .m _ [sin(21/5)
N = \/—1_5 Sim g , A= —Sin(ﬂ/S) , (430)

and the [i))’s are the Ishibashi states defined in [108]. These conformal boundary
states are labelled by the primary fields of Table 4.2.

Due to the Z3 symmetry of our model, we have some freedom to set which con-
formal boundary state corresponds to the fixed boundary condition R in the chain.
However, this uniquely determines the CFT boundary state that corresponds to
the restricted boundary conditions GB. This can be understood by considering
the spectrum of boundary fields that can interpolate between these conformal BC
[31], and ensuring the results are consistent with the underlying Z; symmetry.
In our case, choosing fixed R < [1) forces us to assign restricted GB < |¢). The
most relevant boundary field interpolating between these BCs is wgB’R) [31] with
conformal dimension h, = 2/5.

We will now compare the quantum chain data for the second Rényi entropy
in the critical Potts chain with our correlator calculations in the Z, orbifold of
the BCFT defined above. Our analysis will parallel the one for the Ising critical
chain. We first hypothesize the form of the local expansion (4.22) of the lattice
twist operator §,,, in the case of the three-state Potts model:

where

5(m, n) = cr Moo (w, @) + Cy e

% g.(w, ) + less relevant terms, (4.31)
where h; = 1/20, and the composite twist operator o, is built with the energy
operator ¢ of the Potts model so that h,, = 1/4. We’'ve numerically estimated
the parameters c,,c; by a simple analysis of the critical three-state Potts critical
chain with periodic boundary conditions. Following this, the one-point lattice twist
correlator with our choice of mixed BC can be calculated from:

. GBR _ . (M e _W(GBR) | e (MY —\\(GBR)
(6(m,0)) =0 — (0(z,2)y 7 +6 — (0:(z,2))yy 7 +... (432)

The correlators in (4.32) satisfy the second order (4.87) and fourth order (4.114)
ODEs with ¢ = 6/5. While the solutions to equation (4.87) are known exactly
(4.92), one needs to solve (4.114) numerically to find the conformal blocks in
the expansion (4.81) of the excited twist correlator {(o.(z, 2))3“5. This is done by a
standard numerical implementation of the Frobenius method, whose details we
leave for Appendix C.7.

®In [108] they are referred to as “mixed” BC.
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As in the case of the Ising BCFT, not all the solutions of these differential
equations are needed to build the twist field correlators in (4.32). Crucially, we
note that in the three-state Potts mother BCFT, there is no boundary operator 1,0(71;?
living on the fixed conformal boundary of type R [31]. This means, as discussed
at the end of Section 4.5.1, that the expression for the leading BCFT to the second
Rényi entropy is given by (4.10) with the extra constraint (4.16). The relevant
ground state degeneracies were calculated in [217] and we reproduce them here
for convenience:

_(5-+5
S

Consequently, one finds the leading BCFT contribution in this case to be:

) gcp = 2gr cos(m/5) (4.33)

GBIR(py _ € 2L . ( ”5) _ (GB,R)
570 (6) g log — sin{ log F,”"(I/L) (4.34)
with:
¢ 1 6 il
GeR (LY _ L (_ 6 T
F, (L) ch( 2cosn5)Ig (cos L) (4.35)

where I, is defined in (4.13). For the excited twist correlator, we do not have
a closed form expression, but the relevant expression (4.126) can be evaluated
numerically, as explained in Section 4.5.2.

Putting everything together, we can compare the lattice prediction for the
second Rényi entropy S5 = —log(&(m, 0))“*R with our analytic results in Figure
4.7. While the CFT prediction does not satisfyingly match the lattice data at all
points, we observe that the inclusion of the subleading term gives an analytic
curve that is closer to the lattice data. However, it is not enough to make up for
the severe finite-size effects.

Firstly, due to the operator content of the D-series M5 CFI, we expect the
higher order corrections in 4.32 to have a slower power law decay than in the case
of the Ising CFT. We conjecture that the next-to-subleading contribution to (4.32)
will decay as ~ M2 *1/2) These corrections, we believe, arise from the combined
contribution of the (o, (w, w));GB’R) and (IJ(})l /zi(ﬂ 12000, (W, ZD));GB’R). While the first
correlator can be calculated by a repeat of the method employed for the subleading
term, the correlator involving the descendant twist field requires the derivation
of a new differential equation. Such an endeavour is beyond the scope of this
chapter.

Furthermore, the quantum chain sizes we can reach are diminished in the case
of the three-state Potts model, since the size of the space of states grows as ~ 3".
This memory constraint prevents us from reaching sizes at which higher-order
corrections are suppressed, using our computational methods. This limitation can
be, perhaps, bypassed through the usage of more sophisticated numerical tools,
such as DMRG or tensor network methods, to access system sizes M for which
the unknown higher-order correction terms are further suppressed.

Finally, one can use the method of Appendix C.7, applied this time to the
third order ODE of Section 4.5.3 to derive the leading CFT contribution to the
SgB ([0, £]) Rényi entropy. Since in this case, we have not derived an ODE for the
excited twist correlator, we have no handle on the finite-size corrections to the
lattice data, which should be even more severe for n = 3.
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Figure 4.7: Comparison of the second Rényi entropy in the critical three-state
Potts chain of size M = 18 with mixed (GB, R) BC with CFT results.

Instead, we have just checked that the CFT result for mixed BC matches the
values for the third Rényi entropies for identical GB and R boundaries:

tog[ 2 sin (2] + togg. (4.36)

$3(10,€)) = 5 log [E sin

in the asymptotic regimes { — 0 and ¢ — L respectively.
Our expectations are met, as Figure 4.8 confirms.

91



Chapter 4 — Renyi entropies for one-dimensional quantum systems with mixed
boundary conditions

0.0
02t T
o —04r
o
k=l
vloy
1
= —0.6
<
=)
%
—-0.8 ‘t'\
\\
A
1
1
1
| }
-wor CFT mixed (GB,R) i
-- CFT fixed (R,R)
CFT restricted (GB,GB)
1.2 i i i

00 01 02 03 04 05 06 07 08 09
2L

1.0

Figure 4.8: Comparison of shifted third Rényi entropies for (GB, R), (R,R) and

(GB, GB) BC. The mixed BC curve can be seen to interpolate between the identical
BC results
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4.4 The cyclic orbifold

In this section, we will present the construction of the cyclic orbifold BCFT on the
upper half-plane H. After reviewing a few essential features of the Z,, orbifold on
the Riemann sphere, we will discuss conformal boundary conditions, boundary
operators as well as bulk-boundary and boundary-boundary operator algebras.

4.4.1 The cyclic orbifold on the Riemann sphere

To build a cyclic orbifold CFT, one starts from any mother CFT M and constructs
the tensor product theory M®". Then one considers all the Z, equivalent ways
of connecting the copies of the product theory, which creates n different sectors,
each with its corresponding operator families and labelled by a Z,, twist charge [k].
The spectrum of the cyclic orbifold M, is then built as a reunion of the operator
families from all the sectors [k].

Symmetry algebra and operator content

In M,,, each copy a of the mother CFT carries the components of the stress-energy
tensor T,(z), T,(2). We define the discrete Fourier modes of these currents as

n-1 n-1
TO(z) = Z W Tz, T @)=Y T3, (4.37)
a=0 a=0

where r is considered modulo 1, and we have used the notation w = exp(2in/n).
They satisfy the OPEs

Oresotic/2 2T (w)  ATU*)(w)
+ +

() (s) =
T (Z)T (ZU) (Z _ w)4 (Z _ w)z ) + regz—nu 4
—(r+s) —(r+s) (438)
T(r)(Z)T(S)(ZD) _ 5r+s,0 nc/2 + 2T (ZT)) + JaT (ZT)) +re
CE-ot (Z-w)? Z-w S0

where the Kronecker symbols 6,.s¢ are understood modulo n. The symmetric
—(0
modes T©(z) and T( )(Z) are the components of the stress-energy tensor of M,

with central charge 7nc, whereas the other Fourier modes T®"(z), T(r) (z) withr £ 0
should be regarded as additional conserved currents. Altogether, these Fourier
modes encode an extended conformal symmetry. The modes associated with
these currents are defined in the usual way:

1
LV = _— Sgdz 2" TO(z),
2im
1 o (4.39)
7)) _ 5 sm+l1 V) =
L, = im azz"" T (2).
In the sector of twist charge [k] one has the following mode decompositions

@)= Y "L

me—kr/n+2Z

T(T) (2) _ Z Z—m—Z ZJ(,;)

me+kr/n+Z.

(4.40)
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and the commutation relations

I:L(:,?, L(S)] = (m - p)L(:;:i—S) (le - 1) 6m+P 0 6r+s 07
-0 -<p> <+i 1% o (4.41)
L5, LY] = (m - p)LS5) + M0 = 1) G0 s

Hermitian conjugation of the modes acts as:
M\ 0 [OY Z16n
L) =Lf),  (LY) =L5). (4.42)

Orbifold primary operators are, by definition, annihilated by the action of all the

positive modes of OVir ® OVir. Descendant operators with respect to this algebra
are constructed by the action of the negative m modes. We establish the notation
for descendants of a scaling (primary or not) operator O:

(LY -0) @z 2) = 2117'c Sé dw (w — 2)"" TO(w)O(z, 2), s
(L7 0) @z 2) = len Sé o (@ — 2™ T (@)0(z, 2),

where the contour C, encloses the point z.
It will be useful to work with the primary operator spectrum with respect to
the neutral subalgebra A ® A generated by the algebra elements

LY.Ly and LY.Ly,  withr+--+7,=0 modn.  (4.44)

One can classify all Z,-symmetric operators of M, into representations of A ®
A. This organization, described in detail in [211], distinguishes between three
types of operators. First, we have identified the untwisted non-diagonal operators
®@;,..;,1- These operators are built from Z,,-symmetrized combinations of products
of mother CFT primary operators ¢; (with j = 1 referring to the identity operator
1):

n—1
1
Qi = —= e @ ®Pj..), 4.45
[j1ejul Vi aZZO‘((P]m Pje) ( )
in which at least one pair satisfies j; # ji. Its conformal dimension is given by
Mijr..ju) = Las hj-
The second type of primary operators under the neutral algebra are the un-

twisted diagonal fields CD;”, where the Fourier replica index r takes values in Z,, .
The r = 0 diagonal fields are defined to be:

OV =)= 0 b, (4.46)

while for r # 0, they are constructed as:

1 oy 2
" ._ 7 . 7=
D7 = 2nhjL_TlL_{ @, 1= L’ZL_; Dy, (4.47)

The conformal dimension of a diagonal operator q)ér) is then generically given by
h;r) = nh]- + 6r,0 (1 + (Sm) (448)
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We should note that the diagonal operators with r = 0 and the non-diagonal
operators are also primary under OVir ® OVir.

Finally, we have to consider twist operators, which come in distinct flavours.
For this chapter, we will mostly work with twist operators with Fourier replica in-
dexr = 0. Thereupon, just as for the diagonal fields, we will drop this specification
when the context heavily implies it, to decongest the notation.

We first consider the ubiquitous bare twist operators [46, 70, 87, 123] which
are denoted in our conventions o = ¢, or, in light notation, 0 = ¢!l and

1
ot = o™, We have also the composite twist fields ag.k], which can be defined

through point-splitting as in [219]:

(#Wj%zﬂﬂqﬂgkaQﬂJﬂ+QZ+amM@jﬂ, (4.49)

where the constant A; = n~21="")%~1/2 ensures that non-vanishing two-point func-

tions of twist operators are normalized to one. If n and k are coprime, the confor-
mal dimension of the bare twist operator is

c 1
ho’ = ﬂ (Tl — E) , (450)

while for composite twist operators one has:

ki
ho, = hs + py (4.51)
Having established the primary operator spectrum of the orbifold, we will now
review how the null vectors of the diagonal and twisted fields in M, are inferred
from the ones of the mother theory M.

Null vectors for untwisted operators

Let us consider a generic mother CFT M, with central charge

6(1 — ¢)?
c=1—li;9n 0<g<1. (4.52)

The conformal dimensions of degenerate primary operators are given by the Kac

formula ) ,
hm:O sg)” — (1 9’ (4.53)
48

where 7, s are positive integers. The corresponding operator ¢, is degenerate at
level rs. If the parameter g is rational, i.e. ¢ = p/p’ with coprime p and p’, then
the set of operators ¢, with1 <r <p-1land1 <s < p’ -1 generates a closed
operator algebra, and the related CFT is the minimal model M, ,,. While we do
employ this parametrization extensively, in the present work we will consider a
more generic mother CFT, and we do not assume that it is a minimal model—unless
explicitly indicated.

Consider the situation when the mother CFT includes the degenerate operator
(12, with null-vector condition

(L—z - érﬁl) b= 0. (454)
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In the untwisted sector of the orbifold CFT, we have

L?:}Z&WW%1®”4@>M ®1®”J), nez, (4.55)
(a—th)

a=1
and the diagonal untwisted operator associated to ¢, is
Dp =@ - QP12 (4.56)

Using an inverse discrete Fourier transform, one easily finds, for any r € Z,,,

D, =0. (4.57)

When inserted into a correlation function, the modes L(,S? act as linear differential
operators. The treatment of the modes L% with r # 0 introduces an additional
difficulty, that we will address case by case, with the help of orbifold Ward
identities.

The induction procedure

The null vectors of the mother CFT also determine the null vector conditions on
twist operators in M,, through the induction procedure[119].

In the present work, we shall only be concerned with the twist sectors with
charges [+1]. In the notations of [211], induction can be expressed in terms of a
norm-preserving, invertible linear map © from the Hilbert space of the mother
CFT to that of the twisted sector [1], defined by

Olp) =logy,  OL,O " =n(L" —hy6m), (4.58)

m/n

where ¢ is any primary operator in the mother CFT, and o, is the associated
composite twist operator in the orbifold CFT.
The simplest application to null-vectors is the case of the identity:

Li-1=0 = LY .0=0. (4.59)

For a degenerate operator at level two, applying the induction map on (4.54)
yields

n
[L(fz)/n - §(L(_11)/”)Zl r012=0. (4.60)

The corresponding null-vector conditions for the operators ¢* and ¢, are easily

obtained by conjugation.

4.4.2 The cyclic orbifold on the upper half plane

To construct the cyclic orbifold BCFT, we will work on the upper half-plane H,
with the boundary along the real axis. We parametrize IH by z = x + iy with
x € Rand y > 0, and we impose the gluing condition on the boundary for the
stress-energy tensor components:

TOx) =T (x) for xeR, (4.61)
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which ensures that the boundary is conformali.e., preserves a copy of the Virasoro
algebra [220]. The Z, orbifold, however, has an extended symmetry, and we must
choose if and how the components of the additional currents T"*? are glued at
the boundary. Our usage of the replica trick provides a clear indication for these
choices: since we are considering n copies of the same mother BCFT, we must
impose the gluing condition T,(x) = T,(x) on each of them. By taking the Fourier
transform of this relation, we find that in the orbifold CFT we are effectively
imposing:

@) =T"(
for all the discrete Fourier modes of the stress-energy tensor components defined
in (4.37). This implies that the boundary preserves a full copy of the OVir algebra.

By the same reasoning on CFT replicas, the orbifold boundary states we are
interested in correspond to having the same conformal BC on the 1 copies of the
mother CFT. They are simply given by |a)®" and |B)*".

On the upper half-plane, we will set the conformal BC « on the positive real axis
x > 0 and the conformal BC g on x < 0. To implement such mixed conformal BC in
a BCFT, we will have to work with the formalism of BCCOs [108]. These operators,
restricted to live on the boundary, are placed at the points of suture of regions of
different BC. The full operator algebra of a BCFT is then formed by considering
the OPEs between both BCCOs and bulk operators, as detailed in Appendix C.1.
For a given pair of conformal BCs (a, 8), there can be several primary BCCOs
implementing the change @« — p: we denote such an operator yb;l“ﬁ ), where
specifies its conformal dimension. The most relevant BCCO implementing o — f
is simply referred to as .

In the Z,, orbifold CFT, we will be concerned with the calculation of correlators
with insertions of diagonal BCCOs, namely :

x) for xeR, (4.62)

(ap) (@) (ap)
PP =y P ... gy (4.63)

n times
Then, orbifold correlators with mixed BC are obtained by inserting the most
relevant diagonal BCCO:
(O1(z1,21) - - - On(z0, Z1) ?Hﬁ = (WP(c0) O1(z1,21) . .. On(z, Z) PV (0. (4.64)

By Cardy’s doubling trick [28], [124], such (1 +2)-point correlators satisfy the same
Ward identities as any of the (2n+2)-point conformal blocks on the Riemann sphere
C with external operators

D(c0),01(21), 01(21), - - ., On(24), On(Z), D(0), (4.65)

where O,(2) is the antiholomorphic counterpart of O;(z), and ®(z) is the holomor-
phic part of the diagonal primary operator defined in (4.46), with the conformal

dimension of W), In more precise terms, O; is the operator conjugate to O; with
respect to the symmetry algebra preserved by the boundary [221]. For Z, twist
operators, conjugation acts as 6; = o7 [70], so that the one-twist function

(02,20 = (WP (c0)0y(z, 2) WP (0) gy (4.66)
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satisfies the same Ward identities as the functions z~? x Fi(z/Z), where F; is the
rescaled conformal block:

Fil) = >i< = (@l )Pl (DI,  (467)
Uz'(l) 03(77)

P is the projector onto the (A ® A)-module of @, and {®y} is the set of allowed
intermediary untwisted (diagonal or not) primary operators. In the following,
it will also be necessary to consider the conformal blocks in the channel  — 1,
namely

ol (n) ®(0)

Fult)) = >i< = (DIO(1)Peo (1 = Moy - (4.68)
0}(1)

®(c0)

Using the Ward identities implied by the OVir algebra (discussed in detail
in Section 4.5) for these functions, together with the null-vectors of the previous
section, will allow us to extract an ODE that the functions (4.67—4.68) satisfy.

To understand the structure of the conformal blocks, we also need to define
non-diagonal BCCOs, paralleling (4.45):

(aﬁ L (aﬁ) (aﬁ)
wer Z(yb oy, (4.69)

J1+e

where the 1/ v/n factor ensures that the non-vanishing two-point functions of these
BCCOs are normalized to one. These operators appear in the OPE of the diagonal
boundary fields \I/;“ﬁ ) and thus their conformal dimension determines the leading

singular behaviour of the conformal blocks. Naturally, we should now discuss
the operator algebra of the Z, orbifold BCFT.

4.4.3 Operator algebra of the cyclic orbifold BCFT

In the orbifold BCFT, the operator algebra consists of OPEs of three types. First,
there is the operator subalgebra of bulk operators, inherited from the Z, orbifold
CFT on C. We shall not directly use the structure constants of this subalgebra in
this chapter, but they have been discussed in [118, 119, 123, 222]. The second type
of OPE we need to consider in the orbifold BCFT is the bulk-boundary OPE which
encapsulates the singular behaviour of a bulk field as it approaches a conformal
boundary. In our calculations, we will only need to work with the OPEs of
primary twist operators o;(z, Z) as they are sent towards a conformal boundary a:

oi(x, ]/) y:O Z ﬂ(;)\yj (Zy)hj—Zhgi \ygaa) (x) (4.70)
]

(o)

where the sum runs over all the boundary operators v, and their descendants

under OVir, and we have denoted the bulk-boundary structure constants by &Z{(a)
]
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Finally, we need to consider the OPEs of orbifold boundary operators. For generic
diagonal BCCOs, this takes the form

W) )~ N B ) e ) @7
X1—X

with the index j running over all the orbifold BCCOs interpolating between the

conformal boundary conditions a and y. We have denoted the boundary-boundary
structure constants by nyﬁy\)y ' To calculate the structure constants of the OPEs that
are relevant for the present work, we will need to use factorization and unfolding
arguments for the correlator that determine them, along the lines of [211],[223]

and [123].

Calculation of boundary-boundary structure constants

Let us consider the calculation of boundary-boundary structure constants of the
t B(ﬁﬁa)‘yk
YP€ Dy g,
can express this as a three-point function on the upper half-plane H:

, where W, denotes a generic untwisted orbifold primary BCCO. We

B = (WP o)W )W ) (4.72)

Since there are no twist insertions in the above correlator, it just factorizes into
a linear combination of products of mother BCFT three-point functions. Let us

tirst consider the case of a diagonal BCCO, with \Ifiﬁ Y — \I’l(.ﬁ o Then, the orbifold
correlator factorizes into mother CFT three-point functions as:

B = (PP o) 673

so we find a simple expression for these coefficients, in terms of mother BCFT
boundary-boundary structure constants:

)W a) k\"
Byt = (BIFY) (4.74)

N

By similar considerations, the structure constants involving a non-diagonal BCCO

\If(lﬁ ) can be expressed as:
[i1...in]

(ﬁﬁ(x)\l/k (ﬁﬁa
W[’l Jinls \Il \/_ H B (475)

The rest of the boundary-boundary structure constants of untwisted BCCOs can
similarly be expressed in terms of mother BCFT quantities, but we will not need
them in this work.

Orbifold bulk-boundary structure constants

The first bulk-boundary structure constant we need to calculate is A, where

AL

\I/fw‘ is just the identity boundary field. This can be expressed as the one-point

function on the unit disk D:

ALy, = (0(0,00)5,, (4.76)
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which is just the ratio of mother CFT partition functions:

Z(d)

_——Du
Eag
D
where ID,, denotes the n-th covering of the unit disk with branch points at 0 and
1. As shown in [110], we can express (4.76) in terms of the ground state degeneracy

%o = (Ola) [217] (which is defined as the overlap between the vacuum state |0) and
the boundary state |a) in the mother BCFT):

(c(0,0), = (4.77)

ﬂf;?yl =gl (4.78)

Using this result, we can calculate the one-point structure constants of composite
twist operators o;, by using the definition (4.49) and the relation between twist
correlators on the disk ID and the mother CFT partition function on ID,, which
simply gives:

Ay, = AL A (4.79)

o; \Ill
where A7 is the mother CFT one-point structure constant of ¢; with conformal

boundary condition a. The proof is relegated to Appendix C.2.1.
Extending these results to more complicated bulk-boundary structure con-

stants A' [k)] w, for generic choices of mother CFT and cyclic group Z, is not usually

stralghtforward and depends on our knowledge of correlation functions in the
mother CFT. For example, in Appendix C.2.2 we calculate the structure constant
ﬂ((j‘)lﬁa in the Z, orbifold BCFT since it can be expressed in terms of a two-point
function of boundary operators in the mother CFT. For generic n and composite
twist operator a%k], knowledge of higher-point correlators in the mother CFT is

required to compute such structure constants through the same unfolding meth-
ods.

4.5 Differential equations in the Z, and Z; orbifold
BCFT

We consider the case of a generic BCFT, with central charge c. The model is
defined on the upper half plane, with conformal boundary conditions a and g set
on the negative R(z) < 0 and positive R(z) > 0 parts of the real axis, respectively.
We will work, for the entirety of this section, under the assumption that the most

relevant BCCO interpolating between these boundary conditions is gbgiﬁ ), with

conformal dimension hy,. This implies that the BCCO has a null vector at level

(ap)

2. Of course, our results also apply to the case where the BCCO is 1,,”,

changing ¢ — 1/g.

In the Z, orbifold of this theory, we will consider one-point correlators of
generic composite twist operators o; of twist charge [k = 1], in a background with
mixed BC a and g, corresponding to the replicated boundary conditions of the
mother BCFT. The change in boundary conditions in the orbifold theory will

be implemented by the diagonal BCCO \I/(aﬁ ) defined in (4.63), with conformal
dimension hy,, = nhy,. In this setup, we aim to calculate:

up to

(0i(z,2))3 = (WP () 0i(2, )WY 0))w, (4.80)
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Using the information about the operator algebra of the orbifold BCFT we
have presented in Section 4.4.3, we can write the following block expansion for
(4.80)

il 0Nt = Tsr00 Y | ALy BEW=Fo(n), (4.81)
4

where 1 =Z/z, and Jsro0) = (z) "% is the Jacobian associated to the Mobius map
C - (/z that takes (0,z,z,00) = (0,1,1, ). As per Cardy’s doubling argument
[220], the functions 7};((17) are four-point conformal blocks (4.67) with @ = ®y5, in
the channel n — 1.

