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Abstract

In this thesis we study entanglement in one-dimensional critical quantum many-body
systems and in particular we will focus on disconnected regions. Given a system in a pure
state, to quantify the amount of entanglement between a multicomponent subsystem
and the rest of the full system we can use as an entanglement measure the renowned
entanglement entropy. However, if we are interested in the entanglement shared among
the disconnected regions, the entanglement entropy fails to be a good quantifier. The
reason is that the state of the subsystem is in general mixed once the rest is traced out,
and the entanglement entropy is a good measure of entanglement only for pure states.
A good measure of entanglement in mixed states is the logarithmic negativity, which is
the quantitative version of Peres’ criterion of separability. The main advantage of the
negativity with respect to other entanglement measures is the simplicity of its definition
in terms of the density matrix describing the quantum state. Since the definition does
not require any variational calculus, it is much more easily computable than any other
entanglement measure, and therefore we can obtain some results also in complicated
settings such as many-body systems.

We will be mostly interested in the configuration where the full system is divided into
two parts, A and B. If we do not have access to the degrees of freedom in B, we can
describe subsystem A through its reduced density matrix, where the degrees of freedom
in B have been traced out. The residual subsystem in A will in general be left in a mixed
state. Subsystem A is then divided again into two parts, A; and As, and we will be
interested in the entanglement shared by these two components. Knowing the full density
matrix, the logarithmic negativity can be easily computed from the eigenvalues of its
partial transpose with respect to the degrees of freedom living in one of the two subsystems
Aj or Ay. However, the full density matrix of a many-body state is in general unaccessible,
even numerically, since the size of the matrix grows exponentially with the size of the
system. If we concentrate on critical systems whose low-energy physics can be described
by a quantum field theory, we can resort to its powerful tools to compute the entanglement
properties. In particular the main tool is the replica trick. The entanglement entropy is
obtained from the moments of the reduced density matrix, while the negativity can be
computed from the moments of the partial transpose. However, even the computation
of the integer-order moments is not an easy task, and exact analytical results are known
only for the simplest quantum field theories. Hence, throughout the thesis we will usually
consider conformal field theories, which have an enhanced set of symmetries and therefore
allow for some exact computations.

In the Introduction, we will try to frame this work by briefly reviewing some of the
main topics in the literature of quantum many-body systems and quantum field theories
where entanglement plays a crucial role. We will also describe what are the main features
that are requested to a ‘good’ measure of entanglement, and we will review some of the
main measures that have been considered so far in the context of quantum information.
We will define the entanglement negativity and stress its main advantages, as well as its
drawbacks. After reviewing some basic facts of conformal field theories, we will give some
technical details on the computation of entanglement entropy and logarithmic negativity
in general quantum field theories, which will be needed in the rest of the thesis.

In Chap. 2] we will start the study of the entanglement of several disjoint disconnected
regions by considering the entanglement that the union of these regions share with the
rest of the system. We will compute the integer-order Rényi entropies of the subsystem
from which the entanglement entropy can be obtained through the replica limit. Unfor-



tunately, the exact analytic continuation to real order is still out of reach and therefore
the entanglement entropy cannot be computed exactly. However numerical extrapolations
allow to obtain some accurate estimates.

In the remaining chapters we will focus on the entanglement shared between two non
complementary disjoint regions, through the computations of the entanglement negativity
in different settings. In Chap.[3] we will consider a global quantum quench starting from a
conformal boundary state and evolving through a conformal evolution. A general formula
for the mutual information and the logarithmic negativity for two adjacent and disjoint
intervals is given in the spacetime limit.

In Chap.[d we focus on the XY chain and we recover a formula for the partial transpose
as a sum of four fermionic auxiliary Gaussian density matrices, by generalizing some pre-
vious results for the reduced density matrix of spin systems and for the partial transpose
of pure fermionc Gaussian states. Even if the computation of the negativity is still out
of reach, we can obtain formulas for the integer-order moments of the partial transpose
in terms of the correlation matrices relative to the two components and to the region in
between them.

In Chap. 5| we will study the entanglement negativity for a free Dirac fermion field.
Starting from the lattice results, we will obtain a path integral representation of the partial
transpose which can be easily generalized to the continuum. With this representation
of the partial transpose, we can construct all its integer-order moments and compute
them for the simple conformal field theory of the free fermion. Again, the computation
of the negativity could not be accomplished due to technical difficulties in the analytic
continuation to real order. The same computation has been extended also to the modular
invariant Dirac fermion and the Ising model, and the obtained formulas coincide with
the ones already present in the literature. This analysis draws an interesting connection
between some terms appearing in the formulas for the moments of the partial transpose
(as well as of the Rényi entropies) found for the lattice models and the ones found for the
corresponding theories describing their scaling limit.

Whenever possible, all the analytical results will be checked against numerical calcu-
lations performed on simple free chain models. In Chaps. 2] and 8] we will consider bosonic
Gaussian states, specifically the harmonic chain in its ground state and out of equilibrium,
while in Chaps. @] and [ we will consider fermionic systems, specifically the XX and Ising
spin chains, and the tight-binding model.

Finally, we will draw some conclusions and discuss some open problems.
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CHAPTER 1

Introduction

Since the foundation of quantum mechanics, entanglement has been acknowledged as the
striking difference between the classical and the quantum world. Already in the early
works by Einstein, Podolski and Rosen [1] in 1935, it was understood that entanglement
may allow for tasks that are completely impossible in the classical realm [2]. The local
action on a subsystem of a quantum system may affect drastically the state of all its other
parts, even if spatially very far apart. The peculiar fact is that this change may happen
instantaneously, which is intrinsically very different from the effect of usual classical cor-
relations, when a local perturbation of the system may propagate and affect all the rest
of it. This propagation is in fact still the result of local interactions in the system and it
is strictly limited by some maximum velocity [3]. During those years, the instantaneous
change of the quantum state of the system after a measurement was quite disturbing
and was considered a great objection to giving to quantum mechanics the stature of a
complete, sensible physical theory. Hidden variable theories where formulated to resolve
the apparent paradox put forward by Einstein, Podolski and Rosen. In these theories
some parameters are added to quantum mechanics and an experimenter who could know
their value could also exactly predict the results of single experiments. The probabilis-
tic nature of usual quantum mechanics is then relegated to a mere ignorance of these
variables, and its predictions must be interpreted in a statistical sense. In 1964, Bell
showed [4] that a hidden variable description is incompatible with the results of quantum
mechanics: indeed, to reproduce exactly all of its predictions, one should indeed allow
for classical information to propagate instantaneously. Ultimately, entanglement forbids
a simple hidden variable interpretation without nonlocalities.

Even if entanglement was at the center of the debate on quantum mechanics since its
foundation, it was only in the 1990s that it started to be considered as a resource within
the context of quantum information. Entanglement can be exploited to perform tasks
that are impossible or extremely inefficient in a pure classical setting, such as quantum
teleportation [5] or quantum error correction [6]. Thus, the need of tools to understand
how entanglement can be characterized, manipulated and quantified, was evident. In
principle, we would like to be able to prepare the system in a state with a certain amount
of entanglement, then perform some operations on it and exploit its nonlocal properties
to perform some specific tasks. The rate of success is strictly related to the amount of
entanglement we can store in our system. In the last decades, the technological advance



2 1 Introduction

made it possible to prepare, manipulate and measure individual quantum systems, with-
out loss of coherence. This means we can finally have access to the quantum world in
its full potentiality. It is of the utmost importance to have a way to quantify the en-
tanglement present in a given system, namely to define a measure of entanglement. The
problem of understanding if two subsystems are entangled is fairly well defined, however
the quantification of entanglement through a unique measure is actually highly nontrivial.
Since entanglement is seen as a resource, the guiding principle is mainly operational: an
entanglement measure should tell us how much of this resource is present in the state,
and the resource is defined as the property that is initially present in the state, and can-
not be increased performing a set of allowed operations. These are usually taken to be
the local quantum manipulations performed by some experimenters which can act only
on specific subsystems, and classical communications between the parties (for the exact
definition, see Sec.[I.1.1)). In Sec.[L.1.2] we will briefly discuss some of the main important
problems and difficulties that one encounters while trying to find a consistent definition
of an entanglement measure. Let us here mention that the problem can be essentially
solved for bipartite pure states, and in this case the unique measure of entanglement is
the Von Neumann entropy of the reduced density matrix of indifferently one of the two
subsystems, the renowned entanglement entropy [7].

The entanglement entropy has the really nice property that it is defined independently
of any observable of the system, and therefore it can be rightfully expected to capture the
quantum correlations in a very universal way. Its simple definition, al least with respect
to other proposed, more operational entanglement measures (a few examples can be found
in Sec. , makes it amenable to be computed also in complicated situations, such as
extended quantum systems. In the last fifteen years indeed, a large effort was produced
to study entanglement properties of many-body systems through the computation of the
entanglement entropy in different settings. For obvious reasons, it is not possible here
to mention them all, we will just give an incomplete and arbitrary list in the following.
However, many interesting and useful reviews can be found, discussing some important
general aspects as well as specific models. Let us mention here the one by Amico, Fazio,
Osterloch and Vedral [8], which is mainly focused on spin chains and condensed matter
models of interacting fermions and bosons; the one by Eisert, Cramer and Plenio [9], which
deals with the important topic of area laws emerging as a fundamental entanglement
property of many-body systems; and finally the series of reviews edited by Calabrese,
Cardy and Doyon [10] (and references therein), which cover many different topics where
entanglement entropy has been widely studied. This great amount of work was well
justified by the success of entanglement entropy in probing the universal features of many-
body systems around their critical points. For example, as we shall see in Sec. [I.4] the
entanglement entropy of a block of continuous spin in a quantum spin chain at criticality
has a very ‘clean’ dependence on the central charge of the underlying conformal field
theory (for the definitions, see Sec. . This observation provides in many situations the
best way to numerically evaluate the central charge of a specific system, thus establishing
its universality class.

One of the most important results in the study of entanglement in many body-systems
is the appearance of the so called area law [11415]. Consider a general d-dimensional spin
system in its ground state, and a block A of contiguous spins. For theories with local
interactions, the quantum correlations are expected to be concentrated among spins close
to the boundary separating A and its complement. Thus, the amount of entanglement,
measured for example by the entanglement entropy, should naturally scale with the area
of such boundary, S4 ~ Area(dA)/a?"!, where a is an ultraviolet scale, such as the



lattice spacing. These ideas were actually first put forward and explored in the context of
black hole physics [16, [17], where it was suggested that this entanglement property could
be at the origin of the black hole entropy, given by the Bekenstein-Hawking formula [18
19|, which is in fact proportional to the area of the boundary surface of the black hole.
An important violation of the area law appears for example in critical one-dimensional
quantum systems, where it was found [20] that the entanglement entropy scales as the
logarithm of the block size. Another important case is the one of certain fermionic systems
in higher dimensions with a Fermi surface [21], where again logarithmic corrections are
present. Quite surprisingly, with a little effort one can also design specific spin chains with
local interactions, whose critical ground state entanglement follows a volume law [22],
since the system naturally organizes with an accumulation of singlet bonds across the half
chain. This means that, even if area laws are usually intended to follow from the locality
of the interaction, this statement must be taken with some care.

In two dimensions, a very interesting class of systems are the ones displaying topo-
logical phases. The area law in two dimensions reads Sy ~ aL/a —~ + ..., where L is
a typical length of subregion A, the coefficient « is non-universal, the ellipses stand for
terms that vanish for large L, and finally v is called the topological entropy |23l [24]. This
terminology comes from the fact that + is shown to be a topological invariant, and it is
directly related to the total quantum dimension. In this picture, a topological ordered
state is supposed to have nonlocal entanglement, hence by computing the entanglement
entropy and isolating the constant term in the size of the subsystem, we have a tool to
detect topological order. Prototypical examples of this situation are the Kitaev model [25]
and the two-dimensional electron gases in large magnetic fields in the fractional quantum
Hall regime |26].

A phenomenon with deep relations with the topological entropy arises also in one-
dimensional quantum models in the presence of boundaries, of some defects, or in general
of inhomogeneities. Close to the critical point, the entanglement entropy scales loga-
rithmically, but a non-universal additive constant is present [27], and it is related to the
boundary entropy g 28|, a universal quantity depending only on the boundary conditions.
The boundary entropy has been studied for example in spin chains in the presence of a
boundary [29], and in the Kondo model |30, [31]. The connections between the impu-
rity entropy in one-dimensional systems and the topological entropy in two-dimensional
systems is understood in terms of the connection between a two-dimensional topological
insulator and a one-dimensional edge model [32,33].

Entanglement has also proven to be of fundamental interest in the development of
numerical algorithms for simulating quantum systems, as for example the Matrix Prod-
uct States (MPS) [34} 35]. In turns out that the amount of entanglement of a quantum
state determine its possibility to be simulated classically. The number of parameters that
should be stored in a classical computer to exactly describe a quantum many-body system
grows exponentially with the size, and soon exceeds our technological possibilities. How-
ever, the states appearing in many-body quantum systems, and in particular their ground
states, are very peculiar and they are not typical states of the full Hilbert space. We can
think of these states living in a small corner of the Hilbert space, and by characterizing
such corner we can provide a much more efficient description of the interesting states.
Ultimately, the number of relevant parameters to have an approximate but faithful de-
scription of a quantum state grows with the amount of entanglement present [36]. Usually,
these parameters are stored in tensors, whose dimensions should increase exponentially
with the entanglement present. Gapped one-dimensional systems in their ground states
have a finite amount of entanglement and can therefore be faithfully simulated, and their
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properties are indeed computed at a very high precision. On the contrary, ground states
of critical one-dimensional systems have much more entanglement. One can still extract
some sensible information from the simulations, but more care is in order [37]. Unfortu-
nately, in more than one dimension, the area law forces the tensors to grow exponentially
with the size of the system, thus making impossible to reach large system sizes. This
explains the failure of Density Matrix Renormalization Group techniques [38, [39] (which
are based on MPS [34},35]) in two dimensions. Other techniques have been studied how-
ever to circumvent these difficulties: Tree Tensor Networks (TTN) [40] and the Multiscale
Entanglement Renormalization Ansatz (MERA) [41} |42] are designed to deal with critical
one-dimensional systems, while Projected Entangled Pair States [43] are a generalization
of MPS to two and more dimensions.