To proceed, we need to determine the differential equation satisfied by these
functions. To this end, we will use a combination of the null-vector conditions
and the orbifold Ward identities of [118]

4.5.1 The function (W1, -0 - W) in a generic Z, orbifold

Following the general approach described above, the function (W1,(o0)o(z, 2) W12(0))ns
is given, up to the overall factor z7%", by a linear combination of the conformal
blocks

Fil)) = (Pralo(DPro(n)I@rz) (482)

It turns out that this family of conformal blocks was already studied in [118], for
the calculation of the single-interval Rényi entropy in the excited state |P;,) with
periodic BC. Let us recall how the derivation of the corresponding ODE goes. The
null-vectors at level two of the untwisted chiral state |®;,) are:

19 5 (1) - 5 () |-t =0

2 2
1g J (4.83)
12 2 e =0,
8
while the null vector at level 1/n of the bare twist operator o is :
LY .s=0. (4.84)

-1/2
We combine these with the orbifold Ward identity for the chiral correlator:

GV, 1) = (Pl oP (T @)LY [Pr) , (4.85)

with (my, my, ms3, my) = (0,—1/2,-1/2,-1) in the notation of (C.22). This gives,

after taking into account (4.84):

Y, dp(@ulo()Po(mL L [@p) = 0, (4.86)
p=0,12

with d,, calculated from the series (C.27).
By substituting the null vectors (4.54—4.84) and employing the identity (C.28),
one obtains the differential equation:

648712 (n — 12 F + 16gn(n - 1) [(~14g* + 23g — 6)n +28(1 — 49)| 9, F

(4.87)
+(3g - 2) [+3(5g — 6)(1 — 2g)*n* + 12g(1 - 29)n + 16g%(g — 1)| F =0,

whose Riemann scheme is given by:
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0 1 00
—2hy, —2h, 2h, — 2hy,
—2h12 + ]’113/2 —2h0 + 2]’113 Zha — 2]’112 + h13/2

This corresponds to the intermediary states {0, 013} in the channels 7 — 0 and
n — oo, and {1, ®;3} in the channel 7 — 1. Note that, when the mother CFT is
a minimal model M, ,,, one can check for various values of (p,p’) that these are
exactly the intermediary states allowed by the orbifold fusion given in (5.4), and
that they all have multiplicity one.

To proceed, one can define the shifted function f(1):

F(n) =0 -n)n22fm), (4.88)

and substitute in (4.87) to find that f(1) satisfies a second order hypergeometric
equation (C.41) with parameters:

3 3
a=2-3g, b—E—Zg, c=5-8 (4.89)
Since these coefficients are related via
a+1l=b+c (4.90)

we can exploit Kummer’s quadratic transformation formula (see Appendix C.5),
leading to

. . 1 , . (z +2)?
(W (@) )W O = - (AT KO+ BYK(0), ="
4.91)
where
a al
Kl(C) = Fi|z,b—-=; —‘ C
552

1 -1
Ky(C) = \/ZzFl(%,b— aT;%‘C)

To determine the coefficients A% and B, we exploit the known behaviour in
the limit where the twist field o approaches the boundary, thatis z = x + iy — x.
We have to distinguish between two situations, as ¢ can either approach the f
boundary (x > 0) or the a« boundary (x < 0).

In the former case, we expect, from the block expansion (4.81):

|2 = 2P (Wip(c0)0(z, 2) W00 > (AL, BYrg ™ + 1z — 2P AL, B2
(4.93)
where the various structure constants are expressed in terms of the mother BCFT
data as

2
— g;12—4h13 ) B(ﬁﬁa)‘l’lz -1, B(ﬁﬁa)‘l’lz _ (B(ﬁﬁa) 1/)12)

® _ -1 ()]
A - gﬁ ’ A Wy, W1p Vi3, W, — \" ¢y :
(4.94)

oVi3

while the corresponding expressions for x < 0 are obtained by swapping a < f
in the above equations.
For the task of fixing A% and B* only the leading behaviour in (4.93) is needed:

1
|2 = 2" (W12(00)0 (2, 2) W12 (0)) b~z { g (4.95)
8a
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Furthermore, it will be convenient to switch to the following basis of solutions :

1
H;(C) = 2F1(g,b— %;b"‘ > | 1 —C)

(4.96)
1 +3 3—a 3
Hy(0) = (1- -—bF(” —p 2282 _)
20 =1 =027 | b 75 bl1-C
When x > 0 one can directly use the relation
K; = P;H; (4.97)

to transform to (4.96). The matrix P is given in (C.45), up to changing a — a/2,
b—b-a/2and c = 1/2. For x < 0 on the other hand one must first analytically
continue (4.91) around C = 0, which simply changes B¥ — —B* in (4.91) , and
only then use (4.97). Then imposing the constraint (4.95), the constants A% and
B are found to be

Aaﬁ — F(%)F(z—g B %>
2T (2g — 1)

Splitting the contributions proportional to 1/¢, and 1/g; leads to

F9(Q) = gLGg (V) + giﬁcg (-v9) (4.99)

(1 . 1)’ b _ r(%)r(%)

1 1
1 _ «/Er(zg—l)( ) (4.98)

S 85 8 S

24

and where the function G is given by

3 3¢ 1-
Go0) = [2VAT(2g ~ I'? [r(g)r(g - %)zm (1 -2,282 x2) +
3g g+1 3-3¢ g3 (4.100)
HE () e (-2l

The expression (4.100) can be further simplified using standard results for hyper-
geometric functions from [224] to arrive at:

Ge(x) = Sin3ng (Ig (—x) +2cosngl, ()()) (4.101)
where
1 + P% 2g-1 1 -X
L(x) = (T) oF (g, 1-g;2-2g| T) (4.102)

which leads to the main result (4.11).

By comparing the subleading terms in (4.91) with the ones in the expansion
(4.93) (and its x < 0 analogue) one can determine the orbifold boundary-boundary
OPE coefficients directly:

a)W1n o aa o r(3 _1)F(1_2)
BNV _ (B ooypas(—1)w () = =3 i

(1 +2 cos(ng)?)

e T - QrCg - 1)
aaf) ¥z a . I(3g - (1 -2g) )
Bt = (W EWEOWEO) = T3 —ore ) (1 + 2cos<ng>§—ﬁ)
(4.103)
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The results (4.103) are just the square of mother BCFT structure constants as
per (4.74). As a cross-check, we have verified that the above expressions are
compatible with the ones obtained by standard bootstrap methods [124, 130] in
the mother BCFT.

Moving on, we’ve found that, for some pairs of conformal BCs (a, ), the

expressions in (4.98) simplify because the boundary-boundary structure constant

B(’g P a) . vanishes. Atthelevel of the mother BCFT, this is equivalent to demanding

that the operator gb(ff )is not allowed in the theory.

For BCFTs based on A-series minimal models M(p, p’), this holds for any pair
of mixed conformal BCs (a, ) = ((1,2), (1, 1)), labelled by bulk primary fields with
1 < r < p. One can use well-established results about fusion rules in such models

[23], to check that:
P12 € Py1 X ¢r2 (4.104)
so that these BCs are interpolated by 1/1(aﬁ )

P13 & Pr1 X Pt (4.105)

(Bp)

which implies that " is not in the boundary operator spectrum of the BCFT.

This is reflected in the vanishing of the orbifold structure constant B\Pﬁ az}‘i ;2 =0,
since:
g1y = —802) (2 cos(mg)) (4.106)

so that the function Fgﬁ will only depend on the conformal BC through g.»).
We note that such simplification is not necessarily restricted to A-series models.
Let us consider the D-series BCFT M(6,5) (three-state Potts), with mixed BC
(a,B) = (P12, $11) = (GB, R), for which there is no boundary operator ngI;R) (with
conformal dimension /13 = 7/5) living on the conformal boundary of type R [31].

At the level of the operator algebra, this translates, once again, into the vanishing

ffﬁ D2 a5 we have checked using
13/¢12

the results of [213], so that the same considerations as above will apply.

of the boundary-boundary structure constants B

4.5.2 The function (W, - 05, - W12) in a generic Z,; orbifold

From the perspective of critical quantum chains, the result in (4.10) only de-
termines the leading contribution to the second Rényi entropy. To understand
tinite-size corrections to this result, we should also study the one-point function

of subleading primary twist operators, namely {o(z, Z))if.
We shall derive an ODE for the conformal blocks

Fi(n) = (Pr2lon(D)Pron(n)|Pr2) - (4.107)

Here we consider the case of a generic composite twist operator o, with conformal
dimension "

h=h+ -, (4.108)

and thus we do not assume any null-vector condition on ¢;,. Besides the null-
vector conditions at level two (4.83), we will need the null-vector at level three in
the module of |D1,):

LYLY @, >_l ;(zgym LO (Uf;f)] |D10) (4.109)
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and two Ward identities obtained from:
(D3] 04V Pron(m TV ()L |Dy,) (4.110)
Wlth (mll myp, nis, m4) = (_11 1/21 1/2/ _2):
3
aon (@1l LYo (D)Pron(mL 112} = Y dy (@l an(DPron(mL), L) 1)
p=0

(4.111)
and (mll ms, ms, m4) = (_2/ 1/2/ 1/2/ _1) :

agp (@12| LY 0(D)Pron(x)LY) [@12) + ap (D1l LY 0 (1)Pron(x)LY) [@12) =
= dop (P12 Uh(l)PkUh(ﬂ)L(i)lL(i)l |D12) + dipp (D12 oh(l)ﬂah(n)Lg)L(ﬂ |P12) +
+ dop ( D1y Gh(l)Pkah(n)L(ll)L(i)l D) (4.112)

Putting everything together, and applying the change of function

F(n)=n"2(1- n)‘”’u‘ﬁ f(m), (4.113)

we obtain the fourth-order ODE

(0= D 3 + 501- 1P [ + 13 + g ~ 1] 3

- %(n — 1)1 [(16gh + 6g* — 45 — 60)1? + (208 + 34g + 96)1 + (16gh + 68> + 35 — 36)| Pf

8

—1e=1) | (481 + 185 — 75)* + (16> — 18 — 1124 + 167)1?

+(80h + 1687 — 74g — 53)n + (=16l — 6g +9)| 9, f

+

e |0q

(1687 + 6> — 138> + 4 + (—3287 + 12g° + 34g> — 64g + 247

+(24 + 16g%h + 68° — 13g* + 4)| f =0.
(4.114)
At this stage, it will be convenient to use the Coulomb-Gas parametrization to
analyse the local exponents of the ODE. Recall the relation between the mother
CFT central charge and the parameter g:

c=1-24Q?%, Q:%(l/b—b), b= 3. (4.115)

The conformal dimensions in the mother CFT are parametrized by the vertex
charge a as
h, = a(a —2Q), (4.116)

and we use the shorthand notation for the conformal dimension of composite

twisted operators

Ty =h, + hf (4.117)

In this parametrization, the Riemann scheme for ¥ (1) is given in Table 4.3.
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0 1 00
—2hy, —2h, 2h, — 2hy,
—2h12 + % —Zha + ]’113 ]’l 2h12 + 5

—/h\a - 2h12 +/]/;a+b —2/h\a + 2h13 ]’l - 2]’112 + ha+b

—

_’];a — 2]’112 +Za—b —2’]’;04 + 2h13 +2 ha — 2]’112 + ha—b

Table 4.3: Singular exponents around n =0, 1, co

These exponents correspond to the intermediary states (counted with their mul-
tiplicities):

{1, [1, (P13], @13, @13} in the channel n— 1 ,

4118
{Oh, L(_ll) ( )

12" Ohs ow, 0} inthe channelsn — 0and n — co.

Here, we have defined i’ = h,,, and h”” = h,_;. Recall that the conformal blocks are
labelled by primary operators under the neutral subalgebra A, and that L% 12 On
is one of these operators. When the mother CFT is a minimal model, one can
check on various examples that the orbifold fusion rules derived in [211] from the
Verlinde formula are consistent with these intermediary states.

While an analytic solution to the differential equation is not known, one can

determine the conformal blocks (1) around = 0 and ¥ () around 1 = 1 numer-
ically to arbitrary precision. Assuming this step has been performed, all that is left
is to calculate the structure constants in the block expansion (4.81). The boundary-
boundary structure constants are calculated from (4.74) and (4.75), while the bulk-
boundary structure constants can be calculated analytically through unfolding,
as shown, for some cases in Appendix C.2.2 and C.2.1. For numerical studies,
however, it is simpler to bootstrap some of the coefficients in the block expansion
(4.81) rather than to calculate all of them analytically.

To implement this method, as detailed in [130], one needs to compare the block
expansions in (4.81) with the block expansion corresponding to sending the twist
field to the part of the boundary, endowed with the « BC. The crucial point here is
that the conformal blocks (1) are branched functions on C, with branch points
{0, 1, oo}, and, thus, sending the twist field to the boundary with BC « is equivalent
to crossing to the other branch of the function. This is marked by appending the
phase factor e*™ to the variable 1) to get:

(on(z, )5’ jsumz,ﬂﬁff% By "Fe@™n). (4.119)

To proceed, one needs to find the monodromy matrix X around zero for the basis

F¢(n), which encodes the behaviour of the conformal blocks as the branch cut is
crossed:

Fu@n) = Y XenFul). (4.120)

Since the monodromy of the blocks /;;g around zero is non-diagonal, we can use

the fusing matrix P;; to express the blocks ¥/ in terms of a basis of the blocks %,
which have diagonal monodromy around 7 = 0:

Foln) = ) PaFin). (4121)
k
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2711

The blocks Fi(n) simply acquire a phase under z — ¢
matrix Y is diagonal:

z, so their monodromy

ﬂ(ezmn) = Z Yk]' 7:](77) , Yk]' = 6kj exp [27’(1 (_/]’;a - 2h12 +Zk)] , (4122)
j

where the exponents in the exponential above, are simply read off from the Rie-

mann scheme. Then, the monodromy matrix of the blocks #(n) is found from the
matrix product:
X=P-Y P!, (4.123)

which allows us to compare the block expansions in (4.81) and (4.119) to find a
duality relation, of the type presented in [130]:

AP BT Z A@  gead¥iy (4.124)

o, Wi ‘1’12 Wi o, ¥ ‘1’12 Wio ]Z

Using the numerical determinations for #i(1) and (1) , one can find a good
estimate for the fusing matrix P;;, and, consequently, X;;. A more fleshed-out
example of how the determination of P;; works has been relegated to the Appendix
C.7, where this equation is used for the case of the Z, orbifold of the three-state
Potts model BCFT.

After solving the linear system in (4.124) one can evaluate the unknown struc-

ture constants ﬂ(ﬁ ), and ﬂ(“) . At this point, we stress that (4.124) gives, at most,
four constraints between the unknown structure constants. To fully determine
all these quantities, one should calculate the remaining four structure constants
through other methods.

Example: Three-state Potts model

Let us once again consider the 3-state Potts model BCFT with mixed BC («, ) =
(GB, R) as mother theory. We are interested in this case in the one-point function
of the excited twist operator o, where ¢ = ¢y, is a primary field in M(6,5).

The non-existence of a boundary field gl)gR) in this theory implies, through
the relations between mother BCFT and orbifold structure constants derived in
Section 4.4.3, the vanishing of some of the coefficients in the block expansions
(4.81) of the correlators in (4.32). In effect, only the block corresponding to the
identity operator contributes to these expressions when the twist field is sent to
the g boundary. This corresponds to the following fusion rules o,:

.| — w (4.125)
p

Hence, we are led to obtain the following expressions for the excited twist corre-
lator on the UHP:

(02, 2) = 2720 AL, BEOEF ), (4126)
where we have:
721(5)(77) = Ji(u(n)) = (1 — u) 2 Z a,(1—-u)", (4.127)
n=0
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with the coefficients determined by the recursion relation (C.74), derived in Ap-
pendix C.7. The structure constants can be expressed in terms of known quantities
for the M(6,5) BCFT, obtained in Appendix B:

ﬂ(ﬁ)\yl — gRlAR B(ﬁﬁa)\ylz =1. (4128)

Wy, Wi

where the bulk-boundary structure constant AR has been calculated in [218, 225]
to be:

3
AR = (1 +2‘/§) (4.129)
4.5.3 The function (W1, -0 - W) in a generic Z; orbifold
Here the relevant conformal blocks are
Fi(n) = (DPralo(1)Pra’ ()| D12) . (4.130)
We give the null vectors of |®;,) at levels two and three:
1 &
LY [®12) = 3 Y LY ) (4.131)
:0
e _\3
LELY |0y) = 3 [2L<E>1L<}>1L<E>1 +(L%7) ]|c1>12> , (4.132)

forr € {0,1,2}. We will also need the null vectors for the out-state (®Py,|, which can
be obtained by Hermitian conjugation (4.42).

To derive an ODE for the conformal blocks, we had to employ seven orbifold
Ward identities, together with six of the null-vector conditions above. To not
overload the presentation of this section with technical details, we relegate the
specifics of the derivation to Appendix C.6. We apply the change of function

F () = ™l (1 — )" f(7). (4.133)
The function f satisfies the ODE
(17— D29 f + (= 1n[(g +3)n + (g - 3)] 9 f
+ (n -1 [2(2 +38)n* = 2(7 — 15 + 18¢*)n + (4 - 3g] onf (4.134)
+22(1- 692 =39+ 1) f =0.

The Riemann scheme for ¥ is

0 1 00
—Shyy ~2h, 2h, — Shyy
—Ship+ 1 —2h,+2ms 2k, — Ship + 3
—Bhpp + M 2k, +3hy3 2k, — 3hypp + M

The local exponents correspond to the intermediary states:

{1,[1, p13,P13], P13} in the channel n — 1,

4.135
{012, L(_ll)/3 - 012,014} in the channelsn — 0and 1 — 0. ( )
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In the orbifold BCFT, this translates into the following fusion rules for the twist
operator with the boundary pg:

(BB) (BB (BB)
o1 = W+ \I][l, o] T Wi (4.136)
p

The analytic solutions to the differential equation (4.134) are not known, but
they can be evaluated numerically, to arbitrary precision. Then, one can use the
bootstrap to determine some relations between the unknown structure constants
in the expansion (4.81), as outlined in the previous section, and determine the rest
analytically, by unfolding methods, to complete the calculation of the mixed BC
correlator of the bare twist.

We note that a fourth-order differential equation that the correlator (4.64)
satisfies has already been found in [223], where it plays a role in the determination
of the leading contribution to the third Rényi entropy of an excited state in a
periodic 1D critical chain. As predicted in [223], there is no degeneracy in the
exponents in the more constraining third-order differential equation we have
found here. Note that these exponents are the ones expected from the orbifold
fusion rules[211].

4.54 The function (W1, - 013 - W12) in the Z; orbifold of the Ising
model

In this section, we will work with the Z; orbifold of the Ising BCFT. The bulk
primary fields of this BCFT are ¢11 = 1, 1o = s and ¢13 = ¢ with by = 1/16
and h, = 1/2. We will keep labelling the fields by their Kac indices, to not
overcomplicate the notation.

We will provide here an alternative method for finding a differential equation
for the one-point function:

013z 2N, (4.137)

where the orbifold conformal boundary conditions & = f and § = + correspond to
setting fixed and free BC respectively, on all the copies of the Ising mother BCFT.
The diagonal BCCO ‘Ifgf;) is the one interpolating between them in the orbifold,
since in the Ising BCFT only the ngf?) primary boundary field can change between
the CBCs (+) < (f) [130]. As in the previous sections, we aim to find a differential

equation satisfied by the conformal blocks

Fi(1) = (Drolo13(1)Prol () D1o) - (4.138)

First, we use the fusion numbers in (5.4) to infer the dimension of the space of
conformal blocks for (4.137):

N N2 =2, (4.139)

- g0y P12
1
which means the differential equation we seek should be second order.

By using the null-vectors induced on 013 together with the right combination of
Ward identities, one should be able to rigorously derive it. Instead, we will assume
this equation exists and is of Fuchsian type — a linear homogenous ODE whose
three singular points are regular. The latter assumption is based on the observation
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that the method exploited in the previous sections relies on expressing orbifold
modes L% in terms of Virasoro generators, whose combined differential action
on correlators is well-understood in the literature [23],[226] to be of Fuchsian type.

Now, using the fusion numbers of (5.4), the fusion rules are
@
UlSX(DJrlZ —>012+L_2/3'012, (4.140)
013 X013 = 1+ [1, P13, P13],

so we can determine the asymptotic behaviour of the solutions around the regular
singular points n € {0,1, oo} of the differential equation and infer the Riemann
scheme:

0 ‘ 1 ‘ 00
_h013 - 3h12 + h012 _2h013 h013 - 3h12 + hdu
_th - 3h12 + hgu + % —2]’1013 + 2h13 hgls - 3]’112 + h012 + %

One can readily check that the entries of this Riemann scheme sum up to one,
so, by a general theorem on Fuchsian ODEs (see [227]), there is a unique second-
order Fuchsian ODE with this set of singular exponents. If we define the shifted
function f(n):

f(rl) — nh013+3h12—hg12 (1 _ n)2ha13/c(r]) , (4141)

we find, by the same considerations, that it should satisfy a second-order Fuchsian
differential equation with the Riemann scheme

0 ‘ 1 ‘ 00
0 0 —21’1013 - 6h12 + 2]’1012
% 2h13 _2h0'13 - 6h12 + 2h012 + %

This is just the canonical Riemann scheme of a hypergeometric differential equa-
tion (C.41), with coefficients:

a= —2h013 — 6h12 + 2]’1512 = —2/3,
2
b= —2]’1013 — 6]’112 + Zhglz + 5 = O, (4142)
1
= 3

in the conventions of Appendix C.5. We notice that the exponents in the n — 1
channel are spaced by one, so we will have to deal with the degenerate exponents
to arrive at a closed-form solution. To do this, we will use the basis of solutions
in the 1 — 0 channel - given in (C.42) — to construct a linearly independent basis
of solutions around 1 — 1. The solutions for f can be simplified, in this case, to:

Lim=1,  Ln=n"", (4.143)
which gives the conformal blocks around 1 — 0:
F) =nPA -0, Fm)=nA -, (4.144)

in our normalisation convention.
_ Tobuild the basis of solutions around 1 = 1, we look for the linear combinations
Fi(n) = X Pi‘jl?'j(n) that have the following series expansion around n =1

Fim =A-n*(1+0la-n2),  Fam)~Qa-n9°", (4.145)
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since the power series associated with the orbifold identity should have no (1 -17)

term due to the null-vectors L(f)l -1 = 0, and both solutions should have the leading
coefficient normalised to one, in our convention for the conformal blocks. With
these requirements, one finds the fusing matrix Pl.‘].1 to be:

1(1 1
-1 _ =
P _2(3 _3). (4.146)

Thus, the conformal blocks of (4.137) around 1 = 1 are found to be:

“1/3 | 11/3 ~1/3 _ 1/3
= T+ - 30 n")
F1(n) = PR Fa(n) = 20— (4.147)
For the physical correlation function, we write
f+ _ 52k, (+) (++f)‘1’ (+) (++/)¥12 =
(o13(z, Z)> =z [&Z{Gn W1 W, Who 12? (17) + ﬂam (Y1413, ¢13]B[1P1,¢13,:b13],‘1’12772(17)] )
(4.148)
Finally, we observe that B(+:f 3?12 vanishes, and hence Bﬁjfz#)fim]%z = 0, so the
expression (4.148) simplifies to:
509 5 cos(26/3) e
(013(z, z) =2 —(r Sin 0)i° =re (4.149)
where we have also used:
_ W
AD =g, By =1, (4.150)

and the value of the ground-state degeneracy for fixed BC g, = 1/ V2 in the Ising
BCFT [217].

4.5.5 More hypergeometric differential equations in the Ising
cyclic orbifold BCFTs

We have managed, in Sections 4.5.2 and 4.5.3 to obtain differential equations
for cyclic orbifolds of generic mother BCFTs, but have not been able to provide
analytic solutions for them.

One can, however, find second-order differential equations for particular
choices of M, ,, and composite twist fields (for the correlators of Section 4.5.2),
in the manner presented in Section 4.5.4, which allow us to exactly determine the
correlators. Since we want to compare the results of this section with lattice data
of the critical Ising spin chain with mixed BC, it will be particularly satisfying to
tind such equations for the cyclic orbifolds of the Ising BCFT.

Let’s first consider the correlator:

(013(z, 2, (4.151)

in the Z, Ising orbifold BCFT which should satisfy, up to a Mobius map, the same
differential equation as:

(P12] 013(1)013(n) [ P12) (4.152)
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The orbifold fusion rules of [119], imply that the space of conformal blocks is

two-dimensional since:
Dy _
Z e N = (4.153)

By the same type of arguments and assumptions as in Section 4.5.4, we infer that
(4.152) satisties a second-order Fuchsian differential equation with the following
Riemann scheme:

0 ‘ 1 ‘ 00
haw 2]’112 + hol —2]’1013 ]’lgl3 2]’112 + h01 1
—th 2h12 + hgls _2h013 + 2]’113 h013 2]’112 + ho‘lz

so that we eventually find the one-point twist correlator to be

(013 20, = 272 g F =2 (n) (4.154)
with
= (e 1+
(n=2) \ _

Finally, we can find an exact expression for the bare twist correlator:
(01(z, 2, (4.156)

in the Z3 Ising orbifold BCFT since it also satisfies a second order differential
equation with Riemann scheme:

0 ‘ 1 ‘ 00
h 3]112 + ho‘lz _2hgl ho‘l - 3h12+h012
h 3h12 + hglz —2h01 +2]’l13 hgl — 3h\y12+h012 +
We find: )
(01(2,2))F, = 270 g 2F =3 () (4.157)
with
3 1+l
Fo, () = 2= )P (4.158)

Other results for the Ising BCFI. We have also obtained results specific to the
Z, and Z; orbifolds of the Ising BCFT with fixed mixed BCwitha =+and g = -

for which the most relevant primary BCCO is %1 . Since these results are not
based on deriving differential equations, it felt thematically appropriate to leave
their presentation for the Appendix C.4.

4.6 Conclusion

In this chapter, we have presented a general method for calculating Rényi en-

tropies S in the ground state of a 1D critical system with mixed open boundaries,
for an interval starting at one of its ends. This required computing three-point
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functions of one twist operator and two BCCOs on the upper-half plane H with
mixed BCs (a, f) in the Z, cyclic orbifold.