The great success of entanglement entropy in the study of many-body physics and its
simple definition, make it amenable to compute it also in quantum field theory (QFT).
QFT can effectively describe many-body systems at criticality, and its powerful tools can
provide a deeper understanding of this regime. In this setting, the entanglement entropy
is usually computed through the replica trick |20} 27, 44], which relates the entanglement
entropy to the partition functions of the model on n-sheeted Riemann surfaces corre-
sponding to n replicated copies of the system glued together in a particular way [45] (we
will largely discuss the replica trick in Sec. . In QFT a large amount of work has
been done to study the entanglement properties of free fields in one dimension [46/-48],
also for disconnected regions [49], and in two dimensions [50]. Also the case of gen-
eral dimensionality in conformal field theory (CFT) have been recently considered and
many interesting theoretical results have been found [51-54], which match with previous
numerical works [55].

It is also worth mentioning the important developments that have followed some early
works on entanglement entropy related to c-theorems [56| 57]. Using Lorentz invariance
and the strong subadditivity property of the entanglement entropy, it was possible to find
a quantity that fulfills the requirements of a good c-function [58] in 1 + 1 dimensions
(which however is not simply related to Zamolodchikov’s c-function), thus showing a deep
connection between entanglement and the irreversibility of the Renormalization Group
flow between critical points. Historically, the extension of c-theorems to higher dimensions
was found to be a very difficult task, and few results were available. For example, only
recently in Ref. [59, 60] it was found the long sought proof of the analogous of the c-
theorem in four spacetime dimensions, the so called a-theorem. Entanglement opens a
new perspective on these problems, and in particular it allows to consider equally even
and odd dimensions, that historically presented quite different challenges [61]. Some
conjectures were put forward for the case in generic dimension [62} 63], but much of the
work was dedicated to 2 4+ 1 dimensions, where entanglement entropy helped again in
proving the F-theorem [64-67]. One of the important issues that must be addressed in
order to obtain a full generalization of c-theorems to any dimensionality, is the role of
the regularization scheme used to deal with the ultraviolet divergences of the QFT. A
good candidate for a c-function must in fact be independent of any regulator. Important
steps in this direction were made in Refs. |68 |69], where a class of covariant geometric
regulators were introduced, which make all the terms in the entanglement entropy assume
a geometrical character, and in Ref. [70|, were it is suggested that mutual information
could be the correct quantity to look at, thanks to its ultraviolet finiteness.

Entanglement properties of QFT can be also studied by means of the holographic
principle |71, |72], in the context of the AdS/CFT correspondence [73]. Interestingly
enough, the holographic principle originated from the Bekenstein-Hawking entropy of



black holes [18] [19], which exhibits an area law, and thus suggests that the relevant
degrees of freedom of a d-dimensional system reside on a (d — 1)-dimensional surface at its
boundary. Since the seminal papers by Ryu and Takayanagi [74-76], an incredible effort
has been produced to characterize the entanglement in the holographic context. Ryu and
Takayanagi conjectured that the entanglement entropy of a spatial subsystem in a QFT
with a holographic dual can be computed in the classical regime from the area of certain
minimal surfaces, anchored to the entangling surface in the boundary and extending inside
the bulk. Their very simple formula allowed for an extensive study of entanglement in
many situations, among which there are the interesting cases of disconnected regions [77-
80], out of equilibrium evolution [81196], and in the context of the c-theorems discussed
above [62, [63]. The Ryu-Takayanagi formula, despite being very natural and simple,
remained a conjecture for many years and was proven only recently [97-99]. Corrections
beyond the leading order of classical gravity in the bulk have been studied [100} 101],
but are quite more involved than the zeroth-order formula. Finally, let us mention that
in this context it is still not clear how to compute the Rényi enrtopies, a generalization
of the entanglement entropy, even if several important steps have been made in that
direction [66), [102].

Giving in few pages a complete review of all the research areas where entanglement
has had an important role in the last ten years, is evidently an unfeasible task. Many
important topics have been reluctantly omitted, even if their importance and the interest
that they brought in the community should not be overlooked. Among the others, let
us mention the essential role of the so called entanglement spectrum [103] in the study
of universal features characteristics of many-body systems in their different phases, and
the deep insight that the evolution of entanglement |[104H106] has brought in the field of
out-of-equilibrium physics (this topic will be further discussed in Chap. . We hope we
could at least give a flavor of the many interconnections that the study of entanglement
has brought between seemingly distant fields, such as quantum information, many-body
quantum physics and high energy physics. Entanglement plays a crucial role in all these
fields in describing and characterizing the systems under investigations, and this eclectic
aspect is probably ultimately due to the universal and fundamental role of entanglement in
the quantum description. Probably, some of the most surprising aspects of this interplay
come from the recently developed connection between quantum information and quantum
gravity 107, |108]. A very evocative and intriguing point of contact between these two
fields concerns the possibility of the bulk space time in the holographic description of
quantum states to be deeply related to the tensor network structure of MERA [109-116].

Its should be clear by now that entanglement is a key quantity to look at in many
areas of physics. Its quantification and characterization is very fundamental in quantum
information, where entanglement is seen as a resource. In many-body systems, quantum
field theory, holography, the entanglement structure of the system gives very important
information on the underlying physics, and entanglement measures are the basic tools to
quantify the amount of the entanglement present. This role has been egregiously played
for pure states by the entanglement entropy. However, for mixed states, the situation
is much more complicated since the entanglement entropy fails in correctly quantifying
the quantum nonlocal correlations. Many other entanglement measures can be defined,
which perfectly work also for mixed states, however they are usually very difficult to com-
pute, even for small systems, and they are practically useless for extended many-body
systems. An important exception is provided by the logarithmic negativity [117H119], a
full entanglement measure based on the observation that the entanglement in a bipartite
mixed state is related to the presence of negative eigenvalues in the partial transpose of
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the density matrix [120]. Its simple definition makes its computation much more acces-
sible, and therefore it is a good candidate to be a practical and useful tool to quantify
entanglement in complicated settings such as many-body systems [121H133]. Moreover,
a systematic path integral approach to construct the moments of the partial transpose
of the reduced density matrix has been developed and from this the negativity in 1+1
dimensional relativistic quantum field theories is obtained via a replica trick very similar
to the one for the entangelemnent entropy [134, |135]. This recent approach has been
successfully applied to the study of one-dimensional conformal field theories (CFT) in the
ground state [134H136], in thermal state [137}|138], and in non-equilibrium protocols [138-
140], as well as to topological systems [141H143].With the same techniques it is also pos-
sible to consider massive QFT [144], where the negativity displays a very high level of
universality. The CFT predictions have been tested for several models [135-137) (145]
146], especially against exact results [126], [135] [137] for free bosonic systems (such as the
harmonic chain). Indeed for free bosonic models, the partial transposition corresponds to
a time-reversal operation leading to a partially transposed reduced density matrix which
is Gaussian [147] and that can be straightforwardly diagonalised by correlation matrix
techniques [148-151]. Focusing on one-dimensional CFT in the ground state, the nega-
tivity is explicitly known only for the simple (but non trivial) geometry of two adjacent
intervals embedded in a larger system. For the very important case of the entanglement
between two disjoint intervals only the limit of close intervals is explicitly known. For
arbitrary distances between the intervals, the main difficulty is to find the analytic con-
tinuation of the even-integer moments of the partial transpose, although these moments
are analytically known in a few cases [135, [136]. However, the numerical interpolation
techniques introduced in Ref. [152] and which we are going to discuss in Sec. can been
exploited to have an approximate prediction for the negativity. A deeper analysis of the
negativity is of course of great interest, and this thesis is devoted to the study of different
aspects of this entanglement measure in various settings, both in lattice systems and in
QFT. We will concentrate on critical one-dimensional systems which can be described by
CFT.

In the remainder of this Introduction, in Sec. [[.I] we will give a brief review of the
requirements needed by a function of the state to be a good entanglement measure and
what are the problems that one encounters when trying to define such measures. Sec. [I.2]
slightly deviates from the main topic of this thesis and discuss how it is possible to actually
measure the amount of entanglement in an extended system in real experiments. This
task, that for many years was suspected to be impossible, is now approachable with the
modern technologies developed in cold-atom systems. In Sec. [I.3] we will review some
basic aspects of CFT, especially focusing on the results that we will be using in the rest
of the thesis. Finally, in Sec. we will discuss how the negativity can be computed in
QFT, and especially in CFT, define some of the quantities that will be recurrently used
throughout the thesis, and describe their main properties. Finally, in Sec. we will give
the outline of the thesis, together with the references to the original works.

1.1 Local quantum operations, entanglement measures and loga-
rithmic negativity: a quantum information perspective

Since entanglement has proven to be a fundamental tool in many areas of physics to better
understand the properties of quantum systems, it is of course of the utmost importance
to develop a coherent description aimed at the quantification of the entanglement present
in a quantum state. This is a highly non trivial problem, since even the characterization
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of entanglement is not so immediate. This goal was historically first sought in the field
of quantum information, where entanglement is seen as a resource to perform tasks that
are impossible (or very inefficient) by using only classical tools. One of the most famous
examples in that respect is quantum teleportation [5]. From this point of view, with
entanglement considered as a resource, its characterization is strongly operational and it
is related to the possible operations that can be performed on the system. The typical
setting is the one where to parties, usually denoted by Alice and Bob, share a quantum
system, but they are separated in space and can only act on the system locally (local in
a sense to be specified later). If we restrict the operations that can be performed on the
system to, for example, the local operations performed by Alice and Bob, any state that
cannot be created with these operations becomes a resource, since it allows to overcome
the constraint imposed by the choice of admissible operations.

Taking this operational perspective, many measures of entanglement can be defined
depending on what specific task is considered, however there are some requirements that
all ‘good’ measures of entanglement must satisfy [153, [154]. There are then other prop-
erties that may be desirable, but are not considered strictly necessary. In the literature
there are many proposed entanglement measures, and they all have pros and cons and
may be more or less useful depending on the specific task which is at hand. A complete,
precise picture is still lacking, a part for some specific cases, for example the pure-state
entanglement of a bipartite system, in some asymptotic sense [7].

In the following we will try to give a brief review of the possible characterization of
the local operations that can be performed by Alice and Bob, as well as a (forcibly)
incomplete discussion on some of the most important entanglement measures that have
been proposed. We will finally focus our attention on the logarithmic negativity, whose
computation in different settings in strongly correlated extended systems is the main topic
of this thesis. We will try to give a characterization of this quantity from the quantum
information perspective, in order to establish its usefulness as a quantifier of the amount
of entanglement of a given system, as well as some of its limitations.

1.1.1 LOCC and PPT transformations

As already mentioned, the typical setting we consider is the one where two parties, Alice
and Bob, share a quantum system but they can act locally only on a specific subsystem,
that will be denoted respectively as A and B. They are also allowed to communicate clas-
sically, namely they can send classical information one to the other. For example, Alice
may report to Bob the outcome of a measurement she performed on her subsystem, and
Bob may then choose to act on his share of the system depending on such classical out-
come. The set of transformations combining local quantum operations (LO) and classical
communication (CC) is usually denoted LOCC, and it is very difficult to precisely charac-
terize mathematically. Let us stress again that the definition of a set of operations allows
to define entanglement as the resource that cannot be created by these transformations
only. LOCC operations are not completely local, since classical communication is allowed,
however it is evident that they do not exhaust all possible operations, as for example they
do not allow for the exchange of quantum information between the parties. In order to
perform general nonlocal quantum operations within the LOCC constraint the resource
of inherent quantum correlations is necessary. In this context, classical correlations can
be defined as the ones that can be created by LOCC, while quantum correlations are the
ones that are already present in the system, and cannot be generated by acting locally on
subsytems A and B.
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A mathematical simple characterization of LOCC is very hard and it is indeed still
lacking. It is easier to first consider the most general quantum operation on a system,
which can be divided into three basic steps: one or more ancillae particles are added to
the system, then some unitary operation and some measurements are performed to the
joint system, and finally some particles are discarded, possibly according to the results
of the previous measurements. Mathematically, this situation can be described in the
formalism of completely positive superoperators [155]|. The result of any operation on the
density matrix p of the system can be described by means of Kraus operators as follows,

1
p— pr = EZVI@,J‘ pV]j’jv Pk ZTT[ZVk,jPVJJ] (1.1)
J J

Here the index j refers to the possibility that some of the outcomes of the measurements
that took place in the process might not be accessible, and the resulting state might be a
mixed state, even if the original one was pure (a process called decoherence). The index
k corresponds instead to the outcomes of the measurements when all the information is
retained. The process is stochastic, and the result pj; is obtained with probability py.
When there is only one p; = 1, the process is a deterministic state-to-state operation,
and p — > y Vip VjT. The normalization of probabilities implies that Kraus operators V} ;

must satisfy >, V,iij,j =1

It would be natural to think that the local quantum operations in the LOCC setting
correspond to the so called separable operations, whose Kraus operators are in a product
decomposition according to subsystems A and B, Vi ; = Ay ; ® By ;. Actually, every
LOCC operation (not only LO) can be cast in this form, but it can be proven [156]
that there exist some operations of this kind that cannot be completed with LOCC only,
and require for example to transmit a finite amount of quantum information. Hence we
have LOCC C separable. There exists an even more general class of operations, which
is very important for the study of the logarithmic negativity, that is the positive partial
transpose preserving operations (PPT) [157 158]. On a given local orthonormal basis
e, ef), the density matrix can be written as p = 3,1 pij ki led, ef> (ef, eP|, and its
partial transposition with respect to subsystem B is given by

pTB = Z Pijkl |e?> €ZB> <€I?7 egB| : (1.2)
ijkl

The density matrix p is a positive definite operator, however this is not assured for the
partial transposed operator. It has been proven that a necessary condition for a state
to be separable (and therefore contain no entanglement) is the positivity of its partial
transpose [120, 159, [160]. The converse is not true in general, meaning that there exist
states with positive partial transpose that are not separable. The PPT operations are the
completely positive maps ® such that 'go®oI'p is also completely positive, I'g being the
partial transposition with respect to B. It makes sense to study the classes of separable
and PPT operations since they are much easier to deal with mathematically than the
LOCC operations. Moreover, since it is possible to prove the strict inclusions LOCC C
separable C PPT, by optimizing a given task in these classes one may find bounds on
what may be achieved by LOCC.

1.1.2 Entanglement measures

Once the set of allowed operations is specified, and the concept of entanglement as a
resource is well defined, the next step is to provide some measures of entanglement which
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can quantify the amount of the resource in a given system. Let us first make some
important observations. Separable states [161] are the ones whose density matrix can be
written as

p=> pips®py. (1.3)
i

Any separable state can be converted to any other separable state by LOCC only [162],
therefore they are all locally equivalent, their correlations are only classical and they do
not contain any entanglement. On the contrary, all non-separable states, namely those
that cannot be written as in (1.3), cannot be generated by LOCC only, and they may allow
for more general operations. We already mentioned that there were found states that are
not separable but have positive partial transpose. From these states it is not possible
to distill entanglement in the form of maximally entangled states, which is the golden
standard for quantum communication purposes. This type of undistillable entanglement
is called ‘bound’ entanglement [160].