For this purpose, we have derived ODEs satisfied by these correlation func-
tions, by exploiting the null-vectors of the twisted and untwisted representations
of its symmetry algebra OVir,, together with Ward identities obtained from the
additional conserved currents of the theory. We used a combination of analytical
and numerical methods to find a basis of solutions (a.k.a conformal blocks) of
these ODEs.

For the examples provided in this chapter, we have calculated the boundary
and bulk-boundary structure constants needed to build the physical correlators
as linear combinations of the blocks. Among the setups we have analysed are the
leading and subleading contributions to the one-interval second and third Rényi
entropies of the Ising model, and the second Rényi entropy for the three-state
Potts model. We have also derived differential equations for mixed BC twist field
correlators in the Z, and Z; orbifolds of generic BCFTs, and obtained an explicit
expression for the second Rényi entropy valid for any diagonal minimal model,
but with a particular set of mixed boundary conditions.

We have compared the CFT results against critical Ising and three-state Potts
spin chain data. Since finite size effects are quite significant for open chains, we
have included both the leading and subleading contributions to the lattice twist
tield correlator in our analytical prediction. In the Ising case, the agreement was
excellent for all choices of mixed BC, even though the system sizes we could reach
were limited. For the three-state Potts chain, however, the finite size effects are
even more severe, and as a consequence, the matching is less satisfactory. This
could be improved by using more sophisticated numerical techniques such as
DMRG [49, 228] or tensor network methods [210].

The clearest limitation of our method, firstidentified in [118], is that the process
for obtaining a differential equation becomes more difficult as 7 is increased. We
have checked using the fusion rules in (5.4) for n > 3 that the expected order of
the ODEs increases with 7 for generic minimal models, which implies that more
orbifold Ward identities will be needed to obtain the ODEs.

There are several possible extensions of the work presented in this chapter. A
possibility would be to generalize the setup for the calculation of Rényi entropies
of an interval contained in the bulk, with mixed BC. However, in this situation, one
would have to find a differential equation that a four-point function with two
twist fields and two BCCOs satisfies. Cardy’s doubling trick suggests that such
a correlator satisfies the same Ward identities as a six-point conformal block on
the complex plane, so the corresponding differential equation would be partial
instead of ordinary.
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Operator algebra of the cyclic
orbifold

51 Summary

In this chapter, we shall present a more detailed treatment of cyclic orbifold
CFTs. Such theories have been of interest for the construction of certain types
of superstring theories [70, 229], and constitute an active topic of research in the
mathematical community [230][231] [232].

Our main motivation for better understanding them, is, as explained in Chap-
ter 1, the study of entanglement in 1D critical systems. Beyond the exam-
ples presented in Sections 1.3, 1.4 (1.36), most situations involving boundaries
[110, 152, 173], finite size and finite temperature [233-238], or simply several
intervals [71, 84, 88, 123, 127, 132, 153, 163, 198-200, 239-241] are much more
complicated and to this day remain mostly unsolved for generic CFTs. The main
difficulty in such cases is that the Rényi entropy involves either the two-point
function of twist fields on non-trivial surfaces (such as the upper-half-plane or the
torus), or higher-point correlation functions. To make progress in such cases, a
more comprehensive understanding of fusion rules and their multiplicities in the
Z., orbifold, as well as a full characterization of the conformal blocks is of crucial
importance.

In this chapter, an adaptation of [211], we report some progress in that direction
based on the identification of the maximal chiral algebra of the cyclic orbifold.
Naively, the Virasoro algebra OVir, is extended by n — 1 simple currents, whose

modes L,(q? obey the following commutation relations [119]

(L2, L] = Gm = pIL) + T5mm® = 1) ey drvso (5.1)
with 7,5 € Z,. There is however an important caveat: these n — 1 additional
currents are not local, as they have non-trivial monodromies around the twist
fields. This implies that acting with a mode L{) on a local field yields a non-local
one. Therefore, it is not possible to arrange local fields into modules of the orbifold
chiral algebra OVir,. The cornerstone of this chapter is to identify the maximal
subalgebra of (the universal enveloping algebra of) OVir, that acts locally on

tields. It is generated by monomials of the form
LS...Ly suchthat ri+---+7r,=0 modn, (5.2)

In the following, we refer to this algebra as the neutral algebra and denote it by A,.
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For simplicity, we restrict our investigation to mother CFTs M which are
diagonal and rational (w.r.t. to the action of the Virasoro algebra), thus containing
finitely many primary fields ¢;. One of the main results is that the cyclic orbifold
M,, is then also rational and diagonal w.r.t. the neutral algebra A,. In particular,
there are finitely many A,-primary fields, i.e. annihilated by all monomials of the
form (5.2) with )., m, > 0. These primary operators come in three varieties:

o untwisted non-diagonal @y, ;,
o untwisted diagonal @5”,

e and twisted ag.k](r),

where [ji, ... j,] denotes the equivalence class of (ji, ..., j,) under Z, permuta-
tions, j, j1, ..., ja run over the primary operator spectrum of the mother theory M,
while the Fourier replica index r and twist charge k take values in Z,, and Z;, re-
spectively. If we denote by xi;,..;,1, X ;r) and Xg.k](r) the characters of the corresponding
A,-modules, the torus partition function is diagonal :

-1
Zow= Y. lgP+ Z]: Z;‘ PR+ Z]:

J=lj1-jn]

n-1 n—

1
P, (5.3)
k=1 r=0

As we shall argue, this classification of primary operators is particularly well
suited for the determination of fusion rules, and the decomposition of correlation
functions into conformal blocks. This classification has been suggested by the
work of [119], which did not explicitly identify the neutral algebra A,, but in
fact determined the modular data and fusion rules for precisely the same set of
operators, in the case n = 2. In this sense, the present chapter generalizes the
results of [119] to any prime n. We give then a summary of our results:

Summary of results

e We establish the operator content of the Z, orbifold CFT built from
an arbitrary rational, diagonal Virasoro CFT model. The Z, invariant
primary operators are identified as the primary operators of the A, ®A,
neutral algebra.

e We build the modules under the chiral algebra A,, and the decompo-
sition of the Hilbert space over these modules, for any prime n.

e We use the above decomposition property to characterize orbifold
conformal blocks. This allows us to decompose any four-point cor-
relation function of local primary operators in terms of finitely many
holomorphic and antiholomorphic conformal blocks, indexed by A,-
and A,-modules, respectively.

e By studying the modular characters, and applying constraints arising
from unitarity and modular relations to lift degeneracies, we obtain the
orbifold 7~ and § matrices. This leads, through the Verlinde formula,
to explicit expressions of the orbifold fusion numbers NZﬁ.

These fusion rules, in their most compact form, are given by:
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Fusion rules in the cyclic orbifold

n—1

[kl kil — nkl

[11 dnl 1 n] Hetaf1ep - 1n+u Jusb
a,b=0
n—1

) k k

Niiinblininl = 2 Misarin *** Phvvarin

a=0

k©) _ .k k

[iyinl j© = Mg Wi o
KO _ k
N o = Orst 15

- g (5.4)
Nkl g SieSie* Skye -+ - Skyt
i[P](r)]'[q](s) — YUp+q,0 Z S” ,
& 1¢£
n n—1
0] _ 6p+q,0 Sz’{’sjfs ke + #p(r-s—t) (P—a)i{’(Pa)jé’skf
i[P](r)]'[q](S) - n gn — w S ,
14 1¢ a=1 1¢
n—1 t (Pt .
Nk[m](t) 6p+q,m SieS ngkg ) (P pa-1 )’K(an—l ) j f(Pma-l Vke
Pl jlale Ty Z S—” + w S )
4 1¢ a=1 1¢

. J

Here ni.‘]. and S;; are, respectively, the fusion numbers and modular S-matrix

of the mother theory, and w stands for the first n' root of unity w = exp (2mi/n).
The matrices P,’s, which are labelled by a € Z (the multiplicative group of integers
modulo n) , are also modular matrices acting on characters of the mother CFT —
see (5.118-5.119), and a~! stands for the inverse of a in Z¥. The sums over £ run
over the primary operators of the mother CFT.

The chapter is organized as follows. In Section 5.2, we define, for a generic
integer n, the basic properties of the cyclic orbifold such as twist operators, the
conserved currents T®, the orbifold Virasoro algebra OVir,, and the neutral al-
gebras A,. In Section 5.3, we restrict the discussion to n prime and describe the
operator content, OPEs and conformal blocks. In Section 5.4, we analyse the
modular properties of the torus partition function and derive the fusion numbers.
In Section 5.5, we give some applications of our results for fusion rules and con-
formal blocks of the Z3 orbifold of minimal CFTs. In Section 5.6, we conclude
with a recapitulation of our results and comment on possible refinements and ex-
tensions. We have relegated to the Appendix the more technical proofs, to avoid
congesting the logical flow of the chapter.

5.2 Cyclic orbifolds

In this section, we provide some basic background on cyclic orbifolds M,, such
as twist operators, the conserved currents, the symmetry algebra OVir,, and the
induction procedure.

5.2.1 The cyclic orbifold CFT

With the above motivation in mind, we define cyclic orbifold CFTs as follows. Let
Mbe any CFT with central charge c and primary operator content {¢1, ¢2, 3, ...},

116



Chapter 5 — Operator algebra of the cyclic orbifold

which we call the mother CFT. By convention, we always take ¢, to be the identity
operator: ¢; = 1. The cyclic orbifold CFT M for a positive integer n, which is
usually denoted as

M, = M*"/|Z2,, (5.5)

is most easily defined in the path-integral formalism. If the configurations of the
mother theory are described by a field ¢(r) with action A[p], then the configu-
rations of M®" are (locally) described by n independent copies (¢1(r), ... @.(1)),
with action A[p1] + - - - + A[p,]. Furthermore, the modding out by Z,, means that
configurations with topological defects (as described in the previous section) are
to be included. In particular, on the cylinder (and the torus, see section 5.4.1)
this implies that one must consider all possible Z, twisted boundary conditions.
Accordingly, the Hilbert space (for a closed system) splits into n distinct sectors la-
belled by the twist charge [k] € Z,, corresponding to boundary conditions twisted
by the permutation of copies a + a + k. Via the state-operator correspondence,
local fields also carry a twist charge.

In the untwisted sector [k = 0], the Hilbert space is simply the n™ tensor
product of the mother theory Hilbert space. The associated operators are called
untwisted operators and are spanned by products of local operators acting on each
copy. These are generated, under the Operator Product Expansion (OPE), by
operators acting on a single copy a

. =18 - ®10p 18 -0 1. (5.6)
(@)

By contrast, the Hilbert space in the twisted sector [k = 1] is in one-to-one corre-
spondence with the mother theory Hilbert space [119]. Indeed, one can untangle
the n copies coupled via the twista — a+1 into a single copy, at the cost of making
the system n times larger. More generally, the Hilbert space in the twisted sector
[k] maps to the tensor product of Cy copies of the mother theory Hilbert space,
where C; is the number of cycles of the permutation a — a +k (in particular C; = 1
exactly when k and n are coprime).

A generic operator O with twist charge [k] inserts a defect line as explained
above, and hence its monodromy relative to a diagonal operator ¢, reads:

ba(2™z,e7272) - OW(0) = ¢y_i(z, 2) - OW(0) . (5.7)

being understood that upon going around the twisted field O"(0), the field ¢,(z, z)
does not encircle any other (twisted) field.
note that the twist charge [k] is conserved under fusion, in the sense that

(O%(z,,21)...0%Nz,,2,)) =0 if ki+-+-+ky#0 mod n. (5.8)

Of particular interest is the bare twist operator ¢¥/, which is simply the most
relevant operator with twist charge [k]. Under the state-operator correspondence,
it maps to the lowest energy state in the twisted sector [k]. In the untwisted sector,
this is simply the identity o' = 1. Moreover, to lighten the notation, we write o
and o' instead of o'l and ol™Y, respectively. The conformal dimension of the twist
operators ¢ and ¢" is
c 1

he =5 (n n). (5.9)
This fundamental result, which is at the heart of the universal behaviour 1.36
of entanglement entropy for 1D critical systems, is surprisingly easy to establish.
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Indeed, itis a simple consequence of the finite-size scaling of eigenenergies in CFT.
For a periodic system of size L, the orbifold Hamiltonian is 2T”(LO + Lo —nc/ 12), as
the orbifold central charge is 11c, where c is the central charge of the mother theory.
Thus, the lowest energy in the sector [k = 1] is

47 nc
E=" (h - ﬂ) . (5.10)

since ¢ is a scalar field (i, = h,). But as stated above, the twisted sector [1] for a
system of size L is nothing but the Hilbert space of the mother theory for a system
of size nL. From this perspective the Hamiltonian is %(LO +Lo—c/ 12), and the
state with the lowest energy is the vacuum, therefore

41t ¢
E=——F—. .
nL 24 (.11)

Equating these two expressions yields (5.9). The argument is easy to generalize
to arbitrary k, and one finds

c 1
h = 57 Y (nk]- - n—k]) : (5.12)

cycle j

where the sum is over all cycles of the permutation a = a +k, and r; is the length
of the j cycle. In particular, when 7 is prime, one gets h,u = h, for all k € Z.

5.2.2 Orbifold Virasoro algebra

now that we have discussed the splitting of the Hilbert space into twisted sectors,
we can describe the action of the extended orbifold algebra. In the orbifold CFT

M,, each copy a of the mother CFT carries the components T,(z), T,(2) of the
stress-energy tensor, with OPEs

(z—w)* (z—w)2+z—w
c/2 2T () s IT,(0)
Z-w)* (EZ-m)?* zZ-w

Ta(Z)Tb(w) = 6ab [ ] + regz—m} 4

(5.13)

Ta(z)Tb(w) = 6ab [

TIeE,

where c is the central charge of the mother CFT, and reg,_  denotes a function
which is regular as z tends to w. It turns out to be convenient to work with the
discrete Fourier modes of these currents, namely

n-1
TO(z) :Zw‘" T.z), T @)=Y o"T.), (5.14)
a=0

where w = exp(2int/n) and r € Z,,. We get the OPEs

Srasonc/2  2TCH(w)  IT(w)
+ +

T (2T —
(Z) (w) (Z _ w)4 (Z _ w)z 7 —w + regz—m} 4
—(r+s) —(r+5) (515)
T(r)(Z)T(S)(a_)) _ 6r+s,0 TZC/2 + 2T (ZD) + aT (ZD) +re
Coz-o)r (z-w)P Z- Bz
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. . =(0)
The invariant modes T¥(z) and T () are the components of the total stress-
energy tensor of M,, with central charge nc, whereas the other Fourier modes

T(z), T(r) (zZ) withr # 0 mod n can be regarded as additional conserved currents.
Altogether, these Fourier modes encode an extended conformal symmetry.

The Laurent expansion of the currents T)(z) depends on the twist sector in
which they act. Indeed, since by definition an operator Ol with charge [k] inserts
a defect line connecting copies a and a + k, we have the monodromy conditions
(in the absence of other twist operators in the vicinity of the origin)

TN(*z) - OM(0) = " TV (z) - OF(0). (5.16)
As a result, the mode decomposition is of the form

TN (z) - OM(0) = Z 272 (L0 . O (0) . (5.17)

me—kr/n+Z.
. - . . ="
with LY = LO7 Likewise, for T " we have

T - 0M(0) = Yoz oM). (5.18)

me+kr/n+2Z.

Importantly, in the twist sector [k], the allowed indices for L,(;) (resp. if,?) are
m € —kr/n + Z (resp. m € +kr/n + Z). The OPEs (5.15) yield the commutation
relations

T S r+s nc
L3 L)) = = pLZ) + Tom(® = 1) Suuapo 61450,

(L, 19'] = (m = pILYE) + =mlm® = 1) Surep0 Srsc, (5.19)

m+p
L%, L] =0,

where the Kronecker symbols 6,,5¢ are understood modulo n. These relations
define the two commuting orbifold Virasoro algebras OVir, and OVir,,.
The invariant modes Lfg) are the modes of the total stress-energy tensor, and

their index m is always an integer, as it should be. Of course, they form a Virasoro
algebra, with central charge nc:

nc
[£910] = 01 L, + S D, meZ, 520

and similarly for the L)s.
Due to the conservation of Fourier indices in the commutation relations (5.19),
the two families of algebra elements

quﬁ) LY and LUV .L(;p) , withri +---+7,=0 mod n (5.21)
4 1 P

generate algebras of the universal enveloping algebra of OVir, and OVir,, which

we shall call the neutral algebras A, and A,, respectively. These neutral algebras

are of key importance for the classification of operators and the description of
correlations in the cyclic orbifold CFT.
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5.2.3 Orbifold induction procedure

As mentioned above, the Hilbert space H!!! of the twisted sector [k = 1] is in
one-to-one correspondence with the Hilbert space H of the mother theory [119].
More precisely, there is an isomorphism ®; : H — H 1 thatisa norm-preserving,
invertible linear map. This map is quite simple: it encodes the identification of
states between H!! and H that follows from unfolding the 1 copies of the cylinder
with twisted boundary conditions into a single copy of the cylinder.

In particular, we get the following identification between the stress-tensor T
of the mother theory (on the cylinder of perimeter nL) and the stress-tensor T,
acting on the a™ copy of the orbifold on the cylinder of perimeter L:

Tai(x,t) = ©, T(al + x,t) ©7', (5.22)

where0<x<Landa=0,---,n— 1. In terms of modes, this means

nc 1 €\ e
(L,(;) - 6m,0ﬂ) = E@)l (an - 5m,0ﬁ)®11 , me-r/n+2Z, (5.23)
that is to say
10— 1®1L ol + £ (n — l)6 0 me-—-rin+27. (5.24)
Y n) "

It follows that there is a one-to-one correspondence between Virasoro primary
states |¢p;) in the mother theory and primary states under the orbifold algebra in

the twisted sector [k = 1] of the cyclic orbifold, which we will denote by |(7£.1]> :
oty = @1 1p)) . (5.25)

The same elementary argument of finite-size scaling is used to derive (5.9) yields

hj h;
haj:i(n—%)+#:ho+#. (5.26)
The identification map ©; provides a comprehensive and explicit construction
of the twisted sector [k = 1] in terms of states of the mother theory, known as
the orbifold induction procedure [119]. Furthermore, since ®; is norm-preserving,
a state in the twisted sector is a null state if and only if it is the image (under
©;) of a null state in the mother theory. In that sense, the induction procedure
provides a full description of all null states in the twisted sector. Such null states
are important, as they can be exploited to derive differential equations for twist
correlation functions [118].

Of course, the above discussion can be adapted to all twisted sectors [k]. In
particular, when k and n are coprime (that is when the permutationa — a+k mod
n has a unique cycle), the Hilbert space H!* can still be identified with H, via a
map Oy : H — H!M. The relation between modes becomes simply

c

1
" _ -1
Lm = ;@kLVUn@k + 24

(n — %)6,,10 , me —kr/n+ 7. (5.27)

The state |o£.k]> = Ok |¢;) has the same conformal dimension as |o£.1]>.
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5.3 Operator content, OPEs and conformal blocks

From now on, we restrict to the case when the number of copies is a prime integer
n. We shall describe the operator content of the cyclic orbifold CFT M,, in terms
of the primary operators {¢;} of the mother CFT M. In M,, operators and states
will be organized into representations of the neutral algebras A, ® A, defined in
Sec. 5.2.2.

To simplify the discussion, we suppose that the mother CFT is diagonal,
namely every primary operator ¢; is scalar, so that its conformal dimensions
obey h; = h;, and all primaries correspond to distinct Virasoro modules. This is
the case in particular for all diagonal minimal models. Under these assumptions,
the torus partition function is a diagonal modular invariant

2
z=Y |xj (5.28)
j
and the modular S-matrix is real symmetric. The fusion numbers ni.‘j, as given by
the Verlinde formula 5 5. &
K _ im jm O mk
=), " (5.29)

m

can only take the values O or 1.

5.3.1 Invariant operators

Local operators in the Z, orbifold must form a set of mutually local fields. In
particular, they must be local with respect to the twist fields, i.e. be invariant under
cyclic permutations. In that sense, gauging the Z, symmetry in the replicated
theory M®" removes ! all fields in M®" that are not Z, invariant. It turns out that
this condition is also sufficient: all invariant fields are local, as we will show in
section 5.4.1. Throughout the chapter, we will use the terms local and invariant
interchangeably when referring to fields/operators.

Importantly, the currents T")(z) themselves are not local for r # 0, since they
have non-trivial monodromies around twist fields (5.16). This means that acting
with a mode L) on a local field yields a non-local one, and therefore it is not
possible to decompose local fields into modules of the full orbifold algebra OVir, ®
OVir,,. Instead, one has to work with the neutral algebra A,.

Invariant operators can be classified into three families of primary operators
and their descendants, with respect to the neutral algebras A, & A,. In this
section, we enumerate all (P" — P)/n + n®P primary invariant operators, where P
is the number of primary fields in the mother theory.

The proofs that these operators are primary and that the action of A, ® A, on
them generates all invariant operators, are given in Appendix D.1.

The non-diagonal untwisted operators ®; ;1. They are defined as

n—1
1
Dy = Qpjy,. iy 1= Vi Z(Q%a ® - ®Pj..), (5.30)
a=0

1Such fields are not really removed: they are downgraded to semilocal fields in the cyclic
orbifold. At the level of states, while they do not contribute to the torus partition function, they
do contribute to twisted partition functions [36].
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where | = [j1,-- -, ju] stands for the n-tuple (jy, - - - , j») modulo Z,, thatis the equiv-
alence class of (ji, ..., j,) under cyclic permutations. The indices (1+a),...,(n+a)
in (5.30) are understood modulo n. Part of the definition is to demand that at least
two labels among (jy, - - - , ju) are distinct, ensuring that the fields ¢;,,, ® - - - ® ..,
for 0 < a < n -1 are linearly independent. Each ¢; stands for a primary operator
in the mother CFT. The conformal dimension of @y is

Rijie i) = hjy + -+ Ry, (5.31)

where h jis the conformal dimension of ¢ i

The diagonal untwisted operators CDE.Y), withr € Z,. Forr=0,let

oY = ;= ;@@ ¢, (5.32)
where ¢; is a primary operator in the mother CFT. For r # 0 mod 1, we define
1 -
" ._ N7En
(D] = %L—ll‘—l . (D] for (P] * 1, (533)
and
2 i 2 =
10 .= 201 1= Z170T ", (5.34)
nce ne

Recall that by convention, ¢; = 1 in the mother CFT. The reason for introducing a
specific definition of the operators 17 is the fact that L(_ri ‘1= I:(_ri -1 =0, due to the
null-vector conditions L_; - 1 = L_; - 1 = 0 in the mother CFT. The corresponding
conformal dimensions are

hjf) =nhj+(1-060) for¢;#1, (5.35)
h = 2(1 - 6,0). (5.36)

The prefactors in (5.33-5.34) are chosen to normalize the two-point function — see
below.

The twist operators ng](r). These operators are indexed by three labels: j identi-
fies a primary field ¢; in the mother theory, k # 0 mod 7 labels the twisted sector,

and r takes values in Z,. When j = 1 and r = 0, they simply correspond to the
“bare” twist operators

o0 = oM (5.37)
and they all have conformal dimension
c 1
ho‘ = ﬂ (n - ;) . (538)

as follows from the state-operator correspondence and the finite size scaling ar-
gument above (5.9). For j # 1 and r = 0, the twist operator ng](O) 1= agk] is the field

associated to the state Iag.k]> (as defined in section (5.2.3)) under the state-operator

correspondence. This defines a composite twist operator, with conformal dimension
given by (5.26), that is :

]

hj
hoy = o + 1. (5.39)
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Alternatively, this composite twist field can be constructed as the most relevant
tield obtained in the fusion .
Dpja, 0 X 00 (5.40)

where the field @y, 1) is defined at (5.30). Formally [219, 242] :
010z, 2) = A lim [0 iy 1z +e,2+8) -0z, 2)] (5.41)

where ®y;; 41 is the non-diagonal untwisted operator given above, and #; is the

conformal dimension of ¢;, and the constant prefactor is A; = n=20-"h=112 Ag

explained in section (5.2.3), the operators ng] are also primary under OVir,,®OVir,,.

For r # 0 the twist operators ng](r) are given by

Q) 7 (=) k]
we Btk Lyl gogn - g; ifp;j#1lorkr#1 modn, 510
%G 10 160 oM otherwi (542)
1,Vl+1 _1_1/1,1 _1_1/n e (o) erWlse,
or equivalently as states
M0y .= 2, ) Bt L-pnnl-pmlpp if¢;j#Lorkr#1 modn, (5.43)
I Bi 41 Lone1)L-(n+1)10)  otherwise.

where [m]] stands for the remainder of the Euclidean division of m by n, that is
the unique integer in the interval {0,...,n — 1} such that [m]] = m mod n. The

constant prefactors B;,, = n* [th]- +cm(m? —1)/ 12] " are included to normalize
the two-point function in the usual way (5.47).

The case j = 1 has to be treated separately because of the null-vector relations
obeyed by the bare twist operators [118, 119]:

-1 — -1
Lg(l/v)a o =0, L(_lk/n) ol =0. (5.44)
The conformal dimension of ng](r) is

[kl
o - {haj + 0 g #1orkr#1 modn, 5.45)

hy + =1 otherwise.