Another important observations is the following. For the same reason that LOCC can
only generate separable, non-entangled states, entanglement cannot increase under LOCC
manipulations [6]. Consider a state which can be reached starting from another state by
performing LOCC only. Then the resources in the final state cannot be more than the
ones in the initial state |7} 163, |164]. Moreover, since local unitaries are reversible, any two
states that are connected by a local unitary must have the same entanglement. Finally, let
us also notice that there exist mazimally entangled states, namely states from which any
other state can be obtained through LOCC operations. In the case of two subsystems of
same finite dimension d, the maximally entangled states are the ones unitarily equivalent
to

o 10,0) + (1L, 1) +---+]d—1,d—1)
Ya) = 7 : (1.4)
d
Maximally entangled states are the ones used to efficiently perform many quantum com-
munication task and therefore they are considered the ‘coin’ which can be spent for such
purposes.

These observations lead to the hope for the set of density matrices to be totally ordered
under the LOCC operations. If this was the case, we could say that the state p; is more
entangled than the state p, if there exists a transformation which implements p; — po.
Unfortunately, this turns out to be false, since it can be proven that in general there are
incomparable states [165], and therefore LOCC manipulations can only induce a partial
order in the set of the quantum states. The last observation makes it very difficult to
build a classification of entanglement based on LOCC. In the literature, such operational
approach was replaced by an alternative, axiomatic point of view [163]: we can define
quantities which satisfy a set of minimal postulates, and use them to try to quantify the
entanglement of the states. However, the requirements needed may vary among different
authors and many choices of entanglement measures may be more suitable and useful
in different situations, depending on the particular need. The minimal property that
any map F(p) from density matrices to real numbers must satisfy in order to be an en-
tanglement measure is monotonicity under any deterministic LOCC transformation [153,
154],

B(3v0v)) < ). (1:5)

where Vj is the Kraus operator introduced in Eq. (1.1]). The known entanglement measures
usually satisfy the stronger requirement that E(p) does not increase on average under
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stochastic LOCC operations [162, (166,

> peE(pr) < E(p), (1.6)
k

where the pg’s and the py’s are the ones of Eq. . Notice that monotonicity is requested
on average, in the sense that a particular measurement outcome may correspond to an
increase of the entanglement. However this process cannot be used to systematically
increase the amount of resources of the system. This condition is often easier to prove,
but it is less fundamental than , in the sense that it describes the entanglement of
an ensemble {py, pi}, which is a less operational notion than the notion of a state [153|
154]. The monotonicity under LOCC operations implies that for any separable states,
E(p) takes a constant value, which is its minimal one [162]. Without loss of generality
we can set this value to zero. A function satisfying Eq. and such that vanishes on
separable states is usually called an entanglement monotone [153) 162].

There are other postulates that one may ask to be satisfied by an entanglement mea-
sure, depending on the particular needs. Such properties are however considered op-
tional, and can be added because they are often mathematically convenient. A com-
mon additional requirements is convexity, which is sometimes justified with the no-
tion that entanglement cannot increase under the loss of information due to mixing,
E(X . pipi) <X, piE(pi) |162]. This requirement must not be confused with the physi-
cal process of discarding information (for example tracing out a marker particle), which is
much more fundamental and it is included in [153, 167]. Another useful prop-
erty that can be requested is additivity, namely E(p®") = nFE(p). Notice that for
any measure that is not additive, a regularized (or asymptotic) version can be defined,
E*(p) = limp o0 [E(p®n)/”]

An entanglement measure is often defined to also coincide with the entanglement
entropy when computed on pure states [153]. The entanglement entropy [7) is defined as
the Von Neumann entropy of the reduced density matrix over subsystem A

Sa(p) = —Tra(palogpa), pa =Trpp. (L.7)
Notice that S, is additive. Moreover, it satisfies two important inequalities [168, |L69)]

Sap < Sa+Sg, (subadditivity) (1.8a)
Sapc +Sp < Sas + Ssc, (strong subadditivity) (1.8b)

where for example Sap is the entanglement entropy relative to the union of the two
subsystems A and B. The reason for this additional requirement is that it is believed to
contain all relevant information of entanglement of pure states. However, it is important
to stress that this statement is true only under certain hypothesis and in the asymptotic
regime, when (infinitely) many copies of the system are taken into consideration. In this
limit we can define two fundamental entanglement measures which have a very practical
operational meaning, and really capture our intuition of entanglement seen as a resource
for quantum information purposes (indeed they were defined and used before the axiomatic
approach was considered). If we take n identical copies of the system p®", the rate
r = m/n of transformation to approximately m copies of the 2-qubit maximally entangled
state |¢5) (5 |, is given by the entanglement distillation, that can be defined concisely
as follows [153]

Ep(p) =sup{r : Tim [inf Tr|® (p>") = (jv) (w5 )"

n—roo

] - o}, (1.9)
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where ® is a general LOCC operation. Conversely, the asymptotic rate of obtaining
approximately n copies of the system starting from m copies of the maximally entangled
state 1) (15| is called entanglement cost

o = (v wi)*™)|] =0} (1.10)

It has been proven that the entanglement cost and the entanglement distillation are
extremal measure in the asymptotic limit [170], since they bound any other regularized
measure, Ep < E* < E¢. Moreover, it turns out that entanglement transformations
of pure states become reversible in the asymptotic limit, and the rate of transformation
is given by the entanglement entropy, Ep(|¥) (¢]) = Ec(|¢) (¥]) = Sa(|¥) (¢]). In
practice, reversibility means that given a large number of copies of a pure state |¢1) (¢1],
it is possible to distill =~ nS4(|11) (¢1]) maximally entangled states, and then acting on
these singlets it is possible to create m ~ nS4(|v1) (¥1])/Sa(|tb2) (2]|) copies of another
pure state [t2) (12| [7]. For these reasons, it turns out that any additive and ‘sufficiently
continuous’ entanglement monotone, must be equal to S (p) on pure states [162,170H172].
This strongly suggests that the entanglement entropy is the appropriate measure for pure
states. The equivalence of all sufficiently regular measures on pure states is important
also from a practical point of view. Indeed, it is very difficult to compute Ep(p) and
Ec(p), since they contain variational expressions. The entanglement entropy is on the
contrary much easier to compute.

The entanglement entropy can be seen as the Shannon entropy of the eigenvalues of
the reduced density matrix. Analogously, we can define their Rényi entropies |[173]|

Ec(p) = inf {7" : lim [igf Tr

n— oo

SY = Tra o5, (1.11)

l-a
with a a non-negative real number. The Rényi entropies are additive and the entanglement
entropy S4 can be seen as a particular case when « — 1. For 0 < a < 1 the Rényi
entropies are shown to be entanglement monotones |[162] on pure states. Unfortunately,
they do not reduce to the entanglement entropy on pure states, since they do not satisfy
some asymptotic continuity condition [162]. As we will extensively discuss in Sec.
in QFT the integer-order Rényi entropies are very important, since there are techniques
that allow some analytical and numerical computations.

Many other measures of entanglement can be defined satisfying the postulate of mono-
tonicity under LOCC transformations, some of them also satisfy all or some of the other
properties discussed. It is not possible here to make a survey of not even the most impor-
tant ones, but a satisfactory list can be found in Refs. [153, [L54]. Let us stress that with
this axiomatic approach we can define quantities that can impose different orderings on
the states. This is usually accepted as an evidence that no unique total ordering can be
imposed. Different states may contain different form of entanglement, and different mea-
sures quantify the amount of entanglement which is useful for different specific operational
tasks.

1.1.3 Logarithmic negativity

While the entanglement entropy is understood as the correct quantity to consider in
order to quantify entanglement in pure states, there is still no analogous quantity for
mixed states. The entanglement cost and the entanglement distillation are known to
be different in general [174] and the process of generating a mixed state from a cer-
tain number of maximally entangled state is not reversible. If we distill the maximal
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possible amount of entanglement from the generated mixed state, we will obtain a num-
ber of maximally entangled states smaller than the one we started with. Much effort
has been devoted to the study of mixed-state entanglement and many measures have
been proposed. One of the most important is the entanglement of formation [6], which
is the minimal average entanglement over all possible pure state decompositions of p,
Er(p) =inf { 3, piSa(|¥i) (i]) : p =3, pi [¥i) (¢s] }. It has been proven [175] that the
regularized version E%° is equal to the entanglement cost E¢, but unfortunately it is not
known if Er is additive. Despite Er being much easier to compute than the entanglement
cost and distillation, the computation is still unfeasible in complicated settings such as
many-body systems.

The (logarithmic) negativity [117H119] was introduced mainly to have a computable
measure of entanglement for mixed states. It turns out that it has many interesting prop-
erties and an operational interpretation. The negativity can be seen as the quantitative
version of Peres’ criterion for separability [120} |159} [160], that we already mentioned in
the last section. For any separable state, the partial transpose p’# according to subsys-
tem B, defined in Eq. , is a positive definite operator. The positivity of the partial
transpose however is not a sufficient condition for separability, except for some specific
cases. For finite dimensional systems, it is a necessary and sufficient condition only for
the smallest non trivial ones, with dimensions 2 ® 2 and 2 ® 3 [176]. Peres’ criterion was
also studied for oscillators (which are continuous variables, leaving in an infinite dimen-
sional space) in a Gaussian state, where it was found that it also provides a sufficient
condition when A contains only one oscillator and B an arbitrary number [177]. In all
other cases, Peres’ criterion is only a necessary condition. However, let us stress that the
main advantage of Peres’ criterion resides in its extreme simplicity from the point of view
of explicit computations.

The negativity quantifies the violation of positivity of the partial transpose,

_ o™l -1
SR

Here || X||; = Tr VXX is the trace norm, and for Hermitian matrices can be computed
as the sum of the modulus of the eigenvalues. It is easy to see that N (p) corresponds to
the absolute value of the sum of the negative eigenvalues of p”2. It can be shown [119,
167, [178| [179] that N(p) is an entanglement monotone under LOCC operations (both
deterministic and stochastic), it is convex, but it is not additive. The negativity provides
an upper bound to teleportation capacity [119], but unfortunately its does not have a
striking operational interpretation. In the rest of this thesis we will always consider
the logarithmic negativity and, a part from this section, we will often refer to it as the
entanilﬁment negativity, or simply negativity. Logarithmic negativity |[119] is defined as
follow

N(p) (112)

£(p) = log [I" 1. (1.13)

It is additive by construction, and the monotonicity under deterministic LOCC operations
is guaranteed by the monotonicity of A'(p). It can be also proven the stronger monotonic-
ity condition under stochastic LOCC. Actually, it was proven the monotonicity under the
more general class of PPT operations, of both the negativity and the logarithmic negativ-
ity [167]. An important drawback of the logarithmic negativity is that it fails to reduce
to the entanglement entropy on all pure states [119)], since it lacks the required continuity
in the asymptotic regime.

n the quantum information community the logarithm is often taken on base 2, while we will usually
consider the natural logarithm.
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Logarithmic negativity gives an interesting upper bound to distillable entanglement [119],
and it also has a direct operational interpretation as it is directly related to the exact en-
tanglement cost under PPT operations [180]. The ezact entanglement cost has a slightly
different definition from Ec(p) defined in Eq. (1.10). It is indeed the rate r of preparing
exactly n copies of the system from m = rn copies of the maximally entangled state. On
the contrary, the entanglement cost requires that such rate is reached only asymptotically.
Mathematically, this corresponds to taking the asymptotic limit after the infimum,

ES2(p) = lim inf{rn : infTr‘p@’" — 9 ((|¢2+> <¢;|)®’”"”)‘ - o}. (1.14)
n—00 ool
It turns out that the logarithmic negativity coincide with E&?<t(p) for states with positive
binegativity, [p?2 |72 > 0. Tt is believed that the vast majority of the states is of this kind.
In particular, all Gaussian bipartite states in systems with a finite number of canonical
degrees of freedom are in this class [180]. An explicit example would be the ground state
of a finite harmonic chain.

Finally, we also mention some recent results about a disentangling theorem involving
the entanglement negativity [181]. Computing the negativity allows to understand if a
tripartite pure state |¥ 4p¢), divided in three subsystem A, B and C, can be factorized
in the product of two states |V 4p,) ® |¥p,c), for some disjoint bipartition B = By U Bs.
Based on that theorem, the authors of Ref. |[181] also conjecture a monogamy inequality
for the negativity, which tells us that if a subsystem A is very entangled with B, it cannot
be simultaneously very entangled also with C.

1.2 Experimental measures of entanglement

Despite the characterization of entanglement has proven to be an important tool in many
areas of physics, from quantum computation to condensed matter physics and high energy
physics, it seems difficult to devise a method to measure entanglement in real experiments
in extended systems. Some of the main reasons of this difficulty lie exactly in the same
features that make entanglement such an interesting property to look at: for example, it
has a highly non-local nature, and it is defined without any reference to the observables
of the systems. It is however clear that controlled ways to create entangled states and
tools to detect and measure such entanglement are of the utmost importance.

In the past years, many proposals have been made for possible ways to quantify the
amount of entanglement of a given many-body state, especially by estimating quantities
such as the Rényi entropies (and in particular the second Rényi entropy), but a real life
experiment which implemented them was still lacking. However, with modern techniques
of single atom and single site resolution of strongly interacting systems in extended optical
lattices [182] [183], this goal is in reach and experiments are being performed in these
days [184H186] which should soon provide a major step towards entanglement detection.

In this section, we will briefly review some of the main proposed techniques to detect
and measure entanglement, and we will discuss how some of them are being implemented
nowadays in real experiments. Of course this discussion is far from being comprehensive,
but the goal is to give further motivations on the importance of the theoretical study of
entanglement properties of quantum many body systems.

1.2.1 Entanglement detection through Rényi entropies

Many of the most popular proposal of entanglement detection actually suggest the idea
that it is far more easy to devise experiments where it is possible to estimate the integer-
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order Rényi entropies of the reduced density matrix relative to a subregion A, Eq. ,
rather than the more celebrated entanglement entropy. In particular, the most easily ac-
cessible is the second Rényi entropy, which is minus the logarithm of the purity. In QFT,
the n-th order Rényi entropy can be computed by means of the replica trick, where n copies
of the system are glued together along the entangling region. This corresponds to the inser-
tion of some twist operators, whose role is to implement the correct boundary conditions
among the different copies. Experimentally, it is possible to have access to Rényi entropies
by preparing n identical copies of the system and letting them interact in a specific way
so that it is then possible to extract the expectation value of the shift operator V(™)
whose action is to cyclically permute the n copies V. |¢h1) ... |10,) = [¥n) [¥01) ... [thn_1).
The shift operator can be defined on any subregion of the entire system, for example the
operator Vf‘n) will permute the copies only in subregion A. This operator is extremely
important for estimating the traces of powers of any density matrix p, since they can
be computed as the expectation values of the shift operator on the replicated system,
Trp" =Tr (V(")p®") [187]. In the following we will discuss two possible ways to go down
this path experimentally: the first one, proposed by Cardy in Ref. [188] and also later
exploited by Abanin and Demler in Ref. [189], consists in implementing the shift operation
by performing a quantum quench on the n copies of the system. The second, proposed
by Alves and Jaksch in Ref. [190] for n = 2 and extended to general n by Daley et al. in
Ref. [191], requires the use of an optical lattice where the copies interfere by switching
on the tunneling among them in a controlled way. By observing the system after this
controlled interference, it is possible to have access to the value of the shift operator for
any desired subsystem. In order to perform such an experiment, it is required single atom
and single site resolution. This technology is available nowadays [182, [183, (192} [193] and
experiments to estimate the purity of a one dimensional chain of few neutral atoms in an
optical lattice are being designed at the time of writing [184-186]. The hope is that this
setup could be scaled and larger system sizes will be reached in the future.

Rényi entropies from a quantum quench

The experimental protocol suggested by Cardy in Ref. [188] requires n identical copies of
the desired system. In an optical lattice, these identical copies can be obtained preparing
n systems in a low-entropy initial state, such as a Mott insulator [194] |195], and then
performing the same manipulations of the optical lattices they live in. In this phase,
interactions between the different copies are turned off by a large potential depth among
them.

The quantum quench is performed as follows. At time ¢ = 0, the n copies are discon-
nected along the entangling surface, separating the desired subregion A; and its comple-
ment B;. The action of the shift operator is now implemented by reattaching subsystem
A1 to subsystem B; in a cyclic manner. This operation acts on the Hamiltonian of the

problem as the unitary operation H' = [Vf(‘")] ' VA"), and the new ground state can be

simply obtained from the ground state |¥) of H, as |¥') = [Vlgn)] - |¥). If we think of
H — H' as a quantum quench, the fidelity is given by the probability of finding the initial
state |¥) in the ground state of the evolving Hamiltonian H', namely Py = | (V'|¥) |2
Using the Schmidt decomposition of |¥), the fidelity is easily seen to be identical to the
trace of the integer powers of p4

Py = (V|0) = (R|V{"|®) = Tr ply. (1.15)

The optimum would be now to measure the fidelity Py and directly obtain the Rényi
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entropies. Unfortunately Py is not directly experimentally observable, however Cardy
suggests to measure the probability P(F) of finding the system in a low-lying excited
state of energy E.

An important observation is that when A and B are spatially disjoint regions and H is
short-range, the difference between H and H’ is restricted to local terms at the boundary
between A and B. In QFT, such local changes in the Hamiltonian are implemented by
the insertion of operators along the entangling region. In one dimension, these operators
are local and they are nothing else but twist fields (which are discussed in Sec. , hence
schematically Vf(‘") = [ Tn(ux), with the correct combination of twists and anti-twists
placed at the points uy separating A and B. In systems close to a quantum critical point,
with a linear dispersion relation, the powerful methods of CFT can be used to compute
the twist field multi-point function Py = (V| ], Tn(u)|¥).

The Laplace transform of P(FE) can also be written in terms of twist fields, and there-
fore is universal (remember that P(E) describes the population of the states with energy
much less than the energy cutoff)

/dE P(E)e 7 = (W|e~H'~H)7|§) = <W|<H7;(uk,r)) <HTJ(uk,T)> )
k k

(1.16)
With this observation, Cardy shows that for systems close to a quantum critical point
described by a CFT, P(FE) turns out to be Py times a factor which can be computed,
at least approximately, for a single twist in ungapped systems, for integrable gapped
system with the results of Ref. [45], and for multiple twists with the method described in
Ref. [196].

Cardy’s proposal shows how in principle Rényi entropies are measurable, but it is not
likely to be put in practice. The quantity P(E) can be measured in principle if the system
is weakly coupled to other modes that can be analyzed, but its relation with the fidelity P,
is not straightforward and can be computed only for specific systems (ungapped systems
described by CFT, integrable gapped systems) and for simple geometries.

Another way to determine Py has been proposed by Abanin and Demler in Ref. [189].
In their setup, the n copies are placed in a way that the points separating A and B are
close together and are all coupled with a quantum switch. The switch can be in two
states, |1) and |}), which controls the connections between the subsystems. If the switch
is in state |1), then subsystem A; is connected to B;, while if the switch is in state |]),
Aj41 is connected with B; cyclically.

The authors propose also a way to design such a switch in the context of cold atoms.
If A consists of a half chain, then 2n half chains are placed in a star geometry, with all
half chains close to each others by an endpoint. Each branch of the star is a subsystem
A or B alternately. At the center of the star, there are n dipolar molecules which are
subject to a potential with 2n wells situated on the lines connecting the last sites of the
neighboring 2n branches. The dipolar molecules interact repulsively between each others,
so that their ground state will be doubly degenerate, with the wells alternately occupied
and unoccupied. Moreover, they are required to interact repulsively also with the atoms
in the chain, thus preventing tunneling among two half chains when the well in between
them is occupied.

If the two states of the switch are decoupled, then the full spectrum of the system is
divided into two independent sectors, with ground states |GS) = [1) @ |¥) and |GS') =
[4) ® |¥’). It is possible to add dynamics with a term in the Hamiltonian that couples
the two states of the switch, Hy = T (|1) (J| + |J) (1]). We want however to keep the
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tunneling parameter 7' much smaller than the gap A between the two ground states and
the first excited states in each sector (in a critical system, A is given by the finite size
of the chain). In such a setup, we can consider only the two states |GS) and |GS') and
the effective low-energy Hamiltonian is given by Heg = T (|GS) (GS'| + |GS') (GS]), with
T = T (¥|¥'). Finally, the coefficient 7' can be measured experimentally by studying
the Rabi oscillations of the system: the switch is prepared in state |[1) and at a certain
time the tunneling 7T is switched on. The population of the two states will oscillate,
and the difference of the probability of finding the state in |GS) and |GS’) at time ¢, is
Pgs — Pgs = cos(Tt/h). The renormalized tunneling enters in this expression as the Rabi
frequency, which can be extracted by a measurement of the occupation probabilities.

These ideas can be in principle exported to two dimensional systems too, but the
realization in real experiment becomes extremely more cumbersome. Moreover, the same
setup of the quantum switch proposed in Ref. [189] has been recently extended in Ref. [197]
to allow the measure of the evolution of entanglement in time. In this setup, all the copies
of the system are prepared in the same product state over all sites, while the quantum
switch in the initial state (1/v/2)( 1) +|)). The system is then left to evolve up to time
t. It is found that a measure of the operator o”(¢) of the quantum switch,gives the n-th
Reényi entropy at time ¢.

Rényi entropies from HOM-interference of many body states

Another approach for measuring the Rényi entropies for neutral bosons in optical lattices is
discussed in Refs. [190, [191]. The goal is again to design an experimental apparatus able to
determine the value of the shift operator, namely to measure Tr (V(”) "), from which the
Rényi entropies can be directly extracted. While the method descrlbed previously works
only when the initial state is the ground state of the initial Hamiltonian, this second
proposal is valid in principle for any state, even mixed. The idea is to prepare n identical
copies of the system, initially switching off the interactions among different copies. This
is achieved with a large lattice depth between any two copies. In a second step, the lattice
is made deep within each site of a single copy, thus freezing the evolution, and tunneling
among the different copies is switched on in a controlled way. With a modulation of the
lattice it is in principle possible to implement a discrete Fourier transform among the
copies of each site. In the case n = 2, if the barrier between the copies is lowered such
that Jio is the tunneling rate, then the system is evolved up to a time ¢t = 7/(4J12), and
this amounts to the following operation on the bosonic annihilation operators of the two
wells relative to site j

aj1 = (aj1+ a;2) /V2, ajz — (aj2 —a;1) /V2. (1.17)

This transformation is the quantum many body equivalent of the Hong-Ou-Mandel (HOM)
interference of two photons [198], and it is often refferred to as a beam splitter.

Since the interaction between sites is turned off, we can concentrate on a single site.
The shift operator on subsystem A can be built as a product over shift operators on
single sites fo") = HjeA v, For n = 2, if we focus on a single site, we can as well
think of a double well potential. Let us for a moment consider the case with two atoms
11V1n in such potential, and let us start for example from the state with one atom per well,
% 1@, 5 |0). After the particular transformation (1.17] (L.17), the probability of finding one atom

per site vanishes, and the two atoms can only be found in one of the two wells, (a; 1) |0)

or (a;rg)2 |0). What is important in this oversimplified example, is that the parity of the
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number of bosons is fixed after the beam splitter operation. It turns out that analogous
conclusions are also valid for a generic many body state, with arbitrary number of bosons.
For n = 2, the eigenspaces of V{(jzf at site j, are the two spaces that are symmetric and
antisymmetric under exchange of the two sites, with eigenvalues +1. It is easy to check
that Eq. maps the symmetric eigenspace on the subspace with an even number
of bosons in copy 2, while it maps the antisymmetric subspace on the subspace with an
odd number of bosons in copy 2. So the measurement for a single realization consists in
counting modulo 2 the number of bosons in the second copy, and this will give the value
of Vf) = (71)2164 3.2 By repeating the measurement we can estimate the expectation

value of Vfgz), which is the purity. Notice that, even if for simplicity we discussed mainly
the n = 2 case, the generalization to arbitrary n is quite straightforward, at least from a
theoretical point of view.

1.2.2 Experimental realizations

In the present days, experiments are being performed by Greiner group at Harvard Uni-
versity |[184H186] to measure the purity of a neutral bosons in an optical lattice, according
to the scheme presented in Refs. [190, 191] and summarized in the previous section. One
of the most popular bosonic atom used in these kinds of experiments is 8’Rb. Since it
is neutral and do not have long-range interactions, phonon modes are not excited in the
lattice. For detecting the parity of the number of bosons on single sites of the lattice, it is
necessary to have a resolution up to the atom level. Such precision can be achieved with
a high resolution quantum gas microscope [182, (183}, /192, [193|. The optical lattice is cre-
ated with interfering laser beams, by projecting a hologram on the bosons with the same
microscope used to perform the imaging of the lattice. The hologram is essentially made
of a piece of glass, and the lattice geometry is etched by manipulating the thickness of the
glass. With this technique it is possible to engineer much more complicated lattices than
by simply making two laser beams interfere. Once the main lattice has been created, since
the microscope has a resolution up to a single site, using again the microscope in reverse
it is possible to address the shape of the lattice at the same resolution. The projection of
an arbitrary additional optical potential on top of the lattice is achieved with spatial light
modulators. The imaging is performed by shining the atoms with a laser, and collecting
the light they emit. If two atoms are on the same site, when they are hit by the light they
combine and form a molecule, which has a high kinetic energy and therefore escapes the
lattice. On the resulting image, the corresponding lattice site will result unoccupied. For
this reason, only the parity of the number of bosons can be detected by this apparatus.
However, this is sufficient to estimate the purity, as we discussed earlier.
The bosons in this setup essentially obey a Bose-Hubbard Hamiltonian

H = —JZ (a;faj + hC) + g Zni (Tli — 1) . (118)
(6,7) i

In the experiments, the interaction parameters are tuned by tuning the lattice depth and
it is possible to switch from the superfluid phase U < J to the Mott insulator phase
J<U.

To perform the experiment for the purity, it is necessary to create two identical copies
of the same one-dimensional system. With the experimental apparatus it is possible to
create a two-dimensional system deep in the Mott phase. In this state, each lattice site
is occupied by a single atom (with very high fidelity) and the entropy is very low. For
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this reason the Mott insulator phase is optimal to generate identical copies of the same
system. Starting from the two-dimensional Mott insulator, and with the possibility of
manipulating the optical potential at the single atom level, it is possible to obtain one-
dimensional arrays of atom. The potential barriers between any one-dimensional array
and the rest of the lattice are raised, and then the underling optical lattice is removed.
At this point all the atoms out of the only barrier left will escape the apparatus. When
the lattice is reinserted and the additional potential switched off, the only remaining
atoms will be disposed in the desired one-dimensional geometry. The same techniques
described to extrapolate the purity can be used to check if the one-dimensional systems
generated in this way are actually identical copies. Suppose we have two systems and
we must understand if they are in the same state, and we let them interfere through the
beam splitter. If the two states are identical, the value of the shift operator of the full
system V(?) must be one, and therefore the number of bosons in each copy after the beam
splitter is forced to be even. If instead the two states are different, the outcome can be
either even or odd. This is the generalization to many sites of the simple example of
the double well discussed above. The expectation value of V() gives exactly the overlap
of the two states, (V(?)) = Tr(pyps), which is equal to one only when p; = po. After
the two identical copies in the Mott state are prepared, by lowering the lattice depth the
hopping is adiabatically switched on, so that the system ends up in the ground state of
the Hamiltonian of Eq. and entanglement is generated in the system. Then the
experimental procedure is exactly the one described previously. First, the dynamics within
each copy is frozen by raising a barrier between the sites. Notice that this procedure slows
down the time-scale of the system coherently, and no projection is performed at this stage.
Then, the beam splitter is turned on between the sites in different copies and an image
of the system is taken. While the total number of boson in a single copy must be even
(the initial state is pure and the two copies are identical), if we look at the parity of the
number of bosons in any subsystems, we can have direct access to their purity.

The preliminary results for two and four sites presented in [184/186] show already clear
signal of entanglement in the second Rényi entropy, when U/J is low and the system is
in the superfluid phase. The signal is well above the experimental noise, which can be
estimated by the second Rényi of the full system, which should be zero in an ideal setting.
On the other side, when the system is in the Mott insulator phase, for large U/J, the
second Rényi entropy of a subsystem is of the same order of the one of the full system.
Since the experimental noise is essentially classical, the second Rényi of the full system is
roughly the sum of the ones of the two subsystems A and B. Once the classical noise is
taken into account as a global offset, the experimental measure is in good agreement with
the theoretical prediction for the corresponding ground state. As already discussed, this
method can be applied not only for ground state entanglement, but for any state. For
example, in [184H186] some results are shown for the evolution of entanglement after a
global quench. After the copies are prepared in the deep Mott phase, with one atom per
site, the Hamiltonian is quenched abruptly to another value of U/J < oo and the system
is left to evolve for a certain time. The measurement is then performed at different times,
through freezing and application of the beam splitter.