Property. All the operators in the above list are primary under the neutral alge-
bra A,®A,. They are local, by virtue of being invariant under cyclic permutations
of copies. They are scalar operators, namely they have conformal dimensions
h = h. Moreover, these are the only fields with these properties: any invariant
operator in M,, can be obtained by acting with A, ® A, on one of these invariant
primary operators. These fundamental properties are proven in Appendix D.1.

Two-point functions. The normalization factors have been chosen so that the
two-point functions are given by

..........

)
(@, 20w, @) =z~ wl ", (5.46)

—K](— _4j, k1)
0z, 907w, ) =l —wl ™
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where r € Z, and k € Z). Any other two-point function of invariant primary
operators vanishes. This can be summarized by writing

(D2, 2)Pf(w, @)) = Oap 12 — w| =, (5.47)

where @, denotes an operator of the form @y;, _;;, CD(r or ng]( ) and the conjugation
a — o' acts as

ieeejul = e gl (5.48)
Jo () = j,(=1) (5.49)
jo [k, (1) = j, [=Kk], (=7) (5.50)

5.3.2 Invariant Hilbert space

In any chiral OVir,-module with a lowest-weight state |h,), we can define a formal
cyclic permutation operator m by

el i=h), 7w LD:=w'LV.n, (5.51)

and similarly for an OVir,-module. With this definition, we have 7" = 1, and
hence the operator

_ 1 Z W™ (5.52)

7’1

is the projector on the eigenspace of m corresponding to the eigenvalue w’.

For any invariant primary operator @, of the form ®y;, i, q)(r) or ng](r) we

denote by V, the corresponding (A, ® A,)-module. The action ofA (resp. A,) on
the highest weight state |h,) generates an A,-module (resp. A,-module), which
we denote as V, (resp. V,). Since A, and A, commute, we have

V=V, ®V,. (5.53)

It turns out that the A,-modules V, associated to the three types of invariant
primary operators @, in the orbifold model can be viewed as eigenspaces of 7 in
OVir,-modules, namely

.....

Vij,jul = Py (0,®--07;), V' ~P,-(;®--®0), VI =P, 0 0. (554)

Here, we have denoted by v; the Vir-module associated with the primary op-
erator ¢; in the mother CFT, and we have used the induction isomorphisms O
introduced in Sec. 5.2.3. For A,-modules we have
....... 1= Po-(0,®--®7;,), Vﬁr) = P_(0;®--®7)), V]['k](r) =P, ©7;, (5.55)
where the 7;’s are the mother CFT’s Vir-modules.

Let H, be the space of M, states which are invariant under cyclic permu-
tations. We shall refer to H, as the invariant Hilbert space. As a consequence
of the classification of invariant operators presented in Sec. 5.3.1, one gets the
(A, ® A,)-module decomposition of Hy:

n-1 n-1

H=H v, o @@fv“’ o PEHPHv. (5.56)

J=l1-jnl i k=1 r=0
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In this expression, the sums on j run over the primary operators ¢; of the mother
CFT, whereas the sum on [j; ... j,] runs over the equivalence classes of n-tuples
(j1,- .., ju) under cyclic permutations, where the j,’s are indices of primary oper-
ators of the mother CFT, and with at least two distinct indices j, # jp.

5.3.3 On fusion numbers

Before moving on to operator product expansions and conformal blocks, it is
useful to discuss fusion numbers. From the above discussion, the cyclic orbifold
is a diagonal theory with respect to the extended symmetry A, & A,, therefore
operators {®,} are labelled by a single symbol «, also labelling the irreducible
A,-modules {V,}. The fusion rules are generically of the form

Dy X Dy — Z NIy, (5.57)
)/

where the sum is over all primary invariant operators ®,, and the non-negative
integers Ngﬁ are the fusion numbers. They obey

Y Y
Nl =N

N = N 5.58
L N ENTL (5.58)

Recall that we are assuming that, in the mother theory, all fusion numbers nf]. are
0 or 1. But in the orbifold, non-trivial multiplicities (i.e. NZﬁ > 1) are expected
to appear. The fusion number N’ is the dimension of the space of chiral vertex
operators [243] of type (;,). Chiral three-point functions

Cly(A, 1,v) = (@, v (1 - @,)(1) ulDy) (5.59)

for A, u,v € A, are not all linearly independent. Indeed, they satisfy many linear
relations following from:

1. The commutation rules of A,, which follow from

r S r+s he
[0 7] = m =)Ly + =D omepnbisa- - (5.60)

2. The properties of primary operators and states

(LY, @a(z,2)] = 2" ((m + Dy + 20.) Du(z,2), (5.61)
(@Y =0,  (@,|LY =h, (D], (5.62)
Lyl ) =0, L [o) = o |®y) - (5.63)

3. The Ward identities associated with the OVir, currents. These can be ex-
pressed generally as closed contour identities, for any m-tuple of operators
@y, ..., D, (primary or not) with twist charges ki, ..., ky:

95(12 (z =27 ... (2 = 2y)" (TO(2)D1(21,21) - . . Pp(Zin, Z)) = 0,
X T’k]‘
1que—7+Zandq1+---+qms2. (5.64)
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4. The decoupling of null-vectors (e.g. if p|®g) is null, then Czﬁ(/\, u,v) =0).

For instance, using (5.61) and (5.63), we have for m > 0:
Cl(1,1, L)) = (@) |L,, P, (1)|Dp) = (Om + Vg = 20, — 205 + 21, ) C, 5(1,1,1). (5.65)

Consider the whole set of constraints (5.60-5.64) plus the decoupling of null-
vectors as a linear system of equations for the function

A, A, A, — C
) B L v) = (@ (- @)(1) plDy).

Then Nzﬁ is the dimension of the solution space of this linear system. By the use
of orbifold Ward identities, one can show that the subset of coefficients

CZﬁ(#) = C‘Zlg(ll W, 1) = <q)qu)a(1)[vl|q)ﬁ> ’ (566)

determines uniquely all the other coefficients CZ;;(Af u,v). Hence, N;/ﬁ corresponds
to the number of linearly independent solutions for the function u Czﬁ(u),

subject to (5.60-5.64). Let (C“ﬁ)m’ withm =1,--- ,NZﬁ, denote a basis of these
solutions.

If we now return to the physical three-point function (that is including the
anti-holomorphic degrees of freedom), generically we have

NY

a

(@, 10u(1, Duilds) = ) wnp (C), 0 (Cly) (). (5.67)

mmn=1

However since the application (u, 1) — (®,|®,(1, 1)uf|Pg) is bilinear and sym-
metric, there exists a (real) basis (Xaﬂ)m, such that

N,
(D 1D (1, Dpftldp) = Y en (X)) (XL) (), (5.68)
m=1

where €, € {-1,0, 1}. The naturality theorem [244] implies that the above bilinear
form has maximal rank, thus €,, = 0 must be excluded.

Let’s consider for instance the fusion process involving three non-diagonal
untwisted operators
Dyl X Ppjyjul = Pliyke] - (5.69)

For compactness we introduce the shorthand notation I = [iy...5,], ] = [j1... ]
and K = [k; ... k,]. Consider the following physical three-point function

Cli(w, 1) = (PxPy(u i - ©))), (5.70)

forueA,and i € A, Using the definition of @y, .1, Pp,...j1, Pik,..k,1 and the fact
that u, fi are invariant under the cyclic permutation Il, one can write

n—1

Ciw.m =), (CF),, (1), (5.71)

a,b=0
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where (with a slight abuse of notation, as we now treat I, ] and K as n-tuples)

(Ch),, () == %m"[cﬁkl@- <@k, | T [, ®- - - ®¢;, ] (1 1+ (¢, - --®;,))) . (5.72)

and ITis the generator of cyclic permutations : I1[¢;, ® - -®¢;, | = [(;,®;, ®- - -®;, ]
A closer inspection reveals that each symmetric bilinear form (Cﬁ)ab isrank at most
one. Indeed, decomposing

w=Ly . Ly (5.73)
together with
n—1
L;:)=ijr1®"‘®Lm®"'®1/ (5.74)

and likewise for fi, one ends up with a sum of products of three-point functions
in the mother theory of the form

[ [@rtis (Acde- 0> (5.75)

where A, A are in (the enveloping algebra of) Virasoro. For each term in the
product, we have

(5.76)

M) ifnk =1,
(DAL ) = {@’@‘Pﬂx( Q) if

1fn =0,

where xfj(/\) is uniquely determined by the Virasoro analogue of (5.60-5.64).

Clearly (Cﬁ)ab vanishes unless

<¢kl+a¢i1+b¢jl> ce <(Pkc+u¢ic+b¢jc> M <(li)kn+aqbin+b¢jn> i 0 (577)
Moreover, when it does not vanish, it factorizes as
(Ch),, @ = (X5) W (XF) @ (5.78)

where the linear forms (XK ) can be computed explicitly in terms of the x*’s. For
. 1] ) ap 1
instance, one has

n-1
(XK), @)y o Y x (L) (5.79)
c=0
and
(x5) @™y
x Z [(1 = By P (Laer, (L) + cax(™s (L) (5.80)

c,d=0

We have decomposed the physical three point function (®,|®,(1, 1)ufa|Ps) in
terms of a family of solutions (Xf])ub (u) of (5.60-5.64), and shown how to compute
them. The cardinal of this family is

Zn’?l o (5.81)
+asJ1+b In+a,Jn+b

ab
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where ni.‘]. is the fusion number for ¢; X ¢; — ¢ in the mother CFT. By the
naturality theorem [244], the forms (Xﬁ)ab (1) span the whole space of solutions.
But, as we did not prove that the (Xﬁ)ab (u) are linearly independent, (5.81) is only
an upper bound for the fusion number N, 5 . The fact that NV II; indeed equals (5.81),

and therefore the (Xﬁ)ab (u) are linearly independent, will be proved indirectly in
Sec. 5.4.3 via the Verlinde formula.

The above arguments can be easily extended to construct a family of inde-
pendent OPE coefficients (Czﬁ)m(y) for a fusion process involving any kind of

untwisted operators, leading to the fusion numbers

ki...
Nk Zn’,‘l R (5.82)
[1]~~-1n]r[]1~~~]n] N4asJ1+b n+asn+b
a,b
n-1
k" _ k k
Nl gl = Z M eait = Miain 7 (5.83)
a=0
k) _ k k
Niiy iy o = i1, (5.84)
o k
N 0k = Oryst My - (5.85)

Fusion number involving twist fields on the other hand cannot be inferred using
the same elementary approach, because for such three-point functions the copies
of the mother CFT within the orbifold CFT are no longer decoupled. The answer,
as provided by Verlinde’s formula, will turn out to be more complicated, and not
expressible in terms of the fusion numbers of the mother theory alone. But while
we cannot at this stage easily compute the fusion numbers involving twist fields,
we can at least argue that they are finite, by showing that correlation functions in
the orbifold always involve finitely many (extended) conformal blocks.

Holomorphic factorization property and rationality Conformal field theories
obey the holomorphic factorization property [245]. On the plane/sphere, it means
that correlation functions can be decomposed as

<CI)I'l (lezl) T q)im (Zm/ Zm)> = Z FI(Z),DUﬁ](z) (586)
L]

where the (extended) conformal blocks F; are holomorphic functions of z =
(z1,°++ ,zy), and F; are anti-holomorphic. More generally, on a Riemann surface ©
the factorization property becomes

Zy (D@ (z1,21) - @i, (Zm, Zm))s = ZFI(Z/ P)pyF(Z, P) (5.87)
Lj

where Zy stands for the partition function on X, and the conformal blocks F;
depend also holomorphically on the analytic coordinates p of the moduli of .
The above holds in particular in the absence of field insertion (m = 0), meaning
that the partition function itself obeys the holomorphic factorization property. For
instance in genus one, with a flat metric, this is simply

Z(r,1) = ) X Dpi (). (5.88)
i
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A CFT is said to be rational when all the sums involved above are finite.

Provided the mother theory M obeys the holomorphic factorization property,
then so does its cyclic orbifold M,. Consider for instance a generic correlation
function of twists fields on a Riemann surface X

(0% (z1,21) - 0" (2, )z (5.89)

One can reinterpret this correlation function as a correlation function in the mother
theory on the n-sheeted branched cover 7 : ©” — X, with ramification index k; at
z;. We then have

Zy <021(21,Z1) . "Uf;(zm, Zu))s = ZsAPi(z1,21) - Di, (2, Zm))x & (5.90)

where in the r.h.s. both the correlation function and the partition function involve
the mother theory on the covering surface X', with the metric ¢’ = n"g being
the pull-back of the metric g on . In practice, the picture above is slightly more
complicated, as the pull-back metric ¢’ has conical singularities at the ramification
points, but these can be regularized [122].

Exploiting the holomorphic factorization property of the mother theory then
yields

Zy <Gﬁ1(zlzzl) e O (2 Zn) ) = Z Fi(z, p')pyF)(z,P) (5.91)
Lj

The factorization property of the Lh.s. then follows from the fact that the moduli
P’ = p’(p, z) of the branched covering X" depends holomorphically on the moduli
p of £ and the positions z of the branched points. For instance, the 2-sheeted
cover of the sphere with four branch points at positions z; is a torus with moduli

2F (%’ 21— x) (21 —20)(z3 — 24)

T(x) =1 , =
»F; (%, 5 1;x) (z1 — 23)(22 — 24)

The above argument is easily adapted to the generic case involving descen-
dants of twist fields and/or untwisted fields. The last quantity to consider is
the partition function itself, but this is simply obtained by summing all twisted
partition functions of n copies of the mother theory, each of which obeys the
factorization property.

Furthermore, it is clear that if the mother theory is rational, then so is the
orbifold. As a consequence, all fusion numbers in the cyclic orbifold are finite
when the mother theory is rational.

5.3.4 (Extended) conformal blocks on the sphere

The computation of entanglement entropies in the case of a single interval embed-
ded in an infinite line (or a circle) at zero temperature boils down to a two-point
function of twist fields on the sphere [46, 87, 214]. The main simplification in that
case is that such two-point functions are completely fixed by conformal invariance.
In contrast, if the system has boundaries, or is at finite temperature with periodic
boundary conditions, the CFT computation involves two point functions of twist
tields on more complicated Riemann surfaces, namely, the upper half plane or
the torus[110, 152, 173, 233, 234, 236-238, 246]. Likewise, if the region A con-
sists of several disjoint intervals, Rényi entropies involve higher-point correlation
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functions of twist fields, or equivalently the partition function on higher genus
Riemann surfaces [71, 84, 85, 88, 123, 127, 132, 153, 163, 187, 198-200, 239, 240].
In such cases, conformal invariance alone is no longer sufficient, and the full re-
sources of two-dimensional CFT have to be brought to bear on the computation.
One practical approach is to expand correlation functions using standard Vira-
soro conformal blocks, either to produce asymptotic expansions in some limiting
cases (such as a small interval, for instance) [85, 212, 247-251] or to implement a
numerical bootstrap approach[222]. However, by building on the present work,
one can exploit the extended A, symmetry and use extended conformal blocks
instead of a brute force expansion employing just Virasoro blocks.

As we shall now explain, the diagonal decomposition (5.68) of OPE coeffi-
cients is a key property for the analysis of correlation functions and allows for
a systematic description of orbifold conformal blocks. Consider the four-point
function

G(z,2) = (D](00)D,(1)D5(2, 2)@,(0)), (5.92)

where @y, ..., D, are (twisted or untwisted) invariant primary operators in M,.
Inserting a resolution of the identity, we get

Gz,2) = ) 275z a0 (T, (1 f1- D)) (- 1+ D) Ry D,), (5.93)
auf

where we have used the notation 1, = h, + h, — h,, and |ul, || denote the levels
of u, i respectively. In this expansion, @, runs over all the invariant primary
operators, and {u |®,)} (resp. {1 |®,)}) is an orthonormal basis of V, (resp. V,). We
now use the decomposition (5.68) for the three-point functions, which gives

Na
(DFD (- 1 D)) = ) (b (X)) (Xh) (@), (5.94)
%
(- B Do) D) = Y (e ) (X5 () O (@) (5.95)
n=1

where we have used ((u - fi - ©,)'D,P,) = (PID} (- 1 - D,))*. We get the decompo-
sition

1 o
N2a N34

G2 =Y. Y. N (€hn (€ )y Famp(® Famp(@), (5.96)

a m=1 p=1
where the conformal blocks are defined by

Famp(@) = Y 275 (X)) (X )i(1), (5.97)
U

Famp(® = Y 2750 (XL ),0(3) (X4, (@), (5.98)
[

and the sums run over orthonormal bases {u|®,)} and {f|®,)} of V, and V.,
respectively.

note that each of the conformal blocks ¥, ., ,(z) has the form of an integer power
series in z, multiplied by a factor z". The conformal block decomposition (5.96) is
indexed by the invariant primary operators @, under the A, ® A, neutral algebra.
Each internal primary state |®,) contributes with a multiplicity (i.e. number of
independent conformal blocks) given by the product of fusion numbers NV x Ng,.
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5.4 Modular properties and Verlinde’s formula

In this section, we recall the modular properties of the cyclic orbifold and obtain
the orbifold fusion rules from the Verlinde formula.

5.4.1 Torus partition function

Consider the torus of modular parameter 7
T, =C/(Z+17Z), (5.99)

with Im 7 > 0, and let us use the notations g = ¢*™* and § = ¢"%™". We denote by
Zp(7) the partition function of M,, where the copy a is connected to the copy
a+ m (resp. a + p) along the cycle z — z + 7 (resp. z — z + 1). Since changing
the orientation of both cycles yields the same torus, clearly Z,,,(1) = Z_,,_,(1).
Furthermore, the elementary modular transformations act as:

Zp(T+1) = Zyp p(7), Zup(=1/T) = Z)), (7). (5.100)

For a general modular transformation, we have:

at+b

Zmp (T) = Zum+bp,cm+dp (m

), (a,bc,dyeZ*, ad-bc=1. (5.101)

The full partition function of the orbifold CFT is defined as the sum over all
possible defects:

n—-1
Zos(D) =2 Y Zuy(o), (5102

m,p=0

and it is manifestly modular invariant.
Denoting by Z(t) the mother CFT partition function, we have the identities

Zuo(1) = Z(n1), Zom(T) = Z(T /1), m#0 mod n. (5.103)

Using these, together with the relations (5.101), we can express Z(7) as:

n—1 n-1 n-1
1
Zow(T) = ” Zoo(T) + Z Zno(T) + Zyp(T)
m=1 m=0 p=1
n—1
1 n-—1 T+k
=-Z()V'+ ——|Z Z .104
G20+ o)+ ) (n) (5:104)

which is the standard result [229] for the partition function of the Z, orbifold.
Recall the definition (D.3) for the cyclic permutation of copies, and the family of
projectors

1 o —ar a
Pr=- ; w T, (5.105)

on the eigenspaces of eigenvalue w” of I'. By construction, each individual twisted
partition function Z,,,(7) reads

Zunp() = Trgqn [[17 gl 72 gl =ner24] (5.106)
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where H!" is the space of M, states with twist charge n. Therefore, the orbifold
partition function (5.102) can be rewritten as

(O)—nc (O)—nc
Zowt(T) = ZTrW [P0 go 2 gho el ] (5.107)
p=0

Hence we get the simple identity
Zorn(7) = Trgg, [qle /2 glo’ /4] (5.108)

where H is the invariant Hilbert space defined in Sec. 5.3.2. We recover that local
fields coincide with invariant fields.

5.4.2 Modular characters

Let us first fix the notations for the characters of the mother CFT, in the case when
it is rational, i.e. with a finite set of primary operators {¢1, ..., dm}. We denote by
X the Virasoro character of the module associated to ¢; in the mother CFT:

X(1) = Try, (/%) . (5.109)
The x,’s transform under the elementary modular maps as
M
Xi(t+1) =t xi(1), xi(=1/7) = Z Sijxi(1), (5.110)
j=1

where t; = exp[2in(h; — c¢/24)], and S is a unitary matrix. Moreover, since we
assume that the mother theory M is diagonal, the matrix S is real symmetric, and
satisfies (ST)® = 1, where T = diag(t, . . ., tm).

In the orbifold CFT, the characters associated to the A,-modules V}, V;r), V}k](r)
are, respectively:

x5(1) = x5, (7). X, (T), (5.111)
() = 1[x]<T> + (1850 = D,(17)] 6112)
[k](r) min —kom (T

Zt § ( - ) (5.113)

The proof for these expressions is given in [119]. and they can be considered as a
special case of [252, 253] (which are also employed in [254] and [230])

From the decomposition of the invariant Hilbert space H,, we can write the
partition function (5.108) as

n—1 n-1 n-1
Zon(® = Y g+ ) Y IR Y Y Y IR, (5.114)
J=ljrjnl j r=0 i k=1 r=0

where the notations for the sums are the same as in (5.56). The orbifold characters
transform under the elementary modular maps as

XaT+1) =T xa(D),  xal=1/7) = ) Sup 25(0), (5.115)
B
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with
e ) (r) _ [kI(r) _  kr  1/n
Tr=ty...t,, ‘7]. =t ‘7]. =w t]. , (5.116)

and

n—1
SIJ = : / Silrjl+a et Sinzjnﬂz 4
a=0

S[,]'(V) = Sj(’),[i1...in] = Sil,j . Sin,j ,
n
1]
Sin 9 = —
o (5.117)
wkr Sl‘]'
Sio, e = Sjme 0 = —

—ks—Lr
w (Peg)ij
Si[k](r),]‘[ﬂ(S) = 1 s

S jmn = Sjmn; = 0.

The matrices P,, appearing in this expression are defined as

P, =T"".Q, T Wn e zx, (5.118)

where [[-m']] denotes the inverse of (—m) modulo n, with 0 < [[-m™']] < n, and
Qy is the matrix representing the linear action of the modular map

mt — (m{[-m~']] + 1)/n
nt —[[-m]]

T gu(T) = (5.119)
on the characters x; of the mother CFT. We introduce the conjugation matrix C,

with matrix elements
Cap = Oapt, (5.120)

and the diagonal matrix 7 with matrix elements 7,. The orbifold modular ma-
trices S and 7 satisfy the properties

S'=38, (5.121)
S’=cC, (5.122)
S'S=1, (5.123)
(ST’ =cC, (5.124)

where S' denotes the transpose of S.

The main arguments for the proofs of these properties are given in the Ap-
pendix D.3. note that the relations (5.115) are not sufficient to determine com-
pletely the matrices S and 7, because some distinct A,-modules have the same
characters, namely

X1l (T) = Xy jo)(T)  for any permutation p of {1,...,n}, (5.125)
@ = x() ifrs#0, (5.126)
)(E.k](r)(T) = X;"KS)(T) if rk=s¢ mod n. (5.127)

However, the expressions (5.116-5.117) define a simple and elegant solution to
the constraints (5.121-5.124) in terms of the modular matrices of the mother CFT.
Furthermore, it agrees with the S matrix given in equation (10) of [253].
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5.4.3 Fusion rules

Recall our notation for the fusion numbers:

O x D5 = Y NI @, (5.128)
Y

where ®@,, @4, @, are invariant primary operators. The fusion numbers can be
computed through the Verlinde formula
S S, St
(A N e 5.129
Ny=)—5 (5.129)

0

where the sum runs over all possible invariant primary operators ®s; described in
Section 5.3.1. This formula, together with (5.121-5.124), directly ensures that the
properties are satisfied

Y Y
Nl =N,

are satisfied. In the case of untwisted operators, we get

N, = Nf; , (5.130)

n—1

K k
NI] Z nlllm Jiep T 1n+ﬂ Jnsb (5131)
ab
k)
NI,] Z n; f4arj1 *° zn+a jn’ (5132)
a=0
(s)
N = o T LYRNISY (5.133)
NI?S)] = Opys,t nl] ’ (5.134)

which confirms the hypothesis that the OPE coefficients constructed in Sec. 5.3.3
span the solution space of the linear system of equations which derive from the
orbifold algebraic rules and Ward identities. The fusion numbers involving twist
operators are given by

M
SMS]'{ . Sklf v Sk”g

Mﬁ]o)]-[q](s) = Opag0 Z g / (5.135)
=1 1¢
) M 1SSiSt, & (P_a)ie(P.)icS
K _ p+a0 it ap(r+s—p) L —a)it\Ua) jeoke
I —+ ) w , 5.136
oo =~ ;[ 5 Z‘ 5 (5.136)
= (P! Die(P? )je(P )k
[ml() p+qm zt’S]{Skf Alrs—p) © Pa” S g1/ JOL g1 JE
N o = Z + Y @t o . (5137
a=1

The fusion numbers (5.136) depend on the Fourier indices 1, s, t only through the
combination (r + s — t), as expected from the discussion in Sec. 5.3.3. Using the
unitarity of S, some of the terms can be expressed using the fusion numbers of
the mother CFT:

M M
Z SieSie - Skt -+ Skt _ Z Al b R (5.138)

5717{ ] flkl fzkz Cu—2kn—2 Cp-1kn—1
=1 0 yeefln1=1
S¢S S" M
%t Ly k
o - Z n X né, knt, oo T Xy (5.139)
=1 ¢ Oy lyr=1
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This is also the case for the first term in (5.137). For instance, for n = 3, we have

& SieSieSke B a bt 5140
ZA g3 B Z niflnffznkf3’ (5.140)
=1 10 £, 65=1

and similar but more complicated expressions hold for n > 3.

5.5 Example applications

In this section, we shall present some applications of our results on the Z; orbifolds
of minimal CFTs.