Clearly, the perspectives opened by this experiment are very promising. By reducing
all the sources of noise, the system can be scaled up. The fundamental point is that,
a part for the noise and the complications in generating and evolving coherently two
identical copies of larger systems, the procedure will always require the same order of
measurements. This is an immense advantage with respect to a complete tomography
of the system (a measurement of all the density matrix elements), which clearly scales
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exponentially with the system size. In principle, it should also be possible to measure
experimentally higher order Rényi entropies [191]. With the tools at disposal and the
possibility of shaping the optical lattice at the level of a single site, entanglement can
be studied also in many dynamical situations, even with added disorder, such as a Many
Body Localized phase.

1.3 Conformal Field Theory: basics

In this section we are going to review some very basics facts of Conformal Field Theo-
ries (CFT) [199], in order to frame the context of the systems we are going to analyze
throughout the thesis — mainly critical, 1 + 1-dimensional extended systems, and provide
some of the fundamental tools that we are going to need to tackle them.

CFT are a vastly studied subject, both from a purely mathematical point of view and
for important applications in physics, as in string theories (where CFT naturally arise to
describe the ground states of strings) and in statistical physics, in the study of critical
phenomena, where the conformal symmetry may arise as an extended symmetry of scale
invariance and Lorentz symmetry. In this thesis we will take the latter point of view
and we will have in mind a quantum one-dimensional extended system, generally made
by discrete variables, at a critical point. Its description at equilibrium can be related,
through the transfer matrix formalism, to the one of a classical two-dimensional system.
Conformal symmetry is a property of continuous theories, hence we shall think of our
system in the limit of many degrees of freedom and of a correlation length much larger
than the lattice spacing £ > a, where it can be described by a Quantum Field Theory
(QFT). In this limit the microscopic details are washed away and wniversality arises:
this means that many different lattice systems, with different features and properties,
may display the same behavior in some critical regime, and therefore may be described
by the same QFT. Despite this fundamental role played by QFT and their consequent
importance in the study of critical phenomena, it is important to remember that from the
continuum description of our many-body system we can only hope to recover its universal
properties, as for example the critical exponents, while we will never be able ti extract
information about quantities that depend on the microscopic details.

Classifying all the QFT is a crucial step towards the classification of all the universal-
ity classes. In the literature, it was often followed this approach, of first studying some
well-defined QF T, and then look for models that can be described in some limit by these
theories. Of course classifying all the possible QFT is a formidable task to accomplish,
well beyond our actual possibilities. As we will shortly see, the Hilbert space and the
operator content of a conformally invariant theories in two dimensions are strongly con-
ditioned by the symmetry. The classification of all CFT, even if still an extraordinary
task, seems much more easy to confront with. Many (actually infinite) CFT are known
in two dimensions, among which there are the minimal models, the ¢ = 1 compactified
boson, Liouville theories, and many others. In the following we will try to give some
fundamental notions on CFT, without any presumption of completeness. A deep analysis
of the various aspects of CFT can be found for example in Refs. [200+202], which contain
also all the relevant references to the original literature.

1.3.1 Conformal invariance, primary fields and the stress-energy tensor

Consider a general d-dimensional sapcetime endowed with a flat metric g, (z) = 1, with
signature (d — 1,1) (we choose to take one temporal dimension). The metric tensor g,



20 1 Introduction

transforms covariantly under a change of coordinates  — z’. A conformal transformation
is by definition a coordinate transformation whose net effect is to locally rescale the metric
tensor g,,,(z') = A(2)guy (). An infinitesimal coordinate transformations z# — z# + €,
turns out to be conformal if it satisfies the following relation,

2
O+ Doy = 50 . (1.19)

In d > 2 (the d = 1 case is trivial since all transformations are conformal and the d = 2
case will be largely discussed later), this constraint forces e#(z) to be at most quadratic
in z. A part from the usual translations e = a*, rotations e* = w# a" and dilatations
e = A\z*, the constraint allows also for the special conformal transformations
et = bta? — 22#b- 2. For each of these infinitesimal transformations it is possible to write
the corresponding finite version by exponentiation, the generators of the algebra and their
commutation relations. It is also easy to see that for a generic conformal transformation,
the number of free parameters is (d + 1)(d + 2)/2.

From now on, we will concentrate on two dimensional conformal field theories in
Euclidean signature g,, = ¢, (which can be recovered form the Lorentzian signature
(1,1) with the usual Wick rotation to imaginary time), since all the rest of the thesis will
be devoted to 14 1-dimensional systems. In two dimensions, the constraint reduces
to the Cauchy-Riemann equation

0161 = Daé, D162 = —0aer. (1.20)

This means that any conformal transformation is an analytic transformation z — f(z),
z — f(%), of the coordinated] z = x! +iz?, z = x! — iz®. If we consider all the analytic
functions on the plane satisfying without further specification, since they can all
be expanded in Laurent series, we can take the following generators,

b, = —z""9,, 0, = —z""19;, nin Z, (1.21)

which satisfy the following commutation relations

[Em, €n] = (m —n)lmin, [Zm,fn] =(m—n)lpmin. (1.22)

The ¢,,’s and the /,’s commute among each others, therefore the algebra is the direct
sum of a holomorphic and an antiholomorphic subalgebras. The coordinates z and Z are
often considered independent variables in C, and only at the end the physical condition
z = z* is imposed. Notice that even if all the transformations satisfying Eq. are
locally analytic, they may not be so globally, due to singularities either at z — 0 or at
z — 00. The only true conformal transformations correspond to well defined, invertible,
globally analytic functions, whose generators are {{y,f+1}, and {fg,f+1}. This means
that the infinitesimal globally analytic transformations are the ones at most quadratic
in z, as discussed for the d > 2 case. Notice that /_; and /_, generate the transla-
tions, i(4y — £o) generates the rotations, £y + £y the dilatations, and finally ¢; and /; the
special conformal transformations. The finite versions of these transformations are the
only bijective biholomorphic automorphisms of the Riemann sphere, the so called M&bius
transformations 7

az+b az+b

—_—, Z—= =,
cz+d cz+d

(1.23)

2The complex coordinate z and Z in Euclidean signature would correspond to the light-cone coordinates
x £+t in Minkowski space.
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for a, b, ¢, d € C and ad — bc = 1.

All locally analytic transformations satisfying Eq. but which are not M6bius ,
are still of great importance, since we can define some fields which behave covariantly un-
der these transformations. The existence of these fields is taken as a postulate, and will
strongly constraint the resulting theory. A primary field ®(z, Z) is defined such that the el-
ement ®(z, z)dz"dz" is invariant, for some conformal weight (h,h). Under any conformal
transformation the primary fields transform as follows,

O(z,2) = (0.1)" (0:)"® (£(2), F(2)) (1.24)

One usually defines also quasi-primary operators, which transform as in only for
global conformal transformations. The quasi-primaries can be defined in an analogous
way also in higher dimensional CFT.

The transformation properties of the primaries put severe constraints on their
two- and three-point functions. Let us focus for the moment on the two-point function of
two primaries, G®)(z;, %) = (®1 (21, 21)®2(22, Z2)). First, translational invariance implies
that G is a function of z12 = 21 — 29 and Zz13 = Z; — %z, while rotational and scale
invariance implies that G ~ 1/ (z{g“'hz Zf21+h2). Finally, invariance under special con-
formal transformations fixes h; = hy = h and h; = hy = h. Putting all together, global
conformal invariance forces the form of the two-point function of primaries to be

1

2h 32h°
212 212

G(z,5) = (1.25)

Notice that conformal invariance does not fix the proportionality constant in front of the
last expression. This is instead fixed by the field normalization, which is uninteresting
and we can choose it such that G takes the form . Similar arguments lead to the
following expression for the three-point function G = (&, P, ®3),

c 1 1
= Y123 R Tho—hs hat+hs—h1 _hi+ha—ha _hy+ho—hg —ha+hs—h1 —hi+hs—ha
212 %23 213 Zyg 2 Pzyy Mg

GO (2, %) (1.26)

In the case of the three-point function we cannot fix the proportionality constant, since
the fields are already normalized such that is valid. On the other hand, the four-
point function of primaries cannot be fixed by conformal invariance only. Indeed, with
four points we can construct invariant ratios under global conformal transformations, for
example & = z129223/(213224), and the corresponding Z. Therefore the dependence of the
four-point function on such invariant ratios cannot be fixed by general argument, and we
can write for example

2h
GW (2, 7) = l(m) x antihol] F(z, 7). (1.27)
2127214723734

Conformally invariant theories are usually quantized by compactifying the ‘spatial’
Euclidean coordinate o on a cylinder parametrized by the complex coordinate ( = 7+ ic
and { = 7 —io. With the conformal map ¢ — z = exp(7 + io) the cylinder is mapped
onto the complex plane parametrized by (z, z). Equal ‘time’ surfaces on the cylinder are
mapped in the plane to circles centered in the origin, the origin z = 0 is therefore the
infinite past, and the point at infinity 2z = oo is the infinite future. Hence, time and
space translations on the cylinder correspond respectively to dilatations and rotations
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on the plane. This means that the dilatation operator on the plane can be seen as the
Hamiltonian of the system, while the linear momentum will be given by the rotation
operator.

A fundamental role in CFT is played by the stress-energy tensor T),,,. In general QFT,
under an arbitrary change of coordinates z# — z* + €, the action changes as follows,

1
08 =3 /ddx TH (e + Oven) (1.28)
where we assumed that T, is symmetric, which is always true for Lorentz invariant
theories. Using Eq. (1.19]), we see that for a conformal transformation

68 = % / A%z T",0,¢”. (1.29)
It can be shown [203] in two dimensions that, under certain broad conditions, trans-
lational, rotational and scale invariance force the trace of the stress-energy tensor to
vanish, which in turn implies from conformal invariance (see Ref. [204] for an
explicit counterexample). The component of the stress-energy tensor on the complex
plane parametrized by z = x1 + ixg are given by T,, = i(ng — 2iTy5 — Tn), T =
%(T22+21T12 fTH) and T,; =1Ts, = i(Tn +T22). Using the traceless condition, T,z = 0,
and imposing the conservation law 9, 7" = 0, we can also show that 0;7%. = 0,15z = 0.
Therefore one usually defines the holomorphic and antiholomorphic components of the
stress-energy tensor, respectively T'(z) = T,.(z) and T(2) = T;z(z). It is also possible to
write down the set of Ward identities related to translational, rotational and scale invari-
ance in a holomprphic form. For any product of n primary fields, the conformal Ward
identities are given by

(T(2)®1 (w1, 01)Pa(wa, Wa) . . . By, (W, Wy)) =

Z(( e + ! 3wi><¢>1(w1,w1)‘1’2(w2,w2)---‘I’n(wn’w"»'

2
Z— w; Z = w;
i=1 i) '

(1.30)

Another very important ingredient is the operator product expansion (OPE), namely
the representation of the product of two local operators as a (possibly infinite) sum over
the local operators of the theory,

A(z)B(y) ~ > ci(z —y)0i(y). (1.31)

i

where the O;’s are a complete set of regular local operators, and the ¢;(x —y) are c-valued
functions. When two local fields at position x and y respectively, approach one another
x — y, singularities may in general appear, and they must be encoded in the coefficients
ci(z —y). For two-dimensional CFT, we can choose a basis of fields with fixed conformal
weight, and from dimensional analysis we can fix the form of the ¢;’s

Cijk

(2, 2)0;(w,w) ~ > it e (5 ) & (w, w). (1.32)
- _

When the ®,’s are normalized such that the two-point function is given by Eq. (1.25)),
by using (1.32)) in (1.26) for any two of the z;’s getting close one to the other, it is easy
to see that the Cjj;, appearing in the OPE and the ones appearing in the three-point
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functions are the same. They are called the structure constants of the theory. Notice that
the OPE expression must be understood to be valid only within correlation functions.
That is why we did not write them as an exact equality. The conformal Ward identities
of Eq. tell us the singular behavior of primary fields approaching the stress-energy
tensor, therefore we can read off the divergent part of their OPE,

h 1
O (w, w) + —— 0 P(w, w) + regular terms, (1.33)

and analogously for T(2)®(w, w).

1.3.2 Central charge, Virasoro algebra and the structure of the Hilbert space

By performing two conformal transformations in succession, we see that the OPE of the
holomorphic component of the stress-energy tensor with itself must take the form
c/2 2
/ -
(z —w) (z —w)

T(2)T(w) = T(w) + ﬁ@wT(w), (1.34)

and analogously for the antiholomorphic component. The constant ¢ is called the cen-
tral charge, it cannot be fixed by symmetry requirements only and it is indeed theory
dependent. The presence of the central charge term in Eq. means that the energy-
momentum tensor does not transform as a primary operator, and indeed under a conformal
transformation

2
T(2) - (8;;) T(w) + 35 {w,2), (1.35)

where {w, z} is the Schwartzian derivative. The central charge is also known as the
conformal anomaly, since it is related to the breaking of conformal symmetry when a
macroscopic scale is introduced in the system, for example through boundary conditions.
The most typical situation is when the theory is defined on a cylinder with a compactified
dimension of length L. The stress-energy tensor on the cylinder can be related to the one
on the plane through , and if we assume (Tpiane) = 0, then the central charge will
be proportional to the total energy on the cylinder, (Tey1) = —cr?/(6L?).

We can define a mode expansion of the stress-energy tensor, by expanding in Laurent

series
T(z) =Y 2z "Ly, T(z) =Y "L, (1.36)

nez neL
which can be inverted by
d - dz _
I - 7{ 4z niipy), L= j’{ 92 oniags), (1.37)
27i 27i

The algebra of their commutators turns out to be exactly the one of the classical algebra,
Eq. (1.21)), a part for some terms proportional to the conformal anomaly,

[Lna Lm] = (n - m)Ln+m + TCQ(nB - n>6n+m,07 (1383)
[Loy Lon] = (= m) L + 1—62(n3 — )Bnsm0s (1.38b)
[Ly.Ly] =0. (1.38¢)
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These commutators describe two copies of an infinite dimensional algebra, called the
Virasoro algebra. The modes L,, and L,, generate the conformal transformations on the
Hilbert space, and in particular, as for the classical algebra, Lo + Lo generates dilatation
(and it is therefore proportional to the Hamiltonian) and i(Lo — Lo) generates rotations
(and correspond to the linear momentum).