5.5.1 The Z; orbifold of the Yang-Lee CFT

In this section, we shall present a simple application of our results for the operator
algebra of the cyclic orbifold CFT. We choose as mother theory the Yang-Lee
minimal model M(5,2) with central charge ¢ = —22/5, and primary operator
content {1, ¢} with conformal dimensions /; = 0 and hy = —1/5. The modular
S-matrix associated to this CFT is given by:

_ 2 [ —sin(2n/5) sin(4mt/5)
> \5 ( sin(4m/5) sin(2mt/5) | (5.141)
The non-trivial fusion rule in the Yang-Lee CFT is
PXp=1+4¢. (5.142)

We will consider the Z; cyclic orbifold of the above CFT. Its primary operator
content (with respect to the neutral algebra A, ® A,) consists of:

¢ 2 non-diagonal untwisted operators: [1,1,¢] and [1, ¢, ¢],

e 6 diagonal untwisted operators: 17, ®") with r € Z,

") 510 50

0y, 00y with r € Zs.

e 12 twist operators: o
Recall the definition of non-diagonal untwisted operators, e.g.
1
V3

Using the results of Sec. 5.4.3, we get the fusion rules between untwisted

[1,1,0]:= —(1010¢+18¢R1+dp®11). (5.143)
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operators:

[1,1, ] x [1,1, ] — [1,1, ] +2[1, ¢, d] + Z 10

reZs

(1L, ¢1 % [1,6,¢] = [1,1,¢]+ 201, $] + ) DY

reZs

[1,0,0] X [1,0,¢] — 2[1,1,¢0] + 3[1, p, ] + Z 10 42 Z o

reZs rels

[1,1,¢] X1V — [1,1, ],

[1,¢,¢] X1 - [1,¢, ], (5.144)
19 x 10 — 10+

DN % 1¢) — @U+s)
[1,1,¢]x OV > [1,¢,$] + ) &,

SEZ3

[1,¢,$] x O — [1,1,¢] +2[1,¢,¢] + ) | &,

SGZg

OO x P - [1,1, 0] +[1, ¢, P] +2 x 179 + DI+,

The fusion rules between untwisted and twisted operators read

[1,1,¢] x o — Z '

[1(15(]5 XG(S)_)ZG(r)+Z (7)

reZs
[1,1,¢] x 0} — ZUW +Y o0,
reZs
©) @) (r)
(L, p1xa, _’Z“ +2) 0 (5.145)
7€Z3
1M % o} ) _, G(SH),
q)(r) % O_( ) N G(s+r) + G((;H’) + Gf;+r+l) )

(r) (s) (s+7)
1 ><0¢ =0,

(D(r) % O—((b) N G(s+1' 1) (s+r) + Z (t)
teZs
Finally, the fusion rules between twist operators read

G( XU‘[’(S [1 (P (P 1(s+r)+q)(s+7’),

g) % U+(S) — [1 1 CP] + [1 Qb (P q)(s+r—1) +q)(s+r)

o x ol = [1,1,¢] +2[1,¢,¢] + 157 + )~ @,
reZs

(1 x o (s) R C71‘(r+s n 0’r(r+s+1) G;(HS) , (5146)

(”) X O_(S) — G+(r+5) + Z () ,

¢ d’

teZs

(r) (s) Z T(f) T(r+s) T(r+s+1) t(r+s+2)

o¢xo¢—>tzol +to, " +0, +20¢ .
€43
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The other fusion rules are easily obtained by symmetry under conjugation.

1) ¢ 1)

As pointed out in Sec. 5.3.3, one may treat the OPE of twist operators ¢’ X g

i
or agr) Xags), by “unfolding” the three-point correlator corresponding to a particular

orbifold fusion rule, as a mother CFT correlator. This is done in two steps: first,
one translates the orbifold correlation function into an expectation value on the
replicated surface X,. Then, one conformally maps this quantity to a correlator
defined on a Riemann surface that is more amenable to calculations (the Riemann
sphere C in our first example). This approach is exemplified in Appendix D.2 for
the calculation of the orbifold structure constant

Lol _ L0 _10)
C =([1,¢,¢] -0y -0,”) # 0. (5.147)

G(P)’ o0
[ [

Since the structure constant is non-vanishing, we can conclude that indeed the

OPE of? X G;)(O) produces the module [1, ¢, ]. However, this unfolding does not

allow us to extract the value of the associated multiplicity. From (5.146), we see
that this multiplicity is two. Furthermore, using this technique to infer the fusion
rules of the cyclic orbifold CFT from the mother CFT data is only feasible provided
the resulting correlator can be calculated, and the unfolding map is known.

One encounters both of these difficulties in trying to find the fusion rules
between twist operators in the same twist charge sector. Let us consider the
following orbifold three-point function of twist operators:

ng.gk = (00} o). (5.148)

This translates into a three-point function on the three-sheeted cover of the Rie-
mann sphere, with branch points at (0, 1, o), which we denote by Z:

(Pi - Pj - Pr)s, - (5.149)

We can now calculate the genus of this surface X3, using the Riemann-Hurwitz
formula

p
2¢-2=n(h-2)+ Z(ki ~1), (5.150)
i=1

giving the genus g of an n-sheeted cover of a surface of genus h, with p branch
points having ramification indices k;. In our case, all the branch points have
ramification indices k; = 3, so that we find ¢ = 1. Thus, there exists a conformal
map z — t(z) between the surface X3 and a torus T, which allow us to relate
(5.149) to the following three-point function on the torus

(Pi(t1, }1)Pi(t2, E2)Pr(ts, E3)). - (5.151)

To complete such a calculation, one would have two non-trivial problems to solve:
finding the conformal map z + #(z), and calculating the three-point correlator
(5.151). Assuming the conformal map has been found, one needs to calculate
the torus correlators on a case-by-case basis. For example, when (¢;, ¢;, ¢x) =
(1,1,1) or (1,1, ), results are already known — they correspond respectively to the
partition function of the Yang-Lee CFT, and the torus one-point function (¢)r,,
which have been calculated in [255].

However, the issue of counting multiplicities remains, and as we go beyond
this relatively simple example of the Z; orbifold of the Yang-Lee CFT, to higher Z,
orbifolds, the formula (5.150) shows that unfolding would require the calculation
of correlators on surfaces of genus g > 2, for which few exact results are available
in the literature.
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5.5.2 Counting conformal blocks of twist correlators

We will provide a few examples of conformal block counting for four-point cor-
relators in Z; cyclic orbifolds.

The Z; cyclic orbifold of the Ising CFT. We will first illustrate this by using the
minimal model M(4, 3) (Ising CFT) as mother theory, with central charge c = 1/2,
and primary operator content {1, s, ¢} with conformal dimensions ; = 0, h; = 1/16,
h. = 1/2. To avoid confusion with the twist operators, we d The modular S-matrix
associated to this CFT is given by:

1 1 V2
1 1 =21, (5.152)
V2 -V2 0

S =

N~

and the fusion rules are
sXs—>1+¢, sXe—s, exe—1. (5.153)

We remind that for a four-point function (®;P,P;P,), the dimension of its space
of conformal blocks can be calculated from the fusion numbers of the theory [23]:

D3, D D, )
Do, o, = Z No'o,No. o, (5.154)

where the sum on a runs over all the primary fields in the CFT. Using the above, we
will calculate the dimensions of the space of conformal blocks for a few correlators
of physical interest in the Z; orbifold of the Ising CFT.

Let us first consider the four-point functions of twist operators:

(0(z1, 21)02(22, 22)0(23, Z3)(7;2(24, Z4)), (5.155)

with j, k € {1, €}. In this case, one finds:

+ 2
o=y (Nq’“ ) —4, (5.156)

0,0} 0,0}

where the sum runs over the untwisted operators. The correlator with j =k =1
gives the leading universal contribution in the calculation of the third Rényi
entropy of two disjoint intervals in the ground state of a quantum spin chain
with periodic boundary conditions, while the correlators with composite twist
insertions (i.e. for which j, k can be ¢) provide expressions for the universal parts
of the first two subleading terms, as per the reasoning of [118].

Also of physical relevance are correlators of the type:

(oj(z1, 21)0;(22, Zz)CDEO) (23, 23)®§°)(z4, Z4)), (5.157)

with j € {1,¢} and i € {s,e}. These allow for the calculation of leading and
subleading contributions to the third Rényi entropy of a single interval in an
excited state of the quantum Ising chain with periodic boundary conditions. We
find:

P00 _ Dém) e _ gy0s0 _ =1, (5.158)
o,,00 0,08 0,,0¢
and 0 0,50 _
@5 DS /S (5.159)

1’1 é
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The Z; orbifold of a Virasoro minimal model M, ;. One can furthermore pro-
vide numerical checks? for the claims of [118] at n = 3.

Provided the mother CFT is a diagonal Virasoro minimal model M, ; [23], the
cyclic orbifold correlation function:

(01(21,21), 01(22, 22), @) (23, Z3), D) (24, 24)) , (5.160)

where ¢, is the primary field with Kac indices (m, 1) = (2, 1) (see [23]). According
to [118], this correlator should satisfy a third-order differential equation. We've
found evidence for this claim by calculating the dimension of the space of con-
formal blocks of this correlator for a few minimal models. The results are given
in Table 5.1. We see that indeed the space of conformal dimensions satisfies the

M(p,q) | M(4,3) | MG5,4) | M(6,5) | M(7,5) | M(7,6) | M(8,7)
©0) 50
D 2 2 3 3 3

Table 5.1: Dimension of the space of conformal blocks for the correlator (5.160) in
diverse minimal models M(p, g).

bound

0) 50)
D <3, (5.161)
1

1
conjectured in [118] for all the cases we’ve checked. We should mention, as well,
that we’ve managed to derive the equation conjectured in [173], and it is part
of the results presented in Chapter 5. Furthermore, the conformal blocks in the
z1 — zp channel were found in [173] to correspond to the following twist field
fusion rules:
01 X O‘I — O + (D[l(f)l,S(Pl,S] + CI)1’3 (5162)

in agreement with the results of (5.4).

In general, knowing the dimension of the space of conformal blocks can be a
useful guide in determining the BPZ-type differential equation that an orbifold
correlator involving twist fields satisfies. This is because conformal blocks form
bases of solutions around the singular points of these equations, so their order
can be inferred from the dimensions . This, in turn, provides hints for finding
which combination of orbifold null-vectors and Ward identities [118] one should
manipulate to recover the BPZ-type equation.

5.6 Conclusion

In this chapter, we have provided a formal analysis of the M, orbifold CFT,
with prime 7, of a diagonal and rational mother CFT M. We have classified the
operators of the theory under the neutral algebra of the full orbifold symmetry
algebra. Analysing the spectrum of primary operators under A, ® A,, we have
found exact solutions for its modular data, as well as closed expressions for the
fusion numbers of M,,. Our results are consistent with the ones obtained forn = 2
in [119]°.

%if the number of primary fields of the mother CFT has a reasonable value
3note that since at n = 2 there is only one twist charge sector, there are no fusion rules involving
three twist fields.
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To showcase the use of our results, we have explicitly given all the fusion rules
in the Z3-orbifold of the Yang-Lee CFT. We have also commented on the limitations
of the unfolding approach, which requires, even in this relatively simple case, the
computation of correlators on surfaces with genus ¢ > 1. As a second example,
we have shown how the fusion numbers can be used to count conformal blocks
and commented on applications to the calculation of Rényi entropies. The block
counting examples we have presented are consistent with previous results in the
literature [118].

natural directions for investigations can be realized by considering more in-
tricate mother CFTs as starting points. One could consider CFTs which are non-
diagonal, non-rational or have extended symmetries as mother CFTs and gener-
alize the results of this chapter. Alternatively, one could consider orbifolding by
a generic Z, group, i.e. removing the restriction of n to prime values: this will
cause each twist sector [k] to depend on the greatest common divisor ged(k, n).

Finally, it would be mathematically interesting to find an interpretation for the
expressions of the fusion numbers (5.136) and (5.137) in terms of fusion processes
in the mother CFT. For n = 2, thishas been done in [256], and the relevant surface is
the crosscap. To our knowledge, generalizing this argument to generic n remains
an open problem.
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Chapter 6
Epilogue

In this thesis, we have investigated the properties of entanglement for pure states
in critical systems by using the methods of two-dimensional conformal field
theory. While the calculation of entanglement through these methods commenced
almost two decades ago [46], for models with open boundaries few exact results
have been obtained for all but the simplest bipartitions. This is because the
presence of the boundary introduces additional technical complications for the
tield theoretical description of the system, discussed in detail in Chapter 1.

Let us now recap the results we’ve obtained, despite these obstacles. In Chap-
ter 2, we’ve derived the leading contribution to the second Rényi entropy of an
interval A in the bulk of a critical 1D system with open BC. This was done by relat-
ing S5(A) to the annulus partition function of the BCFT that describes this system
in the scaling limit. In Chapter 3 we have restricted our interests to models whose
scaling limit is given by the free massless scalar of compactified with radius R
with Neumann or Dirichlet BC. What we’ve gained by imposing this restriction,
is that we’ve managed to obtain an exact result for the REE for all integer n > 2.
As a by-product of this calculation, we’ve also obtained results in the R — oo
(decompactification limit) which are important for numerical studies of harmonic
chains with open BC. These two projects were predominantly grounded in the
replicated surface framework.

In Chapter 4, we've considered a different setup: an interval A containing one
of the boundaries of a 1D critical system with mixed BC. For this project, we've
obtained results for the second and third Rényi entropy for a variety of mixed
BC setups, by using bootstrap methods in the cyclic orbifold BCFT. While this
method does not seem to conveniently extend to generic 7, it does provide a good
handle on finite-size corrections.

From a more formal point of view, it would be interesting to use the treatment
of Chapter 5 and an extension of the methods of Chapter 4 to formally “solve” the
cyclic orbifold BCFT, at least for rational seed BCFTs. In principle, after properly
classifying the boundary states of the theory, one should be able to use the sewing
constraints of [130] and unfolding methods as employed in Section 4.4.3, to fix
the bulk and boundary structure constants.

As the previous chapters have shown, determining the REE rests on either
the evaluation of the partition function of a BCFT M on a replicated Riemann
surface L, or the calculation of a correlator in the Z, orbifold of M on one copy
of X,. For the derivations of Chapters 2 and 3 we have benefited from the fact
that the expressions for the annulus partition function (for generic BCFTs) and,
respectively, the ID,, partition function for the compact boson are relatively easy to
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handle analytically. Furthermore, atleastin the case of the compact boson, it seems
that one could extend the results to address setups at finite temperatures and
more general bipartitions (multiple disjoint intervals) with a reasonable amount
of effort. However, even if one is to calculate the partition function through
Riemann surface methods, finding the analytic continuation to n — 1 might turn
out tobe a difficult task, as is already the case for the result [87] and our expressions
for the REE of the compact boson of finite radius R in Chapter 3.

While obtaining exact and explicit expressions for the EE is the ideal outcome
for these types of investigations, one can still learn a great deal about the prop-
erties of entanglement in a system from other types of results. For example, the
predictions of [121], given implicitly as solutions to an integral equation that needs
to be solved numerically, are in agreement with our analytical results for the REE
of a compact boson with Dirichlet BC.

There are also setups, in which the interesting information is already captured
in some limiting regime of the model so that more approximate methods are
sufficient for physical interests. For example, for AdS;/CFT, investigations [97],
the interest is mostly in the large central charge behaviour of the entanglement
entropies so that one sets up a series expansion for them in 1/c whose coefficients
are fixed by the structure constants of the orbifold operator algebra. For these
types of applications [110], extending the investigations of Chapters 4 and 5 to
BCFTs with ¢ > 1 could be useful.

To wrap up, we hope that this work has shown that there is still a lot of “juice”
to squeeze from the methods of two-dimensional conformal field theory for the
exploration of entanglement in critical quantum systems with open boundaries.
We hope that the work presented in this thesis will foster further investigations
on these topics, as well as clarify certain murky details of some well-established
results.
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Appendix A
Appendix for chapter 2

A.1 Conventions and identities for elliptic functions

In this Appendix, we fix our notations and conventions for elliptic functions.

A.1.1 Jacobi theta functions
We use the following conventions for the Jacobi theta functions 0;(t|7) :

6, (tl7) = —i Z (_1)r—1/2yrqr2/2/ 0,(t7) = Z yrqu/Zl

reZ+1/2 reZ+1/2

04(H/7) = Z ynan/ZI O4(t7) = Z(_l)nynq,g/z’

nez nez

(A1)

where g = ¢#™ and y = ¢*™. Here, t is a complex variable and 7 is a complex

parameter living in the upper half-plane. Theta functions have a single zero,
located at z = 0,1/2,(1 + 7)/2 and 7/2, respectively. They have no pole. Using
Jacobi’s triple product identity one can rewrite them as

[o¢]

ou(tit) = =iy 2 T [a-g) [ - e Ha-y'q"),

n=1 n=0

Ox(tir) =y S [ Ja - [ [ +yaHa+ vy,
n=1 n=0

00 00 (A.2)
st = [ [a-g [] a+wa+yg),
n=1 relN+1/2
buti) = [ [a-g [] a-yra-y'o).
n=1 relN+1/2
They satisfy the following half-period relations
O1(tT) = —i ™V O,(t + 1/2|7),
0-(t — pin(t+7/4) O-(t + 2 ,
2(flr) = e 3(t +7/2|7) (A3)

05(t7) = €™ 0,(t + 7/2/7),
Ou(tT) = —i ™D 0, (t + 7/2|7).

144



Chapter A — Appendix for chapter 2

The functions 6;(0|t) = 0;(t) are

6a(1) = ) " =2 [T (=g 1+,

nez n=1

93(T) — Z qn2/2 — H (1 _ qn) (1 + qn—l/Z)z , (A4:)
nez

Ou(r) = ) (-1)'q" = I]a— -y
nez

Finally, we note the following relations
03(1) = 03(1) + 04(1),  20°(7) = Ox(7)05(1)04(7), (A.5)

where 1)(7) is the Dedekind eta function :

nm =g [Ja-q. (A.6)
n=1

A.1.2 Elliptic integral of the first kind
The elliptic integral of the first kind K(x) is given by:

11 2\ _ T
K(x) = \f‘ \f__EEEET_' 22F1(2 BT )_ ~65(1). (A7)
This means
63(7)
== (A.8)
05(7)
The parameter x is called the elliptic modulus. The inverse relation is
: K(x")
— 2iTT — _ r_ a2
g=e exp( 27 K0 ), x 1-x (A.9)
or equivalently
K N
_ K —2) (A.10)
K(x)
In particular one can check that
x(1 - % 2 (A.11)

dx in0i(t)

A.1.3 Weierstrass elliptic function
One possible way to derive the differential equation (2.36) is to express the function
g(t) defined in (2.21) in terms of the Weierstrass elliptic function ¢(t). The function
¢ : T; — Cis defined on the complex torus T, = C/ (Z + tZ) and takes values in
the Riemann sphere C = C U {oo} :

1 B 1
(t—m-nt)2 (m+nt)?

pw:%+ (A.12)

(m,n)eZ2\(0,0)
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This is a covering map of the two-sphere C with 4 ramification points :

1+T)

e1 = 9(1/2), e = sO( >

s=p(5),  ©=p0. (A1)

The lattice roots e; can be expressed in terms of the theta functions as :

3

2 2
e1 = = (03(0) +204(0), €2 = % CHORCAG) P

3 (203(r) + 65(0)) -

(A.14)

The function g(t) as defined in (2.21) is simply the composition of p(t) with
a particular Mobius transformation that sends the ramification points to 0,1/x, x

and oo :
_1p)—es _ [ee—e _(62(7) ’
g(t) B ; €1 —e3 ’ *= e —¢€3 B (Qg(T)) ! (A15)

as follows from the fact that (p(t) — e3)/g(t) is constant by virtue of being doubly
periodic and holomorphic (i.e. with no pole). Now from the differential equation
obeyed by ¢(t), namely

P”2(t) = 4 (p(t) —e1) (p(t) — e2) (P(t) —e3) , (A.16)
we get
dg ’ 204
(g) = —4n°03(1)g(g — (1 — xg), (A.17)

from which (2.36) follows.

A.2 Alternative derivation of the second Rényi en-
tropy for A, minimal models

In this Appendix, we present an alternative computation of the two-twist corre-
lation function (2.44) based on the mirror trick [30] and BCFT bootstrap methods
[130]. The conformal blocks are obtained in terms of the modular characters
(see also [118, 123]). The other key ingredients are the bulk and bulk-boundary
structure constants appearing in the conformal block expansion. We note that the
correspondence between conformal blocks and characters has also been employed
in the recent work of [222] for the evaluation of twist correlators on manifolds
without boundaries.

To avoid some technicalities, we restrict our attention to Virasoro minimal
models in the A, series, for which the torus partition function is a diagonal
modular invariant. On the unit disk, the mirror trick amounts to replacing the
disk by its Schottky double [115], namely a sphere, and bulk fields ¢(z,Zz) by a
pair of chiral fields, one at position z and the other at its mirror image 1/z :

B(z,2) = P(z) 272 P(1/z2). (A.18)

146



Chapter A — Appendix for chapter 2

Thus we can decompose (a(0, 0)o(x, %)), (@) 35 a linear combination of conformal
blocks on the sphere
(0(0,0)0(x, DY = Y X2 fi(x, %), (A.19)

j
o(0)

a(0)
filx, x) = &7 > ¢ @ & < : (A.20)
() o(1/7)

Indeed, for the Z, orbifold of a minimal model in the A, series, the fusion ¢ X ¢ is
of the form [118]

OX0 = Z P ®Pj, (A.21)
¢, primary
where the sum runs over the primary operators of the mother CFI. We shall
denote by /; the conformal dimension of ¢; (recall that for A, minimal models, all
primary operators are scalar, so /1; = h;). The expansion coefficients X? in (A.19)
are obtained in terms of OPE structure constants as

= ALY (A22)

which in turn can be expressed as [123]

AP = (® 9ONE = ((py0ps) = (A) (A.23)
¢ ®b; ] ] J\W)7D i)
CIP = (a(c0)(; ® ;) (1) (0))e = 27(e(~1)p;(1))e = 271, (A.24)
so that
X§ = 278 (A9)?. (A.25)

The OPE coefficient A7 is very much related to coefficients W% appearing in the
decomposition of the boundary state |a) in terms of the Ishibashi states |j)) :
g
A =g =) . (A.26)
j

For minimal models in the A, series, these coefficients are given in terms of the
modular S-matrix elements [257]:

pe — Sja Ad = S Soo

S

where the index 0 corresponds to the identity operator.

(A.27)

Let us turn to the expression of the conformal blocks f; in terms of the characters
of the mother CFT. By a simple rescaling, we have

fie, ) =Fi(m),  n=1k?, (A.28)

where (1) is the standard conformal block
a(0) o (o0)

Fi(n) = > ¢j @ ¢; < ) (A.29)
a(n) o(1)
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These conformal blocks are known [123] to be related to the characters x;(t) of the
mother theory via

Fi) = 2% P A -l xi(x),  n=102(0)/63(0)]*. (A.30)

Assembling the above results, we obtain the expression

(0(0,0)0(x, DS = 275 [P - k)] T Y (A0, (A3

]

The last step is to relate the above linear combination of characters to the annulus
partition function:

Za|a(T) — <a|einT(Lo+ig—c/12)|a> — Z(\P?)Z «]'leinT(Lg+io—c/12)|]'» — Z(W?)Z X](T)/
j j

(A.32)
using (A.26), and g, = V{.

A.3 Annulus partition function for the compact boson

For the following discussion, it is useful to have in mind a lattice model whose
scaling limit is given by the free compact boson — we take for example the six-
vertex (6V) model on the square lattice. Itis well established (see [258] for instance)
that the 6V model with homogeneous Boltzmann weights

4 Y Y 4 4 Y
} Y Y 3 Y A

a a b b c c

is critical in the regime

a? +b* —c?
Al <1, A= —ou (A.33)
and is described in the scaling limit by a free compact boson with action
S[epl = % f d’ro, o'y, ¢ =¢+2nR, (A.34)

where the compactification radius is given by R = 4/(2/m) cos™! A. We consider
the 6V model on a rectangle of M X N sites, with periodic boundary conditions
in the horizontal direction, and reflecting boundary conditions at the top and
bottom edges, for even M, N. Any 6V configuration defines (up to a global shift) a
height function on the dual lattice, with steps +7R between neighbouring heights.
Since the local arrow flux into each of the boundaries is zero, the height function
is constant along each boundary, and it is periodic in the horizontal direction.
However, there can be a flux of 2m arrows (with m € Z) going between the two
boundaries, and hence the height difference between the boundaries is of the form
2rtmR. In the scaling limit N,M — oo with N/M = Im /2, the height function
renormalizes to the free boson ¢, and we get

Ze(MIN) = Y Zojeron(T), (A.35)

meZ.
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where a is an arbitrary integer, and Z,(7) denotes the partition function of (A.34)
on the annulus of Figure 2.4 with Dirichlet boundary conditions ¢(x,0) = 2nRa
and ¢(x,Im 7/2) = 2nRpB. A path integral computation gives

Zp(7) e e (A.36)
ap(T) = ——— .
T 1)
Hence, the scaling limit of the 6V partition function is
—inR?m? [t _ RZ
ZoMIN) - Z(0) = €T - QRO (A37)

n-17 =1/

In the geometry of the infinite strip of width N sites, the 6V transfer matrix
generates the XXZ spin-chain Hamiltonian

N-1
— X X X X Z ~Z
Hxxz = —Z(s].s].+1+s].s].+1+As].s].+1), (A.38)
j=1
where 7Y are Pauli matrices acting on site j. Reflecting boundary conditions for

the 6V model (and thus Dirichlet boundary conditions for the boson) correspond
to free boundary conditions on the spins.
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B.1 An insight from the six-vertex model

The Hamiltonian of the spin—% XXZ spin chain with open BC is [217]

N-1

H,, = Z (G}CG}(H +d7d?  + Ad?o?

Yo%, + A0i0%,, ) — oy — o, (B.1)

=1

where af’y * denote the Pauli matrices acting on the j-th site, {l1, hy} are boundary
tields and the anisotropy parameter A lies in the critical regime |[A| < 1. The model
(B.1) is a gapless one-dimensional quantum system belonging to the Luttinger
liquid universality class. The related discrete 2D classical model is the six-vertex
model on the square lattice with Boltzmann weights

4 \ \ 4 4 \

A Y Y A Y A

a a b b c c
such that 2 2
a —-C

The six-vertex model is mapped to a height model on the dual lattice, with height
values @(p) € Z, through the following simple rule. For any pair on neighbouring
faces p,p’, we set p(p’) = p(p) + 1 (resp. p(p’) = p(p) — 1) if p’ is above or to the
right of (resp. below or to the left of) p , following the reasoning of [258]. The
arrow conservation around each vertex ensures that the height ¢ is well defined,
up to an overall additive constant.

In the scaling limit, the height variable ¢(p) provides a real compact boson
p(p) — ¢(p)/(nR), with renormalised radius R = \/(2/ 7t) arccos(—A) [217]. Note
also that setting free BC in the XXZ chain (h; = hy = 0) corresponds to Dirichlet
BC in the compact boson [259], while turning on the boundary fields leads to
Neumann BC [217].

From the above mapping, we see that in any partition function, the variation 6¢
along any trivial cycle is zero, whereas for non-trivial cycles or open paths joining
two boundary points this variation 8¢ is a multiple of 2R (by convention, we
only consider lattices for which these non-trivial cycles and open paths have even
length so that the configuration with 6¢p = 0 along each of these cycles and paths
is allowed). In the scaling limit, this corresponds to (3.38).
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B.2 Period matrix

In this Appendix, we discuss the derivation of the period matrix (3.25). This is
a standard computation (see for instance [71]) that we report here for the sake of
completeness.

We are interested in the period matrix of the Riemann surface L, given by the
n-sheeted covering surface over the Riemann sphere CIP' with four branch points
at0,x,1/x, oo and a branch cut connecting 0 to x and another connecting 1/x to co.
Without loss of generality, we could assume x real positive. The Riemann surface
¥, can be defined as the algebraic curve w" = z(z — x)(z — 1/x)"! with (z, w) € C?
(up to compactification and resolution of the singularity at the origin by a blow-
up). Itis a compact Riemann surface with genus n — 1. This can be obtained from
the Riemann-Hurwitz theorem, which provides the Euler characteristics of the
n-sheeted covering &, of a generic Riemann surface #; as follows

X(P) = nx (1) —4n—-1) (B.3)

where y(£?) = 2 — 2g is the Euler characteristic of a Riemann surface & without
boundaries. In our case £; = CP'; hence x(XZ,) =4-2n.

A compact Riemann surface of genus g supports g linearly independent holo-
morphic one-forms. The ones for X, have been constructed explicitly and read
[70]
= ! dz
- Zk/n(z _ x)(n—k)/n(z _ 1/f)k/n

This is the basis of holomorphic one-forms diagonalising the holomorphic deck
transformation f that sends the j-th sheet to the (j + 1)-th sheet; indeed, we have
that f*wy = e=2mkIn oo, being f* defined as the pullback of the deck transformation.

We work with the cycles A;, B; and C; described in section 3.2.1 and depicted
in figure 3.4. The period matrix 7 of X, is then

T=A"B Ay = f an By, = f an (B.5)
A B;

] ]

Wk é Wk (B6)
B

]

W ke{l, - ,n—1) (B.4)

The integrals

SO~

j

2mik/n

can be computed exactly [70]. Indeed, by using that f*w; = e~ wg, we have

éa)k — e—2nik(j—1)/n§ Wy §
C; C B

] ]

Wy = e—27‘[ik(j—1)/n‘¢v W (B7)
By

which tells us that just two contour integrals in the rh.s. must be computed.
These integrals can be calculated by deforming the contours down to the branch
cut and using the integral representation of the Gauss hypergeometric function.
This gives

SE Wy = 2isin(nk/n)fa)k = 21 i ¥/ Fr/n(|x?) (B.8)
o) 0
and
56 wp = =2 #" e By (1 - |xP) (B.9)
By
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where we remind that F,(y) = 2Fi1(a,1 —a;1;y). The final result for the generic
element of the (n — 1) X (n — 1) period matrix reads

7 () = i sin(rtk/n) cos|2rk(i — j)/n] (B.10)

2 - Fiyn(1 = [xI?)
2

n =1 Fk/n(lxl )

which is the result obtained in [71]. The period matrix (B.10) satisfies the following

relation

1 —=xP) = =T -7(x»)'- T (B.11)

where the generic element of the matrix T is Tjx = 6;x — 0;x+1. This is reminiscent
of the relations found in Appendix C.3.3 of [88] in the special case of two disjoint
intervals on the line.

B.3 Green function in the presence of twist fields

Consider a non-compact complex scalar field @ on the unit disk ID satisfying the
following condition after a rotation of the complex coordinate z around a branch
point at z = 0 [70] (see also (3.53))

DTz, e727z) = 2K (7, 2) (B.12)

and a similar condition with opposite phase after a rotation around z = x € (0, 1).
To have a simpler notation and to prevent any potential confusion with the mirror
image, we will use the notation ®(z) instead of ®(z,z). However, it is important
to note that this does not imply that the field ®(z) depends holomorphically on
the position z.
These conditions define the occurrence of a twist field oy/, at z = 0 and of its
conjugate field o} /n atz = x. The holomorphic part of the stress-energy tensor T(z)
for the complex boson we are considering is

0,D(2) 9, P(w) 1
2 - (z — w)?

T(z) = —% :0,D(2)0,D(z): = ‘EE%| (B.13)

By adapting the analysis of [70] to the case where a conformal boundary occurs,
in the following, we show that

T@ o0, ol [x1-29+22] 1)
(OO0t (),  PlE-02z-1/27  z(z-1)(E-1/%)

dy log E(“ (%)

(B.14)
where hy/,, and E(L/“) (x) have been defined in (3.57). Then, taking the residue of
(B.14) at z — x leads to (3.56).

Let us consider the following Green functions on the unit disk ID

Gz ) (9:9(2) 9 D(W) 05 (0) 7F , (X)), (B.15)
Wz, w .
! (04(0) 0, ()
(0:9(2) Iy ®(w) 01/ (0) 0 4O
Hin(z,w) = (B.16)
(oxu(0) af (X)),
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where |z| <1, |[w| < 1 and the boundary condition on JID reads
29,0 = +79.® (B.17)

with + and - corresponding respectively to Dirichlet BC and Neumann BC. As
remarked above, the notation Hy/,(z, w) does not mean that Hy,, is holomorphic
in z (as a matter of fact it is antiholomorphic in z). On the other hand, the function
Gi/n is holomorphic in z and w; hence the Schwarz reflection principle can be
employed to obtain its analytic continuation to the whole Riemann sphere, via

1 (9:9(1/2) 9 ®(w) 51n(0) 07, (X)),
+ - Izl > 1, lw| <1
Z <Gk/n(o) ak/n(x)>]])
9.D(2) d5D(1/@) 05/n(0) 6F, (%)),
Gz =1 & % (9:D(2) I D( /W):fk/ 0) oy, (x)) <L ol > 1
w <Gk/fl(0) Gk/n(x)>]]3
1 (9:0(1/2) I D(1/@) 51/u(0) o}, (%))
+—— - Iz 2 1, [w] 21
Wz (Okm(0) oy, (),

(B.18)
The Green function Hy,,, which is anti-holomorphic in z and holomorphic in w,
can be analytically continued similarly. Moreover, these two Green functions are
related through a mirror relation as follows

1
Gr/u(z, w) = 3 Hyu(1/2, w) (B.19)

whenever they are well defined functions, namely forz # wand z, w ¢ {0, x, 1/%, co}.
The r.h.s. of (B.19) is indeed holomorphic in z as Hy,,(1/z, w) is the composition of
two anti-holomorphic functions, namely Hy,,(z, w) and ((z) = 1/z.

Now one observes that z¥/"(z — x)!7*/"(z — 1/%)"/" Gy;,(z, w) is holomorphic on
the whole Riemann sphere except for z = w, where a second-order pole occurs.
Hence, for Gy/,(z, w) we must have

Bi/n

2 (z-w)

Gz, ) = fin(2) ( (Zoik/; + )/k/n) (B.20)

where ay/,, i/ and Yy, are independent of z, while

1
Jem(2) = 2Kn(z — x)(A=Km (7 — 1/ )k

(B.21)

From the OPE of 9,®(z) ,,®(w) as z — w, we have that Gi(z, w) = —2/(z —w)? +
O(1). This condition gives ay;, and i/, which can be plugged into (B.20), finding

Gk/n (Z/ w) =

2fiyn(2) ( 1 Sin @)/ fiin(@w)

fim(@) \ (z — w)? - Z—w

for some unknown function py/,. The same argument for the complex variable w
leads to

+ fim(W) fiogm(w) Hk/n(w)) (B.22)

2f1_k/n(ZU) ( 1 f{_k/n(z)/fl—k/n(z)

Gin(z, w) = — fr-kn(2)

+ fi-k/n(2) fin(2) Hl—k/n(z))
(B.23)

z-—wy? w—z
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Comparing (B.22) and (B.23), one obtains

k
L/n(2) = E(Z = X) + Ag/n(x) A = Atk/n (B.24)

Finally, combining (B.21)-(B.24), we arrive to

Gunlz,0) = (B.25)
k —1/x)(w — k —-1/%)(z -
2 @) @) l : 2(z . /_le(;z Y, (1 ~ ;) w(w - _/92)(5 X) + A (0
Then, it follows from (B.13) that
T@ o0l () hn[xU/T-29+2] a0 e
(0x/n(0) oz/n(x))D B 22(z — x)%(z — 1/%)? z(z — x)(z — 1/%) (B.26)

where the dependence on the boundary condition is encoded only in A/, (x).

In the case of Neumann BC, we can determine Ay/,(x) by exploiting the fact
that the field ®(z) has no windings. In particular, (P(z) @ (W) 0k/n(0) GZ /n(x))]D
must be a single-valued function of z. By using that d® = 9,®dz + J-P(z) dZ and
comparing with (B.15) and (B.16), we find that the above condition implies

95 [Gk/n(z, W) dz + Hiyu(z, w) dz] =0 (B.27)
C1

To evaluate the Lh.s., one can first change variable to & = ((z) = 1/z and using
(B.19), finding

§ Hiu(z, w)dz = gg Hk/?’l(l/g/ w)d(1/¢&) = 9§ Grn(&,w)dE Neumann BC
C1 Cy

C1
(B.28)
where we used that ((C;) = C;. Thus, the constraint (B.27) boils down to
9§ Gz, w)dz =0 Neumann BC (B.29)
Ci

In the case of Dirichlet BC, the constraint (B.27) is automatically satisfied;
indeed the above change of variable leads to

é Hyn(z,w)dz = — 56 Grn(&E, w)dE (B.30)

ol c
Now, since ®(z) vanishes on all boundary components, we have that

f | Gin(z, w) dz + Higu(z, w) d2 | = 0 Dirichlet BC (B.31)

where 87 is the part of B; located inside the white region in Fig.3.4, which
connects the two red points located on two different components of the boundary.
Using the above change of variable, the condition (B.31) becomes

56 Gi/u(z,w)dz =0 Dirichlet BC (B.32)
B
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where we used the fact that mirror image of 87 is the remaining part of 8, with
the opposite orientation.
By using (B.25), the constraints (B.29) and (B.32) become

k z(z—-1/%)(w — x) k\w(w —1/%)(z — x) B
S@fk/n(Z) [ - - w) + (1 - E) E—— + Agn(x) ] dz =0
(B.33)

where the contour is either C = C; for Neumann BC or C = $; for Dirichlet BC;
hence

Agn(®) 5@ fun@)dz = (B.34)

= - 55 fk/n<z>[§ 2 ‘(1/’“(”’ kN (1 . k) w(w = 1/3)(z - %) ] .
C

z —w)? n (z — w)?

The analysis of this equation has been already carried out in [70]. However, in
the following, we report a detailed derivation for the sake of completeness.

The first important feature to highlight is the fact that the r.h.s. of (B.34) does
not depend on w. This follows from the relation

d kz(z—-1/%)(w — x) k\w(w —1/%)(z — x)
Jw lfk/”(z) (E (z —w)? " (1 - E) (z —w)? )]

(B.35)

_ 9 |2z =0z = 1/X) fin(2)
- 0z (z — w)?

Since (B.34) is independent of w, we can choose convenient points for w on the
Riemann sphere. In particular, considering w = x, we obtain

k n
Ak/n(X) szk/n(z) dz = — (1 - —)x(x - 1/3?) é fk/ (Z) dz (B36)
C n CZ—X
Now one observes that the definition of f;/,(z) in (B.21) straightforwardly leads to
f k/n(z)

k
3 funl(2) = (1 - ;) — (B.37)
which can be employed in (B.36), finding that
Akjn(x) = = (x = 1/%) x dy log ngk/n(z)dz (B.38)
c

Since the integrals 5@ fiyn(z)dz have already been evaluated in (B.8) and (B.9), we
arrive to
Ax(x) = = (x = 1/%) x 9, log E}’) () (B.39)

where E,((‘;‘zl(x) has been defined in (3.57). This concludes the derivation of (B.14),
whose residue at z — x leads to (3.56).

B.4 Interval adjacent to the boundary

The entanglement entropies of the interval A = [0,v] for a BCFT with central
charge c defined on the segment [0, L] are [46] (see also (B.40))

2L (m)

5,(0) = % (1 ; %)log[% sin T)] +log(2) (B.40)
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up to subleading terms, where ¢ is the boundary entropy of [32]. Focussing on
the case of the massless boson, which has ¢ = 1, in the following we recover (B.40)
for this model by taking the limit u — 0 of {0, (1) oﬁ(v))éfz) for a finite value of R.
This provides an important consistency check of our BCFT results (3.23).

By employing (3.65), the expressions in (3.23) can be written respectively as
follows

@(—Rzr(r)‘l)

(D) — Rn-1
=R

2)n_1 At/ (B.41)

Rl e(-t)

whose prefactors can be written in terms of the ground state degeneracies [32] for
this model, which are [142, 217]

700 =

1 R
gD = ) gN = ~ (B42)

R 2
for Dirichlet and Neumann BC respectively,
From (3.10), we have that r — 1~ when u — 0*. Taking this limit in (B.41), one
finds
Fr ) =g " Fi' () = g (B.43)

(in the numerical checks of the Dirichlet BC case, R should not be too small).
The bulk-boundary Operator Product Expansion (OPE) of the twist field o(u)
reads [110]

o) ~ Apau)y™ I +... u—0* (B.44)

where I denotes the identity operator on the boundary, the dots indicate sublead-
ing contributions that have been neglected and A,,, is the one-point structure
constant, which can be expressed in terms of the ground state degeneracy g, as
Ape = g5 [46, 110]. In our case, combining this observation with (B.43), one
concludes that 7’71(“)(1’) - ﬂfw asr — 1, for a € {D, N}. This observation and (3.9)
lead to

(@a(u) @D ~ Qu)™ A, [s(20)] ™ + .. (B.45)

From the bulk-boundary OPE (B.44), it is straightforward to find that

(ou(u) ol (@)@ ~ ﬂn;a(2u)‘A”<aZ(v))éi‘) +... (B.46)

Finally, (B.45) and (B.46) are consistent when (a;(v)),gf) = g0 /s(20)™, in agree-
ment with (1.52).

B.5 Limits in the decompactified case

B.5.1 Normalization of twist 2-point function

In this section, we determine the overall normalization of the two-point functions
of twist fields in the decompactified regime. In the finite R case, we have used the
x — 0 behaviour of the twist correlator to fix such constants, and we shall pursue
the same strategy here, with a few modifications.
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The extra difficulty arises due to the continuous primary operator spectrum
of the non-compact boson CFT, which is formed by vertex operators V, =:
exp iy®(z,z) :, with scaling dimensions A, = y? and y € R. Thus, in the Zy
orbifold of this theory [118, 211, 235], the untwisted sector is built from operators
1.

V=V, ® -8V, (B.47)

with y = {y1,...,7,} and the identity field given by I = V.

The leading x — 0 behaviour in (3.71) will then be obtained by considering the
OPE of the twist fields, which, by twist charge conservation can only contain fields
of type (B.47)%. Since the spectrum of untwisted primary fields is continuous, the
OPE should be given by a weighted integral over the V, operators. We conjecture,
then, encouraged by previous works [235], that the contribution of untwisted
primary operators to the OPE of conjugate twist fields is :

a(0,0)a7 (x) ~ x™2A f dy; o 2 c”.v,0,0) (B.48)
(0,0)0}(x) mic (Zy) Vi

where the 6 function appears as a consequence of U(1) charge conservation in
the non-compact boson CFT, and we work with the usual conventions that the
structure constant CHG o 1.

Now we plug (B.,4WS) in the twist field two-point functions (3.71) to find the
primary field contribution to the limit x — 0 for Neumann and Dirichlet BC:

1

(0(0,0)0,()) ~ a7 f deié(z yi) W CUAV, 0,00 (BAI)

Conveniently, the correlators in (B.49) factorize into one-point functions of the
non-compact boson BCFT:

n

(V30,005 = | [(v,.(0,00%, (B.50)

i=1

which are given by [24]:
(V0,000 =6(y)  (V,(0,0))0%) = ¢irdo (B.51)

for Neumann BC and Dirichlet BC with ¢y = constant. Thus, we find:

V0,00 = [ [ o072 <(vy(o,o>>§‘7’°>=exp[i2yiqbo]=1 (B.52)
i=1 i=1

and the dependence on ¢, drops, as it should. Thus, we find for Neumann BC:

(0(0,0)a} (X)) ~ xHn g (B.53)

and comparing with the straightforward x — 0 limit of (3.64), we find ¢}’ = 1.

Istrictly speaking only Zy invariant linear combinations of such fields are local in the orbifold
but this subtlety can be ignored at this level.
2and their descendants, but their contribution in the x — 0 limit is subldeading
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For Dirichlet BC, we arrive at:

(0(0,0001 (g ~ x f d%é(z %-) 'C (B.54)
X— R~ 121

0,0,
i

The structure constant C . depends smoothly on y. Indeed it can be unfolded

to an n-point correlator of 'vertex operators on the Riemann sphere in the non-
compact boson CFT:

C(Vy* ) ¥ S <Vy1 (ezm'/n> vV, (64711'/”) e V7/11(1)>C (B.55)

Now, using the classical CFT result [23]:
(Vi@) - Vyza), = [ [z =z (B.56)
i<j
we find the behaviour of the structure constants close to y; = 0:

Vo1 (B.57)

1
0,0y )/l'—>0

which is all we need, since we are interested in the leading x — 0 behaviour of
(B.54). Now, we integrate over the Dirac-6 function to arrive at:

(0(0,0)0! (x))(D> ~ ZA"‘[ Hd% expf 1/2|logx2|Zyl iVl (B.58)
R 1

i,j=1

where the matrix A;; = 1 + §;; has det A = n. The leading asymptotic behaviour of
such an integral as x — 0 follows from Laplace’s method

1 ( 2n \"V2
O 28
(0(0,0)a} (x)D ~ N (Ilogle) (B.59)
Now, we need to compare (B.59) with the x — 0 limit of (3.63). We have:
(0(0, 0)a (x))E ~ x‘zm;(c@ +...) (B.60)

Jdet(—it)

From the relations (3.60), we have that:

[ Bt 1 ( 2 )“‘M (B.61)
\/det( = L\ Fu(1-22) =0 i \|log '

where we have used the det(—it(x)) identities of sections 4.5. in[71]. Thus, by
comparing (B.60) with (B.59) we fix ¢’ = 1.
B.5.2 The x — 1 behaviour

The x — 1 behaviour of (3.71) is also of interest, as it provides information about
the one-point structure constants of the twist fields. Using the normalized two-
point functions in (3.72), we find, for Dirichlet BC:

(0(0,0)0,(x))p ~ (1—x)™ (B.62)
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since O(-771(x)) = lasx — 1.
Then, for Neumann BC, by using the property (3.65) in the second equation of
(3.72) we arrive at:

(0(0, 0)a () ~ (1 — x?) ™2 y/det(=iT(x)) (B.63)
with
4 _ = Fr/u(1 = x?) 1 27 1) B.64
et(~it(x)) = g n(2) E(|1og(1 —x2)|) (B.64)
easily found from (B.61)

We now want to see how the above expressions fare against the x — 1 be-
haviour implied by the bulk-boundary OPE of ¢} (x) fields, which has contribu-
tions from untwisted boundary fields exclusively.

To proceed, we need to present a few facts on the boundary field spectrum of
the non-compact boson BCFT which we dn @ (e”?), with 6 € (0,27) a coordinate
parametrizing the boundary of the unit disk ID. We use as reference [24], where
these concepts are explained in detail.

For Dirichlet BC, the spectrum of boundary operators only contains the bound-
ary identity operator 1" and its descendants, since we have @, = const. along the
boundary. On the other hand, for Neumann BC, any boundary vertex operator

0 =t exp iy®(e”) :, with scaling dimension A, = y?/2is allowed. Then, in the Z,
orbifold of this BCFT, the untwisted sector of primary boundary fields consists of
the identity operator Wy’ for Dirichlet b.c, while for Neumann BC we have :

W =yt .. Pl (B.65)

For Dirichlet BC, the leading contribution to the bulk-boundary OPE of ¢ is
given by:
an() ~ (1 =2 AT 1(1) (B.66)

In the Neumann BC setup, there are issues with the continuous spectrum of
boundary operators analogous to the ones outlined in Appendix B.5.1. To bypass
them, we conjecture the following continuum version of the bulk-boundary OPE

o' (@) ~ (1 =22 ™ f (H dyl)é[z yl] (1) PAR, W) (B.67)

where ﬂ‘N) y, are bulk-boundary structure constants, and we have used that U(1)

charge neutrahty holds on the boundary.
Now, we plug the OPEs (B.66) and (B.67) into their respective correlators and
find for the Dirichlet case:

(0,000} ~ (1-2) (A%) (B.68)

and we have used [173]
(0(0,0))f, = A (B.69)

2
which, upon comparison with (B.62) fixes (ﬂ%) =1
For Neumann BC, the result is slightly more involved:

(0(0,0)0 () ~ (1= f de)é(Z%) (-2 (A, ) ©.70
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where we have used that[173]:

(0(0,0) WV (1))8) = AY) (B.71)

n,\W,

The rest of this derivation is analogous to the one of Appendix B.5.1. The correlator
in (B.71) unfolds to a n-point function of boundary vertex operators on the unit
disk [173] which should be smooth in y;. Thus, we can approximate ﬂ:fiyy ~ ﬂ%

for y; — 0 small, since we are only interested in the leading x — 1 behaviour.
Then, we calculate the Gaussian integral as in Appendix B.5.1 to arrive at:

(n-1)/2
21 ) (B.72)

N N 2 —An
(00, 000N 5, () (@ - (|1og(1—_xz)|

2
and by comparing with (B.63) we conclude that (ﬂ%) =1

Finally, since the one-point structure constants of twist fields are related to the
ground state degeneracies g, as ﬂfﬁ = ¢/ we obtain:

gp=1 ev=1 (B.73)

which is compatible with well-established results in the literature [24].
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Appendix for chapter 4

C.1 Mother BCFT conventions

We will define here our mother BCFT conventions on the upper-half plane IH
parametrized by the coordinate z = x + iy. The boundary is aligned with the real
axis.

Bulk operators in the mother CFT are denoted by ¢i(z,Z) while boundary
operators are written as gb;”b)(x). The operator algebra consists of three types of
OPE, which we explicitate, to fix the notations for the corresponding structure

constants.
First, we have the bulk-bulk OPEs:

Pz, ;0,0 = Y Chz g g (0,0) (C.1)

@y scaling op.

where Ci.‘]. are the bulk structure constants.
The second type of OPE are boundary-boundary OPEs between BCCOs in-
terpolating different boundary conditions:

YY) = 0 ) BT = )" ) €2)
k

(abe)yy
for x > y. The B%‘%

delta formally expresses the fact that it only makes sense to consider correlations
of boundary operators ordered such that their BCs change consistently with their
labelling.

Finally, we consider the third kind of OPE, between the bulk and the boundary:

0il2) = ) AL, @y () (C3)
k

are the boundary-boundary structure constants. The Kronecker

with Afg) o the bulk-boundary structure constants.