The modes of the stress-energy tensor play the role of ladder operators on the states
of the conformal theory. The Hilbert space, albeit very intricate, shows some peculiar
features common to all CFT. The vacuum |0) is defined by requesting that it is annihilated
by all modes with index n > —1,

L,|0) =0, L,|0) =0, n>—1. (1.39)

This implies that the vacuum is invariant under any conformal transformation, and that
the vacuum expectation values of T'(z) and T(%z) vanish. When we act on the vacuum
with primary fields |k, h) = ®(0,0)|0) we get eigenstates of the dilatation operator, and
hence of the Hamiltonian. These states are called highest weight states,

Lo |h,h) = h|h, h), Lo |h,h) = h|h,h). (1.40)

The eigenvalue of the dilatation operator A = h + h is called the conformal dimension,
while the eigenvalue of the momentum operator is the spin of the field, s = h — h. While,
in virtue of the Virasoro algebra, L, |h,h) = 0 and L, |h, h) = 0 for n > 0, the modes of
the stress-energy tensor with n < 0 can be successively applied on a highest weight state
to build a whole family of descendant states above it

|n1,...,nghyh) =Ly, L p,...L_y, |hh), n; > 1. (1.41)

Again using the Virasoro algebra it is easy to see that they are still eigenstates
of the dilatation and rotation generators, Lo [{n;}; h, h) = (h+ N) |{n;}; h, h), and their
conformal weight is increased with respect to the primary of an integer N = > .n;. The
descendant states are all eigenstates of the Hamiltonian and are organized in levels, labeled
by the integer N. Every conformal family, generated by a highest weight state and its
descendants, is closed under the action of the generators of the conformal transformations,
and therefore correspond to a realization of the Virasoro algebra. The corresponding
subspace of the Hilbert space is usually called a Verma module. Primaries and descendants
are all the eigenstates of the Hamiltonian and form a basis for the full Hilbert space.

We have seen that primary operators ® are in one-to-one correspondence with highest
weight states |k, h). In the same way, for any descendant state we can define the corre-
sponding descendant field, as the one that creates the state when applied to the vacuum.
Take for instance the state L_,, |h, h), its corresponding descendant filed is (L_,,®)(z, ).
It can be seen that correlation functions involving descendant fields can be obtained by
applying a specific set of differential operators to the correlation functions of their corre-
sponding primaries.

The structure of the Hilbert space described so far is typical of every CFT, but specific
theories can have different features. For example, the minimal models are characterized
by having a finite number of Verma modules, which makes the structure of the Hilbert
space particularly regular. On the contrary, in general the number of realizations of the
Virasoro algebra is infinite. For example, the set of primaries of the free massless scalar
boson is in one-to-one correspondence with the real numbers. However, if we compactify
the target space of the boson on a circle of radius R, thus identifying ¢ ~ ¢ + 27 R, the
set of primaries is still infinite, but discrete.
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1.3.3 Partition function on the torus and modular invariance

Up to now we restricted ourselves to the basic case of CFT defined on the cylinder, which
we saw is mapped with a conformal transformation to the plane, or better to the Riemann
sphere, which is the simplest Riemann surface with genus zero. In principle any CFT can
be defined on any higher genus Riemann surface, and indeed these geometries naturally
arise in perturbative string theory, in the computation of multiloop scattering amplitudes.
Although this kind of computations seems quite unnatural in the context of critical sys-
tems, we will see in Sec. that a similar situation appears also in the computation of
Rényi entropies of one-dimensional systems at criticality, which are obtained from the
partition function of the model on a class of very peculiar Riemann surfaces. The study
of CFT on these surfaces is therefore very important, and many results are available.
The best understood case is the simplest one beyond the trivial genus-0 Riemann sphere,
namely the genus-1 torus. We give here some basic elements about the form that the
partition function takes in general on the torus and of the important modular invariance.
Some more technical elements of modular invariance on higher genus Riemann surfaces
will be discussed in App. of Chap.

The torus can be recovered from the cylinder, by imposing periodic boundary condi-
tions on the ‘time’ direction as well as on the ‘spatial’ direction. This is equivalent to
selecting two linearly independent complex numbers, say 7 and 72, and consider the com-
plex plane modulo 71 and 75. The two vectors define a primitive cell on the plane, whose
opposite sides are therefore identified. Conformal symmetry allows to fix 75 = 1, and the
remaining parameter 7y = 7 is called the modular parameter (or simply the period) of
the torus. Although all local properties of the operators on the torus are the same as the
same operators on the cylinder, global properties may change. For example, since with a
conformal transformation we can map the torus on an anulus (with identified edges) in
the complex plane, only rotations and dilatation (generated by Lo and L) survive on the
torus as global symmetries. Also boundary conditions may be affected: the periodicity
of the torus is reflected by invariance with respect to translations of the period 7 in the
action functional of the path integral formulation. The boundary conditions of the fields
must respect this periodicity by leaving the action invariant. Notice that they are not
bound to be periodic, a real fermion field for example can have either periodic (P) or
antiperiodic (A) boundary conditions along the ‘space’ and ‘time’ directions, thus giving
rise to four possible sectors, (4, A), (4, P), (P, A) and (P, P), called spin structures.

The partition function of the model on the torus can be computed by tracing the
operator obtained from consecutive application of the transfer matrix in the direction
of the modular parameter 7. Translations along the ‘time’ and ‘space’ directions are
generated respectively by the Hamiltonian and the linear momentum, which on the cylin-
der, are given respectively by H = (Lg)ey1 + (-Z/O)cyl and P = i((Lo)ey1 — (EO)Cyl), with

(Lo)eyt = Lo — ¢/24, thus giving for the partition function
Z(t)=Trexp{—HImT —iPRe7} (1.42)
= Trexp {27 [7(Lo — ¢/24) + 7" (Lo — ¢/24)] } . .

One usually defines the parameters ¢ = exp(27ir) and § = exp(—27ir*), and the torus
partition function is written as

Z(r) = ¢ Tr (qL"t?E”) : (1.43)

On higher genus Riemann surfaces, and in particular on the torus, we may request an
additional symmetry, modular invariance, to our theory. Let 7 and 75 be the periods of



26 1 Introduction

the lattice describing the torus. Modular invariance is the invariance of the Hamiltonian
under a different choice of the periods to describe the same lattice,

/
(T}) - (“ b) : <71> 7 a,b,e,d€Z,  ad—be=1. (1.44)
T c d T2

We also want the transformation to be invertible, and the inverse must of course have
integer coefficients. The resulting matrix belongs to the group SL(2,7Z). For theories de-
fined on higher genus Riemann surfaces the matrices implementing the reparametrization
of the lattice must also be symplectic. This property is automatically satisfied by the
elements in SL(2,Z) for the case of the torus, while it be further investigated in App.
for generic genus. Under the modular transformation , the modular parameter 7
transforms as follows,
at +b

ct+d

(1.45)

Since changing the sign of all parameters does not change the transformation of 7, the
modular group is actually SL(2,7)/Zs. The usual choices for the two generators of the
modular group are 7 — 7+ 1, and 7 — —1/7.

The requirement of modular invariance strongly constraint the partition function of
the theory. In particular, the partition function of a conformal system with fixed boundary
conditions of the fields along the two directions of the torus, may not be invariant under
modular transformations. Without the requirement of modular invariance, we could pick
a particular choice of the allowed boundary conditions and in doing so we could obtain a
perfectly well-defined theory on the torus. On the contrary, modular invariance forces us
to consider particular invariant combinations of the different sectors originating from the
different choices of the boundary conditions. Both modular invariant and non modular
invariant theories can have perfectly sense. For example, as we will discuss in Chaps. []
and |5}, the (A, A) spin structure of the free Dirac fermion is a ¢ = 1 CFT describing the
continuum limit of the tight binding model, and it is not modular invariant. On the other
hand, considering the appropriate combination of all the spin structures, we can build a
modular invariant combination, which is another ¢ = 1 CFT, which reproduces the scaling
limit of the XX spin chain. We will see that this difference have important consequences
on the entanglement properties of the two theories.

1.4 Entanglement and Conformal Field Theories

In this section we introduce the main quantities and definitions that will be used through-
out the thesis. In Sec. we introduce the replica trick for the entanglement entropy
and its application in QFT. We will also review some of the few exact results available
in the context of CFT. In Sec. [[.4.2] we will extend the replica trick to the entanglement
negativity and finally in Sec. [I.4.3] we will review the main characteristics of the Riemann
surfaces involved in the QFT computations of such quantities.

1.4.1 Entanglement entropy, Rényi entropies and twist fields

Given a system in its ground state |¥), as already discussed in the Introduction, a very
useful measure of entanglement is the entanglement entropy. When the Hilbert space of
the full system can be factorized as H = H4 ® Hp, the A’s reduced density matrix reads
pa = Trpp, being p = |U)(¥| the density matrix of the entire system in a pure state.
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The Von Neumann entropy associated to p4 is the entanglement entropy [8H10)|
Sa=—Tr(palogpa). (1.46)

Introducing Sp in an analogous way, we have Sp = S4 because p describes a pure state.

In quantum field theory the entanglement entropy is usually computed by em-
ploying the replica trick, which consists in two steps: first one computes Tr p"; for any
integer n > 2 (when n = 1 the normalization condition Tr p4 = 1 is recovered) and then
analytically continues the resulting expression to any complex n. This allows to obtain
the entanglement entropy as S4 = —lim,_; 0, Tr p’4. The Rényi entropies are defined as
follows

n 1
Sg)zl_nkgﬂmg. (1.47)

Given the normalization condition, the replica trick tells us that

_ i ()
Sa = lim S, (1.48)

Let us stress that 5" contain much more information than the limit (T48), since one
can extract the full spectrum of p4 from them [205].

In this work we will mainly consider one dimensional critical systems when A and
B correspond to a spatial bipartition. The simplest and most important example is the
entanglement entropy of an interval A of length ¢ in an infinite line, which is given by [20,
27, 1200]
¢
3
where ¢ is the central charge of the corresponding CFT, a is some UV cutoff and ¢} is a
non universal constant.

In full generality, let us consider a subsystem A = U | A; made of N disjoint intervals.
Let us denote by A; = [u;,v;] the endpoints of the i-th interval with ¢ = 1,..., N. By
employing the method of [27, 206|, Tr p”; can be computed as a 2N point function of twist
fields

14
Sa logg +c, (1.49)

N
Trplh = (J] 7o (i) T (03)) - (1.50)
i=1
In CFT, the twist fields transform as primaries (even if they are not primaries). In the
case of four and higher point correlation functions, the global conformal invariance does
not fix the precise dependence on w; and v;, because one can construct invariant ratios
involving these points. In particular, let us consider the conformal map such that u; — 0,
uy — 1 and vy — 0o, namely

(u1 — 2)(un —vnN)
(w1 —un)(z —vn)

wn(z) = (1.51)
The remaining w;’s and v;’s are sent into the 2N — 3 four-point ratios z1 = wy(v1),
To = wy(uz), x3 = wy(va), ..., Tay—3 = wy(vy—1) which are invariant under SL(2,C)
transformations. The map preserves the ordering: 0 < 1 <z < -+ < xoy—_3 < 1.
We denote by x the vector whose elements are the four-point ratios z1,...,xon_3. Global
conformal invariance allows to write the 2/V point function as [206]

24,

v | Tlic (ug = wa) (v — i) Frnl@), (1.52)

Trpy = ¢,
Hi,j(vj — ;)
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where 4,7 = 1,...,N. The function Fy ,(x) encodes the full operator content of the
model and therefore it must be computed through its dynamical details. Since Trps = 1,
we have Fy1(x) = 1.

As widely argued in 206], in the case of one interval A = [u,v] in an infinite line,
Tr p” is completely fixed by global conformal invariance, since it can be written as the
two point function of twist fields on the complex plane, i.e.

Cn
|u — v]2An "

Tr ply = (Ta(w) Ta(v)) = (1.53)

The twist field 7,, and 7,, behave like primary operators and they have the same scaling

dimension
A, =< ! (1.54)
=—(n——|. .
"2 n
The constant ¢, is non universal and such that ¢; = 1 because of the normalization
condition.

To be more concrete, and to easily extend these arguments to case of the negativity,
from now on let us focus on two intervals. The Rényi entropies of an arbitrary number of
intervals will be investigated in details in Chap. 2] For N = 2 intervals there is only one
four-point ratio 0 < x < 1

_ (ug —v1)(uz — va)
(u1 — ug)(v1 — v2)
A crucial role in the derivation of analytic expressions for the function F; ,(z) is played
by the methods developed in to study CFT on higher genus Riemann surfaces.
The results are expressed in terms of Riemann theta functions [215-217] and it is still
an open problem to compute their analytic continuation in n for the most general case,
in order to get the entanglement entropy Sa. These CFT predictions are supported by
numerical studies performed through various methods [218+225]. When A is a single
interval, Tr p”; and S, are sensible only to the central charge of the CFT, as clear from
Eq. . Instead, these computations showed that when the subsystem A consists of
N > 2 disjoint intervals on the infinite line, the Rényi entropies encode all the data of the
CFT.
Eq. specialised to the case N = 2 reads

(1.55)

el = 2 (13 = ) (o2 — 1) S
e ((Ul —u1)(ve — u2)(v2 — u1)(ug — v1)> Fn(), (1.56)

where, to make contact with the existing literature and to lighten the notation we intro-
duced F,(x) = F» n( ). The function F,, has been studied in several papers [46} [79, -

21§ 0] 5 0] o (7 75 780 57, 5 100 230, 1) o the oaphic e
point and [47], 49, [51} 5355, [102] for hlgher dimensional conformal field theories). One

of the most important examples of exactly known F,(z) is the free boson compactified
on a circle of radius Reircle- In this case, the function F,(x) (parametrized in terms of

01rcle/2) is ‘
@(0|n7’) @(0\7/7})
e[

where 7 is an (n — 1) X (n — 1) matrix with elements [226]

Fulz) = (1.57)

rii(z) = i% S sin(wh/n) 2F2 11;’1‘3(/:/;1 f/;”‘/i 11;33)”3) cos2n(k/n)(i — j).  (1.58)
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The matrix 7(z) is called the period matrix and its geometrical interpretation in terms
of Riemann surfaces will be discussed in Sec. We remark that, since € (0,1), the
period matrix 7(x) is purely imaginary. © is the Riemann theta function [215-217]

@(Z‘M) = Z eiwm°'M<m+27rim°~z7 (159)

mezn—1

which is a function of the (n— 1) dimensional complex vector z and of the (n—1) x (n—1)
matrix M which must be symmetric and with positive imaginary part.