In [257],[213] all the structure constants Afyi), e and BfZZZ;W have been determined
for A-series and D-series BCFTs, in terms of fusion matrix elements of bulk CFT
four-point functions, and the entries of the modular S matrix. Relevant to this
paper are the results:

a C
By = Fue [i jl €4
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where the fusion matrix relates bases of conformal blocks around z=0and z =1
. a c| s
Ii(l,Cj(Z) = Z Frs [1 ]] \Zj,ac(]‘ - Z) (C.S)

defined in the bulk.
We also give the expressions for the 1-point structure constants of the BCFT in
terms of S-matrix elements of the mother CFT

AD =A@ _ Sa |5
¢i

o1 Sy N Si ()

C.2 Computation of orbifold structure constants

C.2.1 Composite twist one-point structure constant in the Zy
orbifold BCFT

Assuming the one-point structure constant ﬂffl‘) 4, is known, let’s consider the
correlator:

(0/0,0)) = ﬂg;; " (C.7)
We now use (4.49) to write the LHS of (C.7) as:
(010, 0))]D = A;lim 0N (@ 1y(e, )0 (0, ()))1D (C.8)

Substituting the definition (4.45) of non-diagonal fields, we find:

N-1
(000, O% = N~20-N"Diy-1 lim 21-N"Dly Z:(; (@100 ® D100 ® ... P120) (€,0)0™(0, O)>;

(C.9)
Each correlator in the sum above can be written as:

a ZNa " N
(920 © P10 © .. 100 (6,800, 0)) = Z_?;@j(e, &Ny = A, (Bi(e €D,

(C.10)
where Zy, denotes the partition function on the N-sheeted disk with conformal
BC 4, and branch point at 0. Now, we can unfold the disk correlator through the
conformal map w — w'/N and substitute back in (C.9) to find:

(0/0,0)) = AL, (0,005, (C.11)
so that we finally find:
(@) _ g a
AL, = AD AL (C.12)

C.2.2 Bulk-boundary structure constant in the Z, orbifold CFT

In this section we compute the structure constant ﬂfz?\yk, which is given by the
UHP correlator: .
(01(i/2,-i/2) PO (1)) = A (C.13)

o1, Vg
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where we have implicitly assumed that the boundary field W of scaling dimension

2 can leave on « - otherwise the structure A" )\y constant is trivially zero.
We can now map the LHS of (C.13) to the unit disk through:

z—1/2
H .
z+1/2

(C.14)

and then use the partition function expression of the correlator (as in the previous
section) to find (after a global rotation):

(01(0,00W55(=)) _ = (02(0, 0, <¢‘{‘3(—i)¢§‘3(—iezm)>mﬂ (C.15)

where D, , is a 2-sheeted disk with branch point at 0. We unfold the correlator of
boundary fields through the map w — w'/? to find:

<¢?3(—i)1’b?3(—i€2in)>]])zﬂ — (21'—1/2> <¢1ﬂ; (i 1/2)¢(ua (- i1/2)>]D (C.16)

The 2-point function of boundary fields on the disk can then be mapped to the
UHP, through:

_i(w+1)
w—>z—2(1_w) (C17)
and calculated to be: »
aa) ¢ :1/2y 1, (aa) -1/2 _ n—2h
(W@ i) =27 (C18)
so that, by putting everything together, we arrive at:
() — () —4hy3
Ay, = A, 27 (C.19)

We note that (C.19) can be obtained from the result of [120] for the twist 2-point
function on the strip $;, of width L with conformal BC a. In the limit L — oo, one
obtains the right half plane (RHP) correlator

(o(u, W)o(v,0))rup = (1 +0)"" g2 27 PlIaP(1 - W)™ Za(-1/7)  (C.20)

with 0 < u < v and

(C.21)

One can then compare the limit # — 0 in the above expression with the expression
obtained by employing the bulk-boundary OPEs of the twist fields in the LHS of
(C.20) to recover the result (C.19).

For generic n, expressing the bulk-boundary structure constant ﬂ(a)\yl in terms
of mother BCFT quantities depends on our ability to calculate n-point functions of

boundary operators. For n > 5, this becomes difficult to solve for generic mother
BCFTs.
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C.3 Orbifold Ward identities for bulk fields

Following [118], we give here the orbifold Ward identities for 4-point bulk
correlators:

Y a0

p=0

LY, ,0:(105(x, 1| 0s) =

mlp

b (01 [[£42.,0:] 0Os(x, 9] 01)

+ Cp <01 |02 1) M3+p03 (X x)‘ 04> (C 22)

D1 1D 1P

+ dp <01 |02(1)O3(X x)Lm4+p| O4>

b
o

where the levels m; € Z + rk;/N satisty:
my +my +ms+ ny = -2 (C23)

and the coefficients a,, by, ¢, and d, are defined from the Taylor series:

[o¢]

(1 —z)"* (1 = xz)™*! = Z a,z" (C.24)
p=0

(z — x)matigmatl = Z by(z — 1) (C.25)
p=0

(z — 1)mtigmstl = Z cp(z — XY (C.26)
p=0

(z — 1) (z — x)"™*! = Z d,7 (C.27)

p=0

A useful identity

We give here the following commutation identity [118]:

(0110:(1)05(x, X)Ln| Os) — {01 |L,O2(1)O5(x, )| O4)
={(1 = x") [xdx + (n + D3] + (ha — h1) = 1 (hy + h3)} (O1102(1)O5(x, )| Os)
(C.28)
where O, and O; are primary fields and |0,), |O4) are generic states. This com-
mutator identity allows one to express insertions of Virasoro modes L, inside a
correlation function in terms of differential operators acting on them.

C.4 Rényi entropies for the critical Ising chain with
mixed fixed BC

In this section, we will derive the bare and excited twist contributions to the
second and third Rényi entropy in the critical Ising chain with fixed mixed BC
a = +,b = —. In the Ising BCFT, the boundary field that interpolates between the

corresponding conformal BC |+) is the operator yl)(;l_), with conformal dimension
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hy1 = 1/2. In the Zy orbifold of this theory, the change in boundary conditions is
implemented by the diagonal operator ‘I’(zaf ) defined as in (4.63).

The essential observation for the derivation of this section is that the space of
conformal blocks is one-dimensional for the chiral correlators

(@1alot (Dl mIr ) (C.29)

with j € {1, ¢ 3}in the Z, and Z; Ising orbifold CFTs. The result is obtained, as in
the discussion of Section 3, from the fusion rules of these theories, found in [119]
and [211]. These fusion rules also imply the leading singular behaviour of the
conformal block around the points 1 € {0, 1, co}. The corresponding exponents are
given in Table C.1.

(@]
-
-8

I
—_
|
NEANE
|
=N

N=2j=1 | -1
N:2/j:¢1,3
N=3,j=1 | -1
N:3,j:¢1,3 -1

|
\O [H=NO |

O U0 |0,

Table C.1: Singular behaviour of the conformal block of (C.29) for different N and
twist field insertions ag.k](n)

In the 1 — 1 channel, the exponent corresponds to the fusion

ag.kl X ag—kl — Dy (C.30)

for all the chiral correlators we are considering in this section. The diagonal
operator @, is defined as in (4.46).

From the exponents around n — 0 and 1 — 1 we can determine the generic
form of the conformal blocks for the four cases enumerated above to be:

) =71 - )P (C31)

where P(n) is a generic polynomial in 7. Furthermore, taking into account the
singular behaviour of f;N)(n) around 7 — oo, one can constrain its degree in all
four cases to be < 2, so that we have:

) =7 =) (a2 + an + ao) (C32)

Around 1 — 1, this function behaves as:

Fa) ~ @ =) @2+ a1 +a0) + (@2 —ag)A = ) + a1 - +...|  (C33)

To find 4;, we will need to consider the first few results in the module of ®;
from the OPE of twist fields in the Zy orbifold:

Jj

Nc

ool (1) = @1(1) + A = *TO) +... (C.34)

where TO(z) = L(f)ZCI)l(z) is the SET of the chiral Zy orbifold CFT. The correspond-

ing structure constant has been determined by applying a L(g) from the left on
both sides of the OPE, and power matching in (1 — n). Finally, the term at level
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1 has vanished because the null vector L_11 = 0 in the mother CFT induces the
null-vectors L(z)lq)l = 0 in the orbifold.
Inserting (C.34) into (C.29) one finds, the coefficients
2h,,
]
Nc

with which we fix the conformal blocks for all the cases presented in Table C.1.
We then use the block expansions for the mixed BC correlators to find:

(e, Z)Xf =gV f () (C.36)

where we have also used, notably, the results of (4.78) for the 1-point structure
constant of twist fields. After mapping to the strip through (4.3), we find for
N=2:

g = dap = a = 1- Zﬂo (C35)

21l

(2L Y16 7 + cos £
(01, 0y =2 5/2(? A (C.37)
(sin ”Tf)
- 21.\"%/16 1 — 9 cos 2
(0.6, O = 27502 (?) L (C.38)
(sin HT[)
and N = 3:
B 2\ 7 + 2 cos 2L
(01(6, )y =372 (— L (C.39)
(sin an)
. 2L\49 1+ 8cos 2K
@0y =32() (C.40)
(sin ”Tf)

C.5 Hypergeometric differential equation

The hypergeometric differential equation is canonically defined as:

nm=1f"m +[@+b+1n—clf'(n) +ab f(n) =0 (C.41)

with the Riemann scheme:

0 1 1%
0 0 a
1-¢c ¢c—a-b b

The solutions are constructed using the Gauss hypergeometric function, Fi(a, b; ¢ |
n). Following the conventions of [224], we give a standard basis of fundamental
solutions to (C.41) around the singular point = 0:

Li(n) =2F(ab;c|n)

1- (C.42)
L =n"%Fb-c+la-c+1;2-c|n)
and around 1 = 1:

Jin) = Fi@ba+b—-c+1[1-1)

Cc43
Lm=0-n)"""%F-bc—ac—a-b+1[1-n) (C.43)
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The two bases of solutions are linearly related as

2
L) =Y Pylin) (C.44)
=1
with the fusing matrix P
T(Or(@d) T(OT(~d)
~a)T(cb b
po| Tl on, | 4
TA-a)f(1-b) T(A-c+a)l(1—c+Db)

and its inverse:

I'(1—c+a)['(1—c+b) T(@I'®)
T(1-c)T(1+d) T(c-1)T'(1+d)
T'(1-a)I'(1-b) T(c—a)T'(c-b)

[(1-c)F(1—d) [(c-1)T(1—d)
P! = [ ] (C.46)

expressed in terms of Euler’s Gamma function I', withd = c —a - b.

C.6 Derivation of differential equation in the Z3 orb-
ifold BCFT

We present in this section all the orbifold Ward identities and null-vector condi-
tions necessary to derive the third-order differential equation (4.134).

The Ward identities
Ward 1 The correlator to integrate over is:
(@1l LYo (DTV ()51 (LY [P12) (C47)
with (ml, mo, ms, m4) = (—1, 1/3, —1/3, —1), to find:

agp (P2 (L(f))201(1)51(77)L(})1 |D12) + ay; (P2 L(;)L%)01(1)51(77)L(})1 |D12) =

dop (D12] L(f)01(1)51(77)L(P1L(_1)1 |D12) + dip (Prof L(11)01(1)51(72)L(01)L(P1 |D12)
(C.48)

Ward 2 The correlator to integrate over is:

(D12 o1 ()T (2)5, (LY LY |1,) (C.49)

-1 -1

with (mq, my, mz, my) = (-1,1/3,-1/3,-1) to find:
2 3
agp (P L(f)01(1)51(77) (L(i)l) |D12) = dop (D12] 01(1)54(17) (L(})l) |D12)

2 2
ey (ol o1 (D31 (LY (L)) 1@12) + o (Pral a3 (LY (LY 112

2
+ dap (Pro] 01(1)51(77)L(21) (L(E)l) |P12)
(C.50)

Ward 3 The correlator to integrate over is

(D1) LPLY 01(1)TV(2)51 (1) [12) (C.51)
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with (ml,mz, ms, 1714) = (—1, 1/3, —1/3, —1) to find:

doz (D12 ( (1))2 01(1)51(77)L(E)1 |D12) = ag;z (P12 (L(l))3 01(1)61(n) [P12)

+ay3 (D12 (L(1)> L(1)01(1)01(7?) |D12) + asp <®1z|( ) LY 101(1)31(1) |D12)
+ azp <q)12|( ) L% ,01(1)51(17) [D12)

Ward 4 The correlator to integrate over is:
(@12 o1 (TP @51 (LY [D12)
with (mq, my, mz, my) = (0,-1/3,1/3,-2) so we find:
do (P12l 01(1)51(77)L(E)2L(P1 |@12) + dija (Pr2] 01(1)51()L?, L(l)l |D12) +
doj (P12l 01(1)51(77)L(§)L(})1 |P12) + da (Prof 01(1)51(77)L(12)L(E)1 D) =
Ward 5 The correlator to integrate over is:
(@12l LY TP (2)01(1)1(1) [P12)
with (mq, my, mz, my) = (-2,-1/3,1/3,0) so we find:
agps (Do L(E)L(;)Ol(l)ﬁl(n) |D12) + 415 (D12 L(E)L(2)01(1)51(72) |D12) +
a5 {Pra L(ll)L(Oz)Gl(l)51(77) |D12) + a35 (D12 L<11)L(2) 01(1)51(n) |P12) =
Ward 6 The correlator to integrate over is:
(@12 o1 (TP @51 (LY [D12)
with (my, my, ms, my) = (-1,-1/3,1/3,-1) to find:
agis (P12 L(lz)ﬁl(l)ffl(T])L(E)l |P12) = doje (P12l 01(1)51(77)L(E;L(1)1 |D12)
+dys (P12l 01(1)51(77)L(02>L(E)1 |D12) + doj (Pro 01(1)51(77)L(12)L(E)1 |D12)
Ward 7 The correlator to integrate over is:
(Dyy 01(1)T(1)(Z)51(77)L(3)1 |D12)
with (mq, my, ms, my) = (-1,1/3,-1/3,-1) to find:
o7 (D12 L 01(1)G1 ()L |@12) = do (Pr2] 01(1)F1(m)LY L, |@12)
+dy7 (Prol 01(1)51(77)L(01>L(3)1 |D12) + doj7 (Pro 01(1)51(77)L(11)L(E)1 |D12)

The null-vector conditions
L1 o) = 5 [362 - (L) ]9
(D] L(ll)L(lZ) = (D] % [3gL(0) - (L(lo))z]
210101 @) = [31 9L - (L) |19
2LOLO L0 ) = [3gL<3>1 L9 - (1 )3] ©12)
L) ]

2@l LYLYLY = (@l 31015 - (
2(Dpp| LOLOLY = (@, |[3gL 'L - (L ’)]
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By removing from this linear system of 13 equations all terms containing modes
LY with r # 0, one indeed obtains (4.134).

C.7 Numericalimplementation of the Frobenius method

We want to find a basis of solutions to the differential equation (4.114) that con-
verge on the entire range of interest - the unit circle || = 1.

The Fuchsian ODE (4.114) has singular points 0,1, co. The solutions around
n = 0and n = 1 converge on the disks || < 1 and | — 1| < 1 respectively. Thus,
only a portion of the unit semicircle, namely 0 < Arg(n) < 1/3, is contained in the
convergence disk around 1 = 1. We can circumvent this problem by observing
that the solutions around 1 = oo can be convergent on the whole unit circle || = 1.
Even better, we can implement the change of variable

1+u

2u ’
so that the new ODE, in the variable u has singular points at u = 0,1,-1. The
original unit circle |57| = 1 is mapped to |[u — 1/3| = 2/3, which is contained in the
convergence disk |u| < 1. Hence, applying the Froebenius method, and expressing
the solutions around u = 1 in terms of those around u = 0 will give the appropriate
numerical evaluation of the desired values of 7.

Now, as explained in [118], a convenient way of finding power series solutions

around a point u = 1 is to rewrite the differential equation (4.114) in terms of the
operator 0 = (u — ug)d,, which satisfies:

T]I—)

Oy > =210, . (C.67)

n-1

(1 — 1p)"d" = H(e —k) (C.68)

k=0
Most importantly, we have that any polynomial P(0) satisfies:

P(O)(u — uo)" = P(r)(u — up)" (C.69)
For uy = 0, we can then rewrite the equation as:

{ZS“ u'Pi(0)

i=0

=0 (C.70)

where:
Py(0) = 2500* — 1250° — 1300 — 0 + 6
P1(0) = —0(-21256% + 4500 + 997) — 174
P,(0) = =2500* + 1250° + 1306 — (75093 +12500% — 24156 + 4264) 0+ 6-3123
P3(6) = -0 (425007 + 59250 + 6016) + 6 (~21256% + 4500 + 997) — 8511
P4(6) =56 (1500% + 5750 + 930 — 332) + 0 (7500° + 125007 — 24150 + 4264) — 6000
P5(6) = 212506 (6% + 30 + 2) + 6 (425007 + 59250 + 6016)
Py(60) = =250 0 (6% + 60 + 116 + 6) — 50 (1500° + 5750° + 930 — 332)
P,(0) = 212560 (0 + 30 + 2)
Py(6) =250 0(6° + 66% + 110 + 6)
(C.71)
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We now seek power series solutions around u = 0 of the form:

Li(u) = u" Z a,u" with ap=1 (C.72)

n=0

where the 7; are the roots of the characteristic polynomial Py(r):
1’12—3/10 1’221 7‘3=1/5 7’42—2/5 (C73)

and are the same as the exponents around oo in Table 4.3.

By substituting the ansatz (C.72) in the differential equation and employing
the identity (C.69) we find the following recursion relations for the coefficients a,
of the solution I;(u):

min{n,8}
Po(ri+may == Y aniPiri+n—i) ag=1 (C.74)

i=1

The four series found in this way converge for |u| < 1 and can be evaluated
numerically to arbitrary precision.

We note, at this point, that the solution corresponding to r4 is unphysical, since
it corresponds, according to Table 4.3, to the presence in the operator algebra of
the theory of a composite twist field formed with a primary operator that is
outside the Kac table, i.e. not present in the M(6,5) CFT. This suggests that the
physical space of conformal blocks is actually three-dimensional, and thus, that
there should be a third-order differential equation satisfied by the excited twist
correlator in this setup.

One should now repeat the above computation for the solutions J;(1) around
u = 1, since these are the ones that appear in the block expansion (4.81) of BCFT
correlators. The recursion relation takes the same form as in (C.74), with different
roots:

A ==1/2 A, =9/10 A3=23/10 A4=23/10+2 (C.75)

A slight complication appears in this case because two of the roots of the
corresponding characteristic polynomial differ by an integer, that is, r4, = 13 + 2.
This will lead to the truncation of the corresponding recursion relations (C.74) for
r3 because at n = 2, the coefficient Py(r; +2) = 0. A good basis of solutions in this

case is {J1(u), Ja(u), ] (1), Ja()}, where:

Jiu) = (1 — uy" Z a,(1 = u)’ 76

gk)(”) = (1 —u)®[ap + a1 (1 — u)] + kJa(u)

where k is a free parameter and the value we choose for it should not change
the final result for the physical correlator. We have chosen to set it to ky =
0.04428171795178596 and define J5(u) = J%(u).

The reason for this choice becomes apparent when one looks at our solution
for the fusing matrix M:

0.207411 0.393808 0.152178 0
1.356  —-2.30281 -0.444933 0
M= 770383 71.6374 —22.7841 0 (©77)

—8986.23 -19156.8 7211.61 5800.8
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which relates the bases of conformal blocks around u =1 and u = 0 as:

Jiw) = Y M) (C78)
j

To obtain this solution, we have generated a linear system of equations for the
unknown M;; from the evaluation of the above relations at different points {u;} in
the interval 0 < u < 1 (where both sets of solutions converge). In this context, the
parameter ky was tuned so that the block J;(1) does not depend on the unphysical
solution I3(1) around u = 0. Furthermore, since the matrix elements (M™');; = O can
be readily checked to vanish for i € {1,2, 3}, we can conclude that {J1 (1), J2(u), J3(u)}
form the physical three-dimensional basis of conformal blocks around u = 1.

171



Appendix D
Appendix for Chapter 5

D.1 Proofs of the properties of invariant operators

In this part of the Appendix, we give the proofs for the non-trivial statements

-----

and ng](r) under the neutral algebra A, ® A,.. In particular, we say that an operator

® is primary under A, ® A, if and only if
L. Ly =L L)Y & =0 (D.1)

forany (my,...,m,)suchthatm; <--- <m,andm;+---+m, > 0,andr;+---+r, =0
mod 7.

D.1.1 Untwisted sector

The untwisted sector contains local fields in M®" that are invariant under cyclic
permutations, therefore it is spanned by fields of the form

my < <
My <-oe <

m

4

=
IN A

m

STl

Y =P, [L,SZ? .. .L,(;Z) . i%) . igr;) (P, ® - ® qun)]  with {
(D.2)
where P is the projector onto the invariant subspace, all m;, 711; are integers,

and ¢, are primary fields in the mother theory. Let I1 be the elementary cyclic
permutation of the copies, which acts on untwisted operators as

(¢, ® ¢, ,®¢;,) 11" = (¢, ® - ®¢;, ®;,). (D.3)

and let $; be the projectors
1 n-1
: S —sa 174 . LT D.4
PLD] = - ; w I @ I1 (D.4)

Since IT- T (z) - I17! = w" T"(z), where w = exp(2imt/n), it follows that
p
-1V 1! =o' LY. (D.5)

and therefore
LOP, = P, LY (D.6)
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So the field W from (D.2) can be recast as
rp) = (F = (75)
=L L LY LY P g, @ e ], (D.7)

wherer =7y +---+r,and 7 = r; +--- + 7. We now have to distinguish two cases,
depending on whether ¢;, ® - - ® ¢;, is invariant or not.

Non-diagonal untwisted operators. When ¢; ® --- ® ¢;, is not invariant un-
der cyclic permutations, states of the form (D.2) are said to be non-diagonal. In
particular, the most relevant field in that sector is

Dpjyjs1 < Po(P;, @~ Q). (D.8)

and therefore it is necessarily primary. We now prove that any operator in the
untwisted, non-diagonal sector is an (A, ® A,)-descendant of some primary oper-
ator of the form @y;, ;1.

Let’s start from a generic state of the form (D.7), that is
W= LI e e e (D.9)
my t My my C T —r=rl¥n Jnds .
wherer =7, +---+r,and 7 =1y + -+ + 7. now we simply observe that
L. p =L P S
D Pl @@ P =Ly - Pilg;, ®- @] = i sl ® - ® ;1
(D.10)
where

=Y o, (D.11)
a=1

The point is that in the non-diagonal sector there exists a, b such that i;, # h;,, and

1 . # 0. Hence, for any s we have

therefore there exists an index g # 0 such that i

Ps[(le Q- ® ¢jn] & L(()q) ) Ps—q[¢j1 R ® ¢]‘n] (D.12)

and therefore

(=g ™11 (@ \[L7 ']
Pl @@l (L) (LJ’) Pop; @ ®¢;)  (D.13)

Thus, we can write ¥ as A, ® A,, descendant of @y;,..j,, namely :

- i IR (/|
) (+ @\ 2 = (%) (@
o LY. Ly (L) L9 LY (L Dpjy il (D.14)
€An €A,

It follows that any invariant operator in the untwisted, non-diagonal sector is an
(A, ® Ay)-descendant of some primary operator of the form @y, ;.
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Diagonal untwisted operators. Let us first prove that the operators CDY) are A,

primary. When r = 0, this follows from the fact that CDE.O) is a highest weight-state
of the full orbifold algebra. When r # 0 and j # 1, we consider

mp<---<my,
w=Li) Ly LOLY 0P, with dmo=my 4o+ m, >0, (D.15)
s1+--+s,=0 modn.

Furthermore m;, ..., m, € Z because CD;O) is untwisted. But since <I)§.O) is a highest

weight-state of the full orbifold algebra, W trivially vanishes unless m;+---+m, < 1
for all i. But since m; < --- < m, and m > 1, the only case to be considered is

m, =1and m; = --- =m,_ = 0. So all we need to prove is that
(s1) Gp-1) 7 G FEN | O
LyY... Ly - L"LY L @7 =0. (D.16)
We first rewrite the r.h.s. using the orbifold Virasoro commutation rule
L9, L8] = 2L (D.17)
yielding
(s1) S SN GOR SCONIP NONPY SCONRACY (Sp-1) | 1 (p+1) - 5(0)
LyV.. L, - L"LY LY 07 =217 LoV Ly Ly @7 (D.18)

Using Lés) . <D§.0) = nh;jds, we get

LV Ly LYLOLS - 00 = 20k 64,0 84, 10+ B0l - 0 =0 (D.19)

since s; + -+ + s, = 0 and r # 0. This shows that (D.15) must vanish, and hence
CDY) is primary under A,. The case r # 0 and j = 1 can be treated similarly: the
condition on indices becomes m; = --- = m,_; = 0 and m, = 2, and then the
relation L(ZS)L(_r; -1 = 371C0y4sp can be used.

Let’s now consider a generic state of the form (D.7) in the diagonal sector,
namely

— (7 = (7 m m _1/
W =80 L Ly L8 LY (@@ ¢)), with {_1 L

IN A

IN A
IAN A

n

=i

(D.20)
where as above r = r{ +---+r,and ¥ =1y +---+ 7. If r =7 =0, then ¥V is

immediately an (A, ® A,)-descendant of CDE.O). Ifr=-7#0andj# 1, weuse

L7LY - (@ ®¢) = L'LY - (9@ @) = 2uh; (@ @), (D.21)

and rewrite W as

W = (2nh;)2 L,SZII)...L,(,Z’;)L([’)I%)...if;i)igr) AL (- ®¢).  (D.22)

€Ay, GA_H

In the case r = —7 # 0 and j = 1, we can proceed similarly and write
W= (ne/2)2 (L) .. Ly LY .if,_?;) LSOLY) - LOLS 1. (D.23)

This shows that W is an (A, ® A,,)-descendant of @;r) or 17, respectively.
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Twist operators. Letus prove that the operator o[ 10 s primary under A,,. Forr =

0, this is straightforward, because, by constructlon the composite twist operator
o™ is an OVir, primary operator of conformal dimension h .Forr#0,ifj#1or
kr #1 mod n, we consider

mp <. Smy,
(s1) (Sp) (" 7 (=7 [x] : _
Ly, ...L,, -L [[kr]]/nL_[[kr]]/n o, with sm=my +---+m, >0, (D.24)
s1+--+s,=0 mod n.

If this quantity is non-zero, it is an L(()O) eigenvector of eigenvalue (h,, + [kr] /n —m).
Because of the condition m; € —ks;/n + Z., we have m € Z, and hence m > 1, so the
eigenvalue is strictly smaller than /1, which is not possible within the module of

ag.k]. Forr =k and j = 1, we consider

my < Smy,
(s1) (Sn) (k™) (=K1 [k] : —
L, ...L,) - L (n+1)/nL_(n+1)/n o, , withdm=my+---+m,>0, (D.25)
si+-++s,=0 mod n.

If this quantity is non-zero, it is an Léo) eigenvector of eigenvalue (h,, —m+1+1/n).
Using a similar argument to the one in the previous case, we find that m is again
a strictly positive integer: this gives a non-admissible eigenvalue, due to the null-

vector relation Lﬁ_;; . Ullk] = 0. Hence, (D.24) and (D.25) must vanish, and thus

K@) [K1()
]

and o} " are primary under A,. Similar proofs hold for A,.

Let us consider a generic invariant descendant operator in the twisted sector

W= L) Ly L LYol (D.26)

(k]

where 0;" is a composite twist operator associated to the primary operator ¢; of

the mother CFT. By the commutation rules of IT with the orbifold Virasoro modes,
we have
W= L) Ly LI o (D.27)
r+7,0 <o by, . ] ’ .

wherer =7y +---+r,and 7 =7 +--- + 7. If r =7 = 0, then W is immediately an
(A, ® A,)-descendant of oi.k](o) = ag.k]. Forr=-7#0,ifj#1orr# k!, weuse

2[[kr]h,.
(=n 1) g =10 1D [kl — % Ikl
Lyl toryn * 9 L[[kr]]/n s A (D.28)

and rewrite W as

2
_ n (n) ") () @) 11 70 G) N K
_(2[[kr]]hgj) (Lml < Lo, L, - me Lr[krn/nL[[krn/n) L—IIkr]]/nL—[[kr]]/n - (D-29)

Similarly, if j =1 and r = k™!, we have
W o (L AUNNND S SETNE AL A A ) AR AL (D.30)

Y 1y 15 (n+1)/n"(n+1)/n —(m+1)/n~"—=(n+1)/n 1

This shows that W is an (A4, ® A,)-descendant of a[k](r) a 0 , respectively.

175



Chapter D — Appendix for Chapter 5

We turn to the two-point function of twist operators,

=2h 1 —2’165_61(@

(0" 20" w,w)) = (0" "lo") x|z —wl

! 1. (D.31)

This vanishes if i # j, because the modules of ¢; and ¢; are decoupled in the
mother CFT. This function also vanishes if k + £ # 0 mod n, by symmetry, under
the cyclic permutation of the copies. For i = j and k + ¢ = 0, the scalar product
(ng](y)lag_k](s)) is easily computed using the orbifold Virasoro commutation rules,
which gives

<a§"](”|a§‘”<”> = Oyrsp - (D.32)

D.2 Three-point functions

D.2.1 Three-point functions of twist operators

Let us first state a useful property of correlation functions, which actually derives
from the orbifold Ward identity (5.64).

Property. Let Oy, O,, O; be three operators of the orbifold CFT, with twist charges
ki, ko, ks, respectively, such that k; = k, + k3 mod n. For any r € Z, and q1, 42,93
such that g; € —kiv/n + Z, and g1 = g, + g3 + 1, we have

gk

2L, 1,,0D0,05) = au(OL(LL, ,0,)0,) + €™, OL0, (L., 0,))] = 0,

0

3
Il

(D.33)

where the coefficients a,, b, are given by

G2+ 1Dq2...(g2—m+2)
m! '

_ gz +1)g3...(qg3—m+2)

m! by = (=1)"

m (D.34)
note that, if g3 = =1 (resp. q, = —1) then a,, = 6, (resp. b,, = Omo). For any value
of q1,92, 93, the sum in (D.33) is finite, because, for any O;, there exists an integer
my such that L., - O; = 0 when m > my,.

Proof. Consider the integral,
95 dz (z — 1) 25710 (00) TV(2)0,(1)04(0)), (D.35)

where the contour encloses the points z = 0 and z = 1. Since the prefactor
(z — 1)%2*1 z63*! exactly compensates the monodromy of T")(z) around each of the
O/’s, the integrand is single-valued, and hence the contour integral is closed.
Using the Cauchy theorem, we can split the latter into a contour enclosing only
z =0, and a contour enclosing only z = 1. The Taylor expansions

0]

(1 +u)P*! = Z g™, (1—u)?* = Z bou",  forlul<1,  (D.36)
m=0

m=0

allow us to write the integrand for each contour as a power series in z or (z — 1),
which in turn yields (D.33). m
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The goal of this section is to describe a recursive algorithm for the computation
of OPE coefficients of the form

(0o (L) L oy, (D.37)

—mq —mp

wherep > 1,and my, ..., m, areintegers, withm; > --- >m, > 1,andri+---+7r, =0
mod 7, in terms of the quantities

(opo ). LM 1™ 1@y, (D.38)
where uy + -+ +u; = —(ii; +--- +il;) =r+s—t mod n.
We start with the case r = s = t = 0, namely

(o, (L) .. LT @), (D.39)

Let us discuss the various cases, depending on the generator L(_r},zl.

1. If my = 1, then we have m; = --- = m, = 1, and the correlator (D.39) is
already of the form (D.38).

2. If r = 0, then the action of L(_O,Ll inside a correlation function is easily
expressed. Using the commutator between L(_O,311 and a primary operator,
we get

(@1D(LY), - 03)) = (il = by + h3)(D1D,05) , (D.40)

where ©;, @, are primary, and O; is any scaling operator. Here, I, I, h3 are
the conformal dimensions of ®;, ®,, Os, respectively. Hence, we have

(oo, (L(O) L L(_r”m)p -®)))

—my *

= (ih, = ho, + o, + ') (oto, (L7, ... L7 - @), (D.41)

—my *

where m’ = m;, + - -+ + m,. Thus, the problem of computing (D.39) with the
insertion of a chain of p orbifold Virasoro generators, where the first one is

of the form L) .» has been reduced to the one with (p — 1) generators.

3. If m; > 1 and r; # 0, we shall use the linear relations (D.33) as follows.

First, we introduce a useful definition: for any operator O, and p € NN, let
A,(O) be the space of descendants defined as

p(O)—Span[('“) .L(_L;‘;’-O, g<p, llzmzlqzu]. (D.42)

For instance, the operator L") 1) : .L(_rf,fp - ®;in (D.39) belongs to A,(D;).

By convention, we take 1 <r <n-1. For any integer my € 1{2,3,...,my}, if
wesetq =2—-r/n—-mj,q =1-r/nq; =-myin (D. 33) we get a linear
relation of the form

m’

1 H(ma+-tmp)

Z bi(to, (L), - L% LY @) =0. (D.43)

—my *
=0
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We rewrite this as

’
1

me i (olo, (L(”) L(Tz) . LE’:;L~®»>=Bm;f (D.44)

m

where the right-hand side
Hig+--+11y

By = - Z o o (to, @ . L%.q)k», (D.45)

—my *
I=-1

can be treated with the OVir, commutation relations, to give a linear com-
bination of the form

By € ~by_1(oto, (L) .. L L @) + (alo; Ay (D)) . (D.46)

—my * —m;
The relations (D.44) for my=2,...,m form an invertible triangular (1, —1)x
(m; — 1) linear system for the coefficients (o,tai (L(_rll) . L(_rf,zz . .L(_rf,zp - @;)) with
I =2,...,m. By solving this system, on gets (D.39) in terms of the B,’s.
Thus, we have reduced the computation of (D.39) to that of OPE coefficients
of the form

(o, (L") .. L‘_”;;) -®)) and (oo, (L") .. .L{‘;Z) LDy, (D47
with0<g<p-1.

Hence, in the three cases, the above steps define an algorithm to compute
(D.39) in terms of (D.38), by recursion on p.

We now turn to OPE coefficients of the form
<a;<‘f>a§f>q>§s>>, (D.48)

with generic values of the Fourier indices 7,s,t € Z,. By convention, we take
0 <rs,t <n-1,and we introduce the notations (7,5,f) = (n —r,n—s,n —t). Recall
the definitions

(T) .= const x L I

*0iy
—r/n " —r/n
CD(.S) = const x L)LY, - @, (D.49)
’r( h._ ®H 70 t
= const X L t/nL in Ok

for non-zero 7,s,t. Here, we have assumed that ¢;, ¢;, ¢ is different from 1, but
the argument is easily adapted otherwise.

Using the Ward identity (D.33) with q; = g, = t/n, g3 = —1, for the insertion of
T®(z) in the function (L' (t) 07) O‘Z@ CDE.S)), we get

const X (aﬂ 2 (r (.S)>
= (LY, oD(Lf), o)D) — ™" Z b((LY), 000! (L2, D). (D.50)
If t > r, then Lt?n = 0, and the first term on the right-hand side vanishes. If
t <r, using the commutation relations, we write this first term as
constx -7 <(L<f) D) L) 00y, (D.51)
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and then we use again the identity (D.33) with g; = g, = (t — r)/n, g3 = -1 for the

insertion of T=9(z) in <(i(_ti /nal‘:)(i(__:/)nai )CD§.S)>, which yields

(@Y, o) L5 00 = 6 (L), DXL 0,)0%)

—t/n (t-r)/n=r/n"i —t/n —r/n-1

—t/n —r/n 1

2
_ pint=n/n Z b, ((i(t) a,t)(i(_r) U‘)(Lﬁ_lt)q%s)))- (D.52)
1=0

For the second term in (D.50), if r # 0, we have

(" a,t)a?)(L;?lq)g?)» = const x (LY oh@" L7 ai)(Lgf_)lq)g?))), (D.53)

—t/n —r/n"—r/n

which, upon applying (D.33), yields

2-n
const x Y b{(LY, oDLY, o)L LD o). (D.54)
p=0

Hence, we have shown how to express (D.48) in the form

(0, oDy = (LY oH(L, 0)A - @), (D.55)

—t/n —r/n"i

where A is a linear combination of generators of the form L(_r}ﬂ)l L' with 7, +

-++71, =r+s—t mod n. In other words, we have “pushed” the orbifold Virasoro

H(-t)
k —

of OVir, on CDE.S). Proceeding similarly with the OVir, modes, we express (D.48) as

generators entering the definition of o, and 01@, to translate them into an action

(0] 6" q>§s)> =(to, (A1 D)), (D.56)
where A is the same as above, and 1 is obtained from p by the change L(_rjzj — T‘(—_"Z .
We can then use the algorithm described above in the case r = s = t = 0, to express
(oz(_t) Ul@ @;S)) in terms of (D.38). Finally, extending this line of argument for

(0" CD?) to the general case of (D.39) is straightforward.

D.2.2 Calculation of a three-point function in the Z; orbifold of
the Yang-Lee CFT

A useful technique, which is often employed in the literature [46, 87, 109] is to
unfold the three-point function to a mother CFT correlator defined on C. Let us
consider, as a simple example, the three-point function:

c[;'i':jj’] = (0 [1,¢,¢]- %), (D.57)
}

in the Z; orbifold. This can be expressed as a correlator on the replicated Riemann
surface X3 (with X3 conformally equivalent to the Riemann sphere C):

CPl = VB (o0, 00)p(1, (€™, e™)$(0, 0))x, , (D.58)
P
which we map to C, through z — w = z!/3, to find:
el = §<¢<m, 00)p(1, D™, e )p(0, 0)c . (D.59)
Gq,),()'d) 10}
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now, we use the result of [220] to express the four-point function (¢|d(1, 1)p(w, w)|p)
in terms of hypergeometric functions:

(Dlp(1, Hp(w, D))

346 \ 324\
= Jw[*°|1 - w|*® [ oF1 (g; 5’ g‘ w) + (Cj;q))z w5 F (g, 5’5 w) ] , (D.60)
with the Yang-Lee CFT structure constant given by:
3
iA[23V5-5)T (1
= ) . (D.61)
10nT (32)
Thus, we find:
M9l = _11,054494 # 0. (D.62)
CAV

D.3 Proofs for modular matrices

D.3.1 The modular matrices P,

Let us prove some useful properties of the matrices P,’s defined in (5.118-5.119):

Pin = Py, (D.63)
P,-P_,=1, (D.64)
P! =P,., (D.65)
P,=P_,, (D.66)
Pl p,=1, (D.67)
TV"P,, T"P,_,, ' TV =P,,_1, forn#1 modn. (D.68)

The notations P_,,-1, P, Py_,-1, where m™! is the inverse of m in Z, are justified

by the property (D.63), which means that P,, is actually defined for m € Z.

e To prove (D.63), we remark that the integer [[-m']] is unchanged under
m — m + n, so we have

Puin = T—m/n—l ’ Qm+n : T[[—m‘l]]/n . (D69)

On the other hand, from (5.119) we have g,.,(7) = gu(7) + 1, and hence
Quin =T - Q,. As aresult, we get Pyiyy = Py

e For (D.64), we use the identity g, [g(_,-17(T)] = T, whichyields, for 0 < m < n:
Py Py = T Qo Qe - T = 1. (D.70)

e To study the transpose P!, and the conjugate P,, we use the following
properties of the modular group. Since S? = 1, any element of the group can

be written in the form
T .S-TP2 .S TV, (D.71)
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where py,...,pr € Z. Let (1) = 7+ 1 and s(t) = —1/1. Let us show, by
induction on k, that the following three equations are equivalent:

" n oy _at+ b
(t'' osotP?.. . s o th)(T) —l (D.72)
dt+b
P Pl s o #)(T) = D.7
(trosot sot)(1) =——, (D.73)
(P osot? . sotPy(n = 20 (D.74)
ct—d
The proof goes as follows. For k = 2, we have
+(pg—1
tposotqzwl (D.75)

T+(q

and hence the equivalence is straightforward. now suppose that the above
equivalence holds for some k > 2. We can write

a(s o ') (1) +b bt + (bpks1 — a)

P1 Pk+1 — =
(t oso...soth1)(T) o)D) +d - AT+ @ —0) (D.76)
dt+b\ (dprs1 — )T + (bprsr —a)
Prk+1 p — (#Pk+1 =
(th1 os...s0th)(T) = (¢t OS)(CT+a) pEr— , (D.77)

—a(s o tP1)(1) + b —bT + (bpra —a)
c(sotPn)(t)—d — dt—(dpra—c)
(D.78)

(tProsot™ . . .sotPi)T) =

and thus the equivalence holds also for k + 1. An important consequence is
that, if the matrix for (D.72) is M, then the matrices for (D.73) and (D.74) are
given by M' and M respectively.

We apply the equivalence to the matrices Q,. Let us take 0 < m < n for
convenience, and denote a,, = [[-m~!]] and b,, = (m[[-m~']] + 1)/n, so that

mt — b,
nt —a,

nb,, —ma,, =1, Gm(T) = (D.79)

Changing m +— —a,, gives (a,,, b,) = (n —m,b,, —a,,), whereas m +— —m gives

(am, by) — (n —a,, b, —m). Hence, we have

—a,(t—1) = by,
n(t—1)+m

-m(t — 1) = by,
n(t—-1)+a,

(-2, (T) = ;o -m(T) = / (D.80)

which yields Q_,, = Q',- T"and Q_,, = Q,, - T, and finally
p, =Tw".Qt ™" =p P, =T"".Q T™"=P,. (D.81)

e The combination of (D.64-D.66) yields the unitarity of P, (D.67).

e Form # 1 mod n, we define a,, = [[-m™']] and 4], = [[-(1 + a,,)']]. There
exist two integers b,,, b;, such that

nb,, —ma, =1, nb, —(1+ay)a, =1. (D.82)
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A simple calculation gives

(m-1)T-"b)
m a = D.83
GnlG1+a,(T)] pr— (D.83)
where a;; = nb), — a,a,, and b, = mb,, — b,a,,, and hence nb;, — (m —1)a,, = 1.
Hence, if 0 < a;, < n we have Q,,Q144, = Qu-1 (otherwise we can always
shift a;, by a multiple of n). This yields the identity (D.68).

Form =1, wehave [[-1]] =n -1, and
-1

g1(1) = n(f_—l)” = (sot"osot)(1), (D.84)

which yields
P, =T Y"sTsT V", Py =TY"ST"STY". (D.85)

A recursion relation for the matrices P,

In this section, we shall reproduce and prove a recursion relation for the P,
matrices found in [253], which provides their decomposition into S and T matrices
after a relatively small number of recursive steps.

The key idea is to relate P,, matrices defined at different n. We will first make
the dependence on 7 of the P,, and Q,, matrices explicit through the notation:

Pm - Pmln Qm - len (D86)
We now consider the product of matrices
T"/mST™" P,y T ) (D.87)
We substitute in the above the definition of (5.118) in the above to find:
T"/mS TP, TV = Tmg Q) TOn/™ (D.88)
now the S matrix is given by:
0 1
<[4 1) -
while the Q,,, matrix is given by:
[ m =by
Qupn = ( no—a, ) (D.90)
with nb,, —ma,, = 1. Acting from the left on the above with the S matrix, one finds:
no =y \
SQmIn - ( —-m bm ) - in—m (D91)

since nb,, — ma,, = 1 is equivalent to (-m)a,, — b,n = 1. next, we have by the
definition in (5.118) that:
P = T Qpyu T/™ (D.92)

so that we have effectively established a recursive relation:

Py, = T""ST-"™" Py, T~1/ 0" (D.93)

for which the recursion ends with a term Py, = Py = S.
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Example forn =5

Suppose we want to calculate the Pys matrix. We use the recursion relation to
find:
Pys = T25ST 512y, T-/10 (D.94)

noting that Ps5_, = Py, and using once more the recursion relation, we find:
Py = TY2ST?*P_,, T"? (D.95)
But P_y; = Pyy = S, so, one can put everything together to find:

Pys = T#PST2ST?ST?/" (D.96)

D.3.2 The orbifold modular S-matrix

In this section, we will show that the solution for the orbifold S-matrix we have
found satisfies the properties (5.121)-(5.124). In our calculations, the S and 7
matrices (and any products made with them), are evaluated “block-by-block”, in
the sense that for each proof we provide here, the external indices are restricted
to correspond to only one type of operator — non-diagonal (ND), diagonal(D),
twisted (T). For example, checking unitarity in the D-D block means proving that:

(SSJF)M, o =000, (D.97)

for generic diagonal operator labels i, j©).

We will only present in this section some of the more technical demonstrations
since the rest can be quickly reproduced by the interested reader through similar
or simpler arguments.

Symmetry of S

As a warm-up, let’s prove the symmetry of the S matrix. The check is straight-
forward everywhere but in the TT block, where we need to employ the property
(D.65) to find:

—ks—¢ —ks—{
, W™ (Pre)ii @™ (Peg)i
Sl[k](y),][gl(g) = n = n = Sl[k](r),][f](ﬁ) . (Dc98)

Unitarity of S

We present in this section the more involved proofs for the unitarity of S in the
DD and TT blocks.

In the DD block. We want to check the property:

Y Si0aSi, = iniin (D.99)
o

where the sum in @ runs over all the invariant primary operators in the orbifold.
We first consider the sum over ND operators :

Z S(i,i’),]S;(i/,r/) 7 (D-].OO)
J=lj1,--1jn]
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which, using the known form of the S-matrix elements in this sector, is:

Zslh. b Sip e S, (D.101)

where the sum is over equivalence classes | of the n-tuples (ji,---,j,) under
Z,, with the exception of n-tuples for which the indices are equal. This can be

expressed as:

1

== E —E , (D.102)

n
J=ljjinl Grreajn) G

where the first sum on the RHS is over all n-tuples (ji, ... j,). This means each j;
runs over the whole mother CFT spectrum so that the sum over the ND indices
can be conveniently expressed as:

. TSI
Z‘S,@ 1S = ;11 + (D.103)

On the other hand, the sum over D operators is given by:
Ljr S5t
Z Si0,0S o i = ——5— (D.104)
so that we are just left with checking that the sum over T operators satisfies
nd,, — 1
Z Si(n,j[k](s)S].[k]@,i,(,,) = #6“/ (D.105)
jsk

which is indeed the case.

In the TT block. We want to prove in this section that:

ZSZW i = 040 O (D.106)

where a runs once again over all invariant primary operators of the orbifold.

To start, the sum over non-diagonal entries vanishes, since the S-matrix entries
indexed by a twisted operator and a non-diagonal operator vanish. On the other
hand, the sum over diagonal field entries is easily calculated to be:

" 1 _ 1/ 6','r6k/k/
2 SuoSpg e = 7z L w55 = = (0107

- - n
(:5) (jis)

Finally, we now consider the sum over T entries:

Z Si[kkr), 71t S 1,7k 167) (D-108)

JUH6)

We substitute our results and find:

- 1 (k=K )~t(r—r" +
Z Sino, s Sy juy = e Z w O Py ) (P )i - (D.109)

Jisit st
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We now sum over s, to obtain a factor 6-1 -1 = 6¢r . Then, we perform the sum
over j, and use the unitarity of the P, matrices (D.67) to arrive at:

1 ,
* — —t(r—r
Z Si[H(V),]'“]S Si/[k’](r’),]‘[f](s) ~ Z W™ )5z‘,i'5k,k' (D.110)
Jisit t
Finally, we sum over t and find:
Y 1
Z Si[k](r),]'[f]f‘ Si/[k’](y’)’]‘[tl(s) = 6i,i’ 6k,k’61’,r’ - Eéi,i’ék,k’ ’ (Dlll)
jsit

which, added to (D.107) gives the sought after result.

The relation (S7)° =C
The constraint (5.124) on the modular data of the CFT is equivalent to:
STS=7"'S7" (D.112)

As in the previous section, we will show that the relation above holds in the DD
and TT blocks.
In the DD block. We want to check the constraint:

Z Si(r),aTaSa,l'/(r’) = 7?(';)81'(0,1"(#)7;‘-(,/) (D.113)
where the sum a runs over all the invariant primary operator labels.

Substituting our expressions for the S and 7~ matrices, we find that the sum
over entries labelled by untwisted operators gives:

1
Z Si(r)’a Ta Sa,l'/(r’) =

- n
untwisted o

(STS)", (D.114)

while the sum over twisted operators vanishes. The RHS of (D.113) can also be
conveniently written as:

1 n
T Sio,i0 T o = — (TST), (D.115)
Since in the mother CFT the modular matrices are constrained by

STS = T'ST' (D.116)

we find that the relation (5.124) is indeed satisfied in this block.

In the TT block. We want to check the constraint:

z ' _ gt +
Si[k](7>,aTaSa,i'[k’](V’> = 7:-[,(](,)Sl‘[k](r)/l'/[k’](r’)Z,[k/](r/) (D117)
ae{D,T}

where we only need to consider the sum a running over the diagonal and twisted
primary labels, since Siwe ;,..;,; = 0. The sum over diagonal operator labels on
the LHS is swiftly calculated to be:

1
Z Siun, jo T 0 S jo 1) = - (ST"S),;;» Oksir 0 (D.118)
Jis
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and we use (D.85) to rewrite the above as:

1
Z S, jo T oSy 10107 = (T—l/”P_lT—l/")ﬁ, Skek 0 (D.119)
s

next, we want to evaluate the sum over twisted operator labels:

1
—t(r+1")—s(k+k'—t 1
Z o, o T s S, e = — Z =K =D (p TV P, 1)y (D.120)
s,t

Jsit

We sum over s, to obtain a dy4x factor in the sum. If k + k' = 0, the expression
vanishes since t runs from 1 to n — 1. So, we obtain:

(1 - 6k+k’ 0)
/ —(k+K)(r+1" 1
E Siun, jino T o Siine piwie) = —, ¥ (k) r)(P(k+k,)k_1T / "P1 k()1 i
Jsit

(D.121)
Using the relation (D.68), the sum over twist fields becomes:

1 - 6 4 ’ ’ -
ZSﬂk](r),j[t](s)77m<s>Sﬂﬂ(s),if[kq(m = %w‘aﬁk ) (p=tnp, TV, (D.122)
jst
so that the LHS of (D.117) is just:
1 / /
Z Si0) o T oS 1) = ;w_(k”( T Prga T (D.123)

«a€{D,T}

Substitution of our expressions for the modular data on the RHS of (D.117) com-
pletes the proof.
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