When the compactification radius takes the value n = 1/2, the theory corresponds to
the scaling limit of the XX spin chain, which is the so called Dirac point. In this case,
using theta functions identities it is possible to rewrite Eq. as follows

o

where the period matrix 7 is the same as in Eq. (1.58). In this case © is the Riemann
theta function with characteristic defined as [215H217]

2

]:,]?irac (z) = , (1.60)

=1 |0(0|r)]? |@ 0|7)

@[6](Z|M) = Z eiTr(m+e)t~M~(m+s)+27ri (m+s)t‘(z+6)’ e = ( g ) ’ (1.61)

mezn—1

where z and M are analogous to the ones in (1.59)), and &, § are vectors with entries 0 and

1/2. The sum in (g, d) in (1.60) is intended over all the 2" ! vectors € and & with these
entries. The parity of (1.61) as function of z is given by the parity of the characteristic,
which is the parity of the integer number 4¢ - §

Olel(—2/2) = (~1)'*3 Ole](z]9). (1.62)

There are 22("~1) characteristics: 2"~2(2"~ ! +1) are even and 2"~2(2"~! —1) are odd. In
our following analysis only the trivial vector z = 0 occurs and therefore all the Riemann
theta functions occurring in this thesis with odd characteristic vanish identically. We
will adopt the shortcut notation: ©e](M) = ©[e](0|M) and ©O(M) = ©(0|M) when the
characteristic is vanishing.

For the critical Ising model, the scaling function F, (x) is also known [196]

>2[o]3 o)

where again the period matrix 7 is the same as in Eq. (1.58). More details will be given
in Sec. 2711

Flsing (1) = (1.63)

2n1

1.4.2 The replica trick for the negativity

In this section we introduce the computation of the entanglement negativity through the
replica trick. In the framework of the replica approach, field theoretical computations are
possible, with a generalization of the techniques described in Sec. [I.4.1]

We again consider a bipartite Hilbert space, according to two regions A and B, and
we consider the reduced density matrix p4, which is in general mixed. Let us further split
subsystem A in two subsystems A; and As, which can be either adjacent or separated.
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Notice that, when A = A; U A, is composed of two disjoint regions A; and As, the
entanglement entropy quantifies only the entanglement between A and the remainder of
the system B, but not the entanglement between A; and A,. In this case it is customary
to introduce the mutual information

IAl»A2 = SAl + SA2 - SAlLJAg ’ (164)

and, analogously, the Rényi mutual information

1 'I‘I.pn
i, = 1 A . 1.
A4z n—1 " (Tr p}l Tr pf}lz (1.65)

However, let us stress again that these are not measures of the entanglement between A;
and A,, but quantify the amount of global correlations between the two subsystems, see
e.g. [15]-

However, we are here interested in the entanglement between A; and As. In the
Introduction we discussed how the negativity provides a proper measure of entanglement
in a bipartite mixed state [117H120, 162} [179]. Let us recall here its definition. One
first introduces the partial transpose with respect to the As’s degrees of freedom. Let us
denote by \e§1)> and |e§-2)) two arbitrary bases in the Hilbert spaces corresponding to A;
and As. The partial transpose of p4 with respect to Ay degrees of freedom is defined as

1) (2 1) (2 1) (2 1) (2
(eg )e§ )|p£2|e§€ )el( )> = <e§ )el( )|,0A\€;(€ )eg )>, (1.66)
and then the logarithmic negativity as
£ =l = nTr[p%], (1.67)

where the trace norm ||p?|| is the sum of the absolute values of the eigenvalues of p’2.
Notice that the negativity is symmetric under exchange of A; and Az, as any good measure
of the relative entanglement should be.

The QFT approach to the logarithmic negativity £ is based on a replica trick [134]
135]. Let us consider the traces Tr(pi"’)” of integer powers of p%. For n even and odd,
denoted by n. and n, respectively, we have

Tr(p)" = 3 N0 = 3 ™+ 3 Il (1.68a)

Ai>0 A <0
T = A = 3 e 3 (Lot
[ i >0 Ai<0

where A; are the eigenvalues of pﬁz. Clearly, the functional dependence of Tr(pz;?)" on
|\;| depends on the parity of n. Setting n, = 1 in , we formally obtain Tr|p”?|,
whose logarithm gives the logarithmic negativity €. Instead, if we set n, = 1 in (1.68b)),
we just get the normalization Tr p? = 1. Thus, the analytic continuations from even and
odd values of n are different and the trace norm that we are interested in is obtained
by performing the analytic continuation of the even sequence at n — 1. By
introducing

£ =mn | Tr (p5)"]. (1.69)

we have that £) = 0 identically and the logarithmic negativity & is given by the following
replica limit
£ = lim &0, (1.70)

ne—1
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Ra3 ﬁz;s.

Figure 1.1: The path integral representation of Tr p’; involves a Riemann surface Ry, which is
shown in the left panel for N = 2 and n = 3. In the right panel we show a graphical representation
of the Riemann surface Ry, (again for N = 2 and n = 3), which enters in the computation
of Tr (p?;?)". The main difference lies in te fact that the sheets are glued along the transpose
interval As in the reversed order.

For future convenience we also introduce the ratios

Tr To\n "
Trioa)" In(R,) =EM™ 4+ (n—1)8Y),,, and €= lim In(R,,). (L71)

R,
Tr pz Te

Finally, let us notice that although this replica approach has been introduced in the
context of CFT [134, 135|, it has been later applied and generalized to many other cir-

cumstances [136, (141} 113, 145, (116} 232, 233).

1.4.3 Path integral representations

In this section we briefly discuss the path integral formalism to compute Trp’ and
Tr (p%2)" in QFT. We also review some of the key properties of the Riemann surfaces
involved, mainly focusing on the case of two intervals. For the case of the Rényi entropies
of any number of disjoint intervals, much more details will be given in Chap.

Let us again consider a subsystem A = U, [u;,v;] made of N disjoint intervals. The
path integral representation of p4 has been largely discussed in 206]. Tracing
over the spatial complement B leaves open cuts, one for each interval, along the line
characterized by a fixed value of the Euclidean time. Thus, the path integral giving pa
involves fields which live on this sheet with open cuts, whose configurations are fixed on
the upper and lower edges of the cuts.

To compute Tr p’y, we take n copies of the path integral representing p4 and combine
them as follows. We impose that the value of a field on the upper part of the cut on a
sheet is equal to the value of the same field on the lower part of the corresponding cut on
the subsequent sheet. This condition is applied in a cyclic way. Then, we integrate over
the field configurations along the cuts. Correspondingly, the n sheets must be sewed in the
same way and this procedure defines the n-sheeted Riemann surface Ry . The endpoints
u; and v; (i = 1,..., N) are branch points where the n sheets meet. The Riemann surface
R n.n is depicted in the left panel of Fig.for N = 2intervals and n = 3 copies. Another
representation of the same surface is shown in Fig. @ Denoting by Zy , the partition
function of the model on the Riemann surface Ry, we can compute Tr p’ as

Tr p} : (1.72)

where Z; is the partition function of the model defined on a single copy and without
cuts. Notice that (1.72) implies Trpa = 1. From ([1.72)), one easily gets the Rényi
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Figure 1.2: Another representation of the Riemann surface Ro 4 for N = 2 intervals and n = 4
sheets (see also the left panel of Fig. . A single sheet can be seen as a sphere with two
open cuts corresponding to the two intervals A; and Az, or equivalently as a cylinder. The n
cylinders the are sewn together cyclically. From the figure it is evident that the surface has genus
g=(n—1)(N —1) = 3. We also depicted the basis cycles {a,,b,; r = 1,2,3} discussed in the
text.

entropies . If the analytic continuation of to Ren > 1 exists and it is unique,
the entanglement entropy is obtained as the replica limit .

The Riemann surface Ry, is defined by the following algebraic curve in C? (param-
eterised by the complex variables z and y) [226]

y" = f[az — u;) [f_v[cz - vz»)]"‘l. (1.73)

It is an n sheeted cover of the complex plane and it has been studied in detail in |234)].
By going around the u;’s clockwise, one goes from the j-th to the (j + 1)-th sheet, while
going around the v;’s clockwise, one moves to the (j — 1)-th one.

In order to find the genus of Ry , let us consider a single sheet and triangulate
it through V vertices, E edges and F' faces, such that 2N vertices are located at the
branch points u; and v;. The replication of the same triangulation on all sheets generates
a triangulation of the Riemann surface Ry, made by V' vertices, E’ edges and F” faces.
Notice that, since the branch points belong to all the n sheets, they are not replicated.
This observation tells us that V' = n(V —2N)+2N, while E' = nE and F’ = nF because
all the edges and the faces are replicated. Then, the genus g of Ry, is found by plugging
these expressions into the relation V' — E' + F/ = 2 — 2g and employing the fact that
V — E 4+ F = 2, since each sheet has the topology of the sphere. The result is

g=(N-1)(n-1). (1.74)

We remark that we are not considering the most general genus g Riemann surface, which
is characterized by 3g — 3 complex parameters, but only the class of Riemann surfaces
obtained through the described replication procedure. As already anticipated, from now
on we specialise to the case of two intervals, when R,, = R, has genus g =n — 1. The
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Figure 1.3: Cycles of type b for R, (left) and R, (right). The solid line represents the part of
the cycle belonging to the i-th sheet, while the dashed curve is the remaining part of the cycle,
which lies in the (i + 1)-th sheet. As for the cycles of type a, which are the same for R,, and R,
we refer to Fig. 8 of [235].

algebraic curve relative to R,, is

n—1

y" = (z—u)(z —ug)[(z —v1)(z —v2)] " 7, (1.75)

and its genus is g =n — 1.

In the computation of the partition function on higher genus Riemann surfaces, one
has to properly choose a canonical homology basis (i.e. a set of 2¢g closed oriented curves
on the surface, the a and b cycles, which satisfy some specific intersection rules) and a
set of n — 1 holomorphic differentials. By integrating such differentials along the b cycles
one gets the period matrix of the Riemann surface. For a genus g Riemann surface, the
period matrix is a g X g complex symmetric matrix with positive definite imaginary part
[207-210], |2124214]. In Chap. [2| we will perform a detailed analysis about some possible
choices of the homology basis for Ry, and we will discuss in full details how to compute
the period matrix for a given basis. In particular, the matrix in Eq. is the period
matrix of R,, corresponding to a specific homology basis {a,,b,; 1 < r < n—1}, that will
be discussed in details in Sec. [2.4.2]F] Let us here briefly summarise the choice of the b
cycles, since it is the main difference with the case of the negativity. In the left panel of
Fig. n we show the j-th b cycle, which belongs to the j-th sheet and to the (j + 1)-th
sheet. Instead, the construction of a; (which intersects b; only once) is more involved and
therefore we refer to Fig.

The Riemann theta function with characteristic (1.61) occurs in the computation of
fermionic models on higher genus Riemann surfaces [207H210} 212-214]. The character-
istic e specifies the set of boundary conditions along the a and b cycles of the canonical
homology basis and this provides the so called spin structures of the model. The vector
is determined by the boundary conditions along the a cycles (¢, = 0 for antiperiodic b.c.
around ay and e, = 1/2 for periodic b.c.), while § is provided by the boundary conditions
along the b cycles (6 = 0 for antiperiodic b.c. around by and 0 = 1/2 for periodic b.c.).

We now discuss a different Riemann surface, which is involved in the computation of
the moments of p%. Consider the Riemann surface R,, defined by the following algebraic
curve,

y" = (z—ul)(z—vg)[(z—vl)(z—uz)]n_l. (1.76)

It is the same equation of (|1.75]), but with the exchange us <+ v5. From the point of view
of a single sheet, this operation corresponds to the exchange of the lower and upper part
of the cut along As. When the sheets are sewed together cyclically, the result is the one

3In that Sec.[2.4.2] these cycles are denoted with a hat, a; and fzj. Here we removed the hat to lighten
the notation.
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depicted in the right panel of Fig. Therefore, while around u; and vy the surface Ry,
has the same properties as R,,, by encircling us clockwise we move from the j-th sheet to
the (j — 1)-th sheet, while by encircling vs clockwise the (j 4 1)-th sheet is reached. Since
the exchange uy < vy sends # — x/(z — 1), the period matrix 7(z) of R, for z € (0,1)
is given by [135]

Fx)=7(z/(x—1)) =R +iTZ, (1.77)

where the elements of 7 have been defined in and the real and imaginary parts of
7(x) are R and Z respectively. The surfaces R, and ﬁn are in general different, only
for n = 2 they are the same torus, as can be immediately seen from and .
In terms of period matrix, it can be seen |135] that sending x — z/(z — 1) is equivalent
to the transformation 7 — 7 + 1, which is a modular transformation of the torus Ro
(see Eq. (.45)). Therefore the moduli 7 and 7 = 7 + 1 describe the same torus. As for
the cycles of R, providing the canonical homology basis {ay,by; 1 <7 < n—1} which
gives the period matrix (L.77), we find that @, is the same as a, (we remind that ﬁnﬁnd
R, differ only for the way the sheets are joined along As), while the generic cycle b, is
obtained by deforming the cycle b, as shown in Fig. B

Let us now make an example to show how the Riemann surface R, can enter some
specific computation. In Refs. [134} 135|, it has been shown that for the 1+1 dimensional
quantum field theory of the compactified boson the partial transposition of the path inte-
gral representation of p4 corresponds to the exchange of the lower and upper edge of the
cut along As. Therefore the traces Tr(p%)" can be computed as the partition function of
the theory on ﬁn We recall that ﬁn differs from R,, only by the exchange us <> vo, and
this immediately translates in terms of correlation functions of twist fields. As we already
reported in Sec. Tr p% for the union of two disjoint intervals A = [u1, v1] U [ug, v2] is
given by the correlator (7, (u1)Tn(v1)Tn(u2) T (v2)). Now let us take the partial transpose
with respect to the interval As. The quantity Tr (p%)n can be computed from the corre-
lator above where the twist fields 7, and 7,, at the endpoints of A are exchanged while
the remaining ones stay untouched, giving Tr(p’?)" = (T, (u1) T (v1) T (u2) T (v2)). The
configurations including adjacent intervals can be obtained as a limit of the previous one,
where the distances between the proper intervals vanish. After this limit, 7,2 or 7,2 occur
at the joining point between a transposed interval and the adjacent one that has not been
transposed. For example, if we send ug — vy, we find Tr(p’)" = (T, (u1)T,2 (v1) T (v2))
Thus, the ratio can be computed through the corresponding correlators of twist
fields. To compute this kind of correlation functions in CFT, we need the scaling dimen-
sion of 7,2 and 7,2 which depends on the parity of n as [134] [135]

AR =

n

A, odd n,
(1.78)

20,2 evenn,

where A,, has been defined in (1.53). Since the moments of the partial transpose corre-
spond to a four-point function of twist fields, they admit the universal scaling form

o\ 9 (uz *Ul)(vz *U1) 280
R (e e ) B

with ¢,, the same non-universal constant appearing in Eq. (1.56)) and G,,(x) a new universal
scaling function. Exploiting the fact that the above moments correspond to the exchange
of two twist fields, the expression for Tr (p’?)" can be obtained from the one of Tr p' by
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simply exchanging us <> ve. This means that G, (z) and F,,(x) are related as [134} 135]

G,(0) = (1-2) 7, (1), (1.50)
z—1

but some care is needed to take the analytic continuation of the function F,, (y) to negative

argument y. The result (1.57)) is indeed valid only for 0 < z < 1. For generic = € C, it is

found [135] that
_O(T) _(iIn R
'F(x)_7|9(7)|2’ T= < R iI/n)' (1.81)

When 0 < z < 1, the period matrix 7(z) in (1.58) is purely imaginary. Then R = 0 and
the Riemann theta function in (L.81)) factorizes, giving back the result (L.57). On the
contrary, since for 0 < z < 1 we have —oco < z/(x — 1) < 0, then 7(x) develops a real
part and in the full expression must be used. More details on the real part
of 7(x) will be given in Chap. [5|and in particular in App. The CFT prediction for

the ratio in Eq. (L.71) is

1, Tn(z/(@—1))

Ry(z) = (1—x) Fnl) )

(1.82)
in which the universal constants c,, as well as the dimensional part of the traces canceled
out leaving a universal scale invariant quantity.

The result of the compactified boson is automatically valid also for the (modular
invariant) Dirac theory and for the Ising model, which indeed can be bosonized. Therefore,
in order to obtain the moments of piz, we can simply replace  — x/(x — 1) in Eq.
and Eq. respectively. However, the same result does not hold for other models,
such as the free Dirac fermion. Let us stress that what we call free Dirac fermion is not
the same Dirac fermion considered so far (and whose Rényi entropies are obtained from
Eq. ) The latter is the modular invariant theory of two Majorana fermions which
can be bosonized and corresponds to the compactified boson at 7 = 1/2, and describes
the scaling limit of the XX model. On the other hand, the free Dirac fermion is still made
of two Majorana fermions, but with fixed antiperiodic boundary conditions along all
basis cycle. This theory describes the continuum limit of the tight binding model (whose
Hamiltonian is reported in Eq. (5.1)), and it is not a modular invariant theory. We refer
the reader to [228] for a detailed comparison between these two theories. Throughout the
thesis, were it is not obvious from the context we will refer to the two theories as modular
invariant Dirac fermion and free Dirac fermion. For the free Dirac fermion, the function
Fn(x) is well known and it is identically one, F,,(x) = 1 [46]. The simple replacement
x — x/(x—1) would still give the same constant result, and this would turn out (after the
trivial continuation n. — 1) in a vanishing entanglement negativity. A detailed analysis
indeed shows that the traces Tr (p%)" are not computed as partition functions on ﬁn,
but as a particular sum of different partition functions with specific boundary conditions

along the basis cycles (and therefore with specific spin structures). This calculation will
be addressed in full details in Chap.

1.5 Organization of the thesis

The thesis is organized as follows.
In Chap.[2] we begin the study of the entanglement properties of disjoint regions in 1+1
dimension by studying the Rényi entropies of N disjoint intervals in some simple CFT
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(the free compactified boson and the Ising model). They are computed as the 2N point
function of twist fields, by employing the partition function of the model on the Riemann
surfaces Ry . The results are written in terms of Riemann theta functions. The predic-
tion for the free boson in the decompactification regime is checked against exact results
for the harmonic chain. We also perform a numerical interpolation of the values of the
Rényi entropies computed analytically, and with that we extrapolate an estimate of the
entanglement entropy. The match between the result for the decompactified boson and
the exact computations on the harmonic chain are very satisfactory. Finally, we check the
theoretical results found for the Ising model by means of MPS, where we also identify the
representation of the twist fields. The computations agree with the CFT result once the
finite size corrections have been taken into account. The chapter is mainly based on the
following work:

[235] A. Coser, L. Tagliacozzo, and E. Tonni, “On Rényi entropies of disjoint intervals in
conformal field theory”, J. Stat. Mech. P01008 (2014).

The material in Sec. 2.6] and App. 2.E] as well as some analogous analysis for the loga-
rithmic negativity, can be found in the following paper:

[236] C. De Nobili, A. Coser, and E. Tonni, “Entanglement entropy and negativity of dis-
joint intervals in CFT: Some numerical extrapolations”, J. Stat. Mech. P06021 (2015).

In Chap. 3] we start the exploration of the entanglement properties between disjoint
regions in mixed states by means of the entanglement negativity. In particular, in this
chapter we study the time evolution of the logarithmic negativity after a global quantum
quench. In a 141 dimensional conformal invariant field theory, we consider the negativity
between two intervals which can be either adjacent or disjoint. We show that the negativ-
ity follows the quasi-particle interpretation for the spreading of entanglement. We check
and generalise our findings with a systematic analysis of the negativity after a quantum
quench in the harmonic chain, highlighting two peculiar lattice effects: the late birth and
the sudden death of entanglement. The chapter is based on the following article:

[237] A. Coser, E. Tonni,and P. Calabrese, “Entanglement negativity after a global quan-
tum quench”, J. Stat. Mech. P12017 (2014).

In Chap. [ we switch to the study of entanglement negativity in fermionic systems. In
this chapter we partly abandon the field theoretical models and we mainly focus on spin
systems. Indeed, we consider the partial transpose of the spin reduced density matrix of
two disjoint blocks in spin chains admitting a representation in terms of free fermions,
such as XY chains. We exploit the solution of the model in terms of Majorana fermions
and show that such partial transpose in the spin variables is a linear combination of four
Gaussian fermionic operators. This representation allows to explicitly construct and eval-
uate the integer moments of the partial transpose. We numerically study critical XX and
Ising chains and we show that the asymptotic results for large blocks agree with CFT
predictions if corrections to the scaling are properly taken into account. The material on
which this chapter is based is found in:

[238] A. Coser, E. Tonni,and P. Calabrese, “Partial transpose of two disjoint blocks in XY
spin chains”, J. Stat. Mech. P08005 (2015).
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In Chap.[5| we come back to the physics in the continuum. Using results from Chap.
for the free spinless fermion, we perform a direct calculation based on coherent state
path integral. In this way, we find an analytic form for the moments of the partial
transpose of the reduced density matrix of two intervals for the free massless Dirac fermion.
This moments are written in terms of Riemann theta functions. We also show that the
moments of arbitrary order are equal to the same quantities for the compactified boson
at the self-dual point n = 1. These equalities imply the non trivial result that also the
negativity of the free fermion and the self-dual boson are equal. Finally, we use the same
techniques to recover the known formulas for the Rényi entropies and the moment of the
partial transpose of the modular invariant Dirac fermion and the Ising model. Using the
techniques introduced in Chap. [, we give numerical evidence of all our conclusions. This
chapter is mainly based on the following work:

[239] A. Coser, E. Tonni, and P. Calabrese, “Towards entanglement negativity of two
disjoint intervals for a one dimensional free fermion”, arXiv:1508.00811.

The analysis of Sec. [5.4] as well as the related Apps. 5.E] and [5.D] contain unpublished
material.
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CHAPTER. 2

Rényi entropies for multiple disjoint intervals

2.1 Introduction

In this chapter we begin the study of entanglement of disjoint regions by considering a
subsystem A = Uf;lAZ- made of N disjoint intervals. Denoting by A; = [u;,v;] the i-th
interval with 4 = 1,..., N, in Fig. we depict a configuration with N = 4 disjoint
intervals. The main goal is to exactly compute for some simple CFT (free compactified
boson and Ising model) the Rényi entropies of the reduced density matrix pa, when
the full system is in its ground state. Unfortunately, the functional dependence of the
result on the replica index n will turn out to be quite cumbersome, and we could not
perform the analytic continuation to n — 1 to obtain the entanglement entropy S4. It is
worth stressing that in the case of several disjoint intervals, the Rényi entropies and the
entanglement entropy S4 measure the entanglement of the union of the intervals with the
rest of the system B. They are not a measure of the entanglement among the intervals,
whose union is in a mixed state. In order to study the entanglement for mixed states, one
needs to consider other quantities, as for example the negativity, which will be addressed
in the next chapters in different settings.

For two intervals the moments of the reduced density matrix Tr p’; have been computed
for the free boson compactified on a circle [226] and for the Ising model [196]. For three
or more intervals, few analytic results are available in the literature. For instance, the
Rényi entropies of N > 2 disjoint intervals for the free Dirac fermion in two dimensions
has been computed in [46, 47, 49]. As already mentioned at the end of Sec. the free
Dirac fermion studied in these works is not the same we analyze in this chapter. It can be
seen as the continuum limit of a free spinless fermion on a lattice, and it is not a modular
invariant theory. On any Riemann surface, the partition function of the model will only
have the sector with fully antiperiodic boundary conditions. The Dirac fermion which
we are going to consider in Sec. is instead a modular invariant theory obtained by
fermionization of the compact boson at n = 1/2. The partition function on a Riemann
surface is therefore a specific invariant combination of the partition functions with all the
possible boundary conditions along the nontrivial cycles (see Eq. and the related
discussion).

The layout of the chapter is as follows. In Sec. we introduce some UV finite
quantities that will be considered in the following sections. In Sec. we compute the
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B A p A p A B Ay B

Uy U1 %) U2 us U3 Uq V4

Figure 2.1: A typical configuration of disjoint intervals in the infinite line. We consider the
entanglement between A = UY ; A, (in this figure N = 4) and its complement B.

Rényi entropies for the free compactified boson in the generic case of N intervals and n
sheets, which allows us to write the same quantity also for the Ising model. In [2:4] we
discuss how the known case of two intervals is recovered. In Sec. we check the CFT
predictions for the Rényi entropies of the free boson in the decompactification regime
against exact results obtained for the harmonic chain with periodic boundary conditions.
In Sec. we perform some numerical extrapolations from the known data for the Rényi
entropies of the decompactified boson, to estimate its entanglement entropy. The result is
again checked with the one of the harmonic chain. In Sec. 2.7 numerical results obtained
with MPS for the Ising model with periodic boundary conditions are employed to check the
corresponding CFT prediction through a finite size scaling analysis. In the Appendices,
we collect further details and results.

2.2 Some cutoff independent quantities

By employing the method of |27} [206] and reviewed in Sec. Tr p”y can be computed
as a 2N point function of twist fields. In CFT, the dependence on the positions in a
2N point function of primary operators with N > 2 is not uniquely determined by the
global conformal invariance. Indeed, we have that Tr p7 can be written as in Eq. (1.52),
where we recall that Fy ,(x) is a model dependent function of the 2NV — 3 invariant ratios
0<xz < <axon—3 <1 (see Fig.for N =3).

The expression is UV divergent. Such divergence is introduced dividing any
length occurring in the formula (u; —u;, v; —u;, etc.) by the UV cutoff e. Since the ratios
x are left unchanged, the whole dependence on € of comes from the ratio of lengths
within the absolute value, which gives e2V2=. It is useful to introduce some quantities
which are independent of the UV cutoff. For N = 2, we can construct the combination
of Rényi entropies already introduced in Eq.

1 Tr p"
I(n) = (n) S(”) _ S(") _ 1 A1UA> ) 2.1
A17A2 Aq + Ao AjUAS n — 1 Og TI, pﬁl rI\rp'rAz ( )
The limit n — 1 of this quantity gives the mutual information I4, 4,
IA17A2 = SAl + SAQ - SA1UA2 = nlgnl IX?,AQ ) (22)

which is independent of the UV cutoff as well. The subadditivity of the entanglement
entropy tells us that I4, 4, > 0, while the strong subadditivity implies that it increases
when one of the intervals is enlarged.

For N > 2 we can find easily two ways to construct quantities such that the short
distance divergence cancels. Let us consider first the following ratio

N N
Ryn= T IT (Tret, ) (2.3)

p=1onNp
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Figure 2.2: The domain 0 < z1 < z2 < z3 < 1 of the function F3,(x). The lines within this
domain are the configurations defined in (2.79).

where we denoted by oy, a generic choice of 1 < p < N intervals among the IV ones we
are dealing with. Since Trp} ~ goes like 2?2, one finds that (2.3) is independent of e

by employing that Z;\;l(—l)N*p (g)p = 0. In the simplest cases of N = 2 and N = 3,

the ratio (2.3) reads

_ Tr p?l,Q}
T pfyy Trofyy

Trp?17273} (Trp?l} Trp?Q} Tr p??)})

R2 n n n n
Trpfy oy Trpfy 5y Tl 5y

s

RS,n =

L (24)

Let us stress here that this ratio Ry, is quite different from the ratio defined in (|1.71)
and they must not be confused. In order to generalize (2.1) for N > 2, one introduces

(=~
I ———log Ry, (2.5)

and its limit n — 1, as done in (2.2) for N =2, i.e.

Layan = m 1500 (26)

For the simplest cases of N = 3 and IV = 4, one finds respectively

Ta, a5,45 = Sa, +Sa, + 54, — Sa,ua, — Sa,uas — Sa,uas +Sa,04,04,,  (2.72)

4 4 4
Tay,45,45,04 = ZSA-L - Z Saua; + Z Sa;04;04;, — SA,0UA,UAUA, - (2.7b)
i=1 i,j=1 i,4,k=1
1< i<j<k
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The quantity Ia, a, 4, is called tripartite information [49| and it provides a way to es-
tablish whether the mutual information is extensive (14, 4, 4, = 0) or not. In a general
quantum field theory there is no definite sign for 14, 4, a,, but for theories with a holo-
graphic dual it has been shown that T4, a, 4, <0 [80].

Another cutoff independent ratio is given by

(2.8)

When N = 2 we have Ry, = Rg,n but and are different for N > 2. From
the definitions and ([2.8), we observe that, when one of the intervals collapses to
the empty set, i.e. Ay — 0 for some k € {1,...,N}, we have that Ry, — 1 and
RNJL — RN_ML, where RN_l,n is defined through A\ Aj.

For two dimensional conformal field theories at zero temperature we can write Ry,
and RN,n more explicitly. In particular, plugging and into , it is straight-
forward to observe that ¢, simplifies and we are left with

(w; — uy)(v; — ) 2

iy (i = vy) (uj = vi)

Ryn() = Fnn(@) = [y (@) Faa@),  (29)

where the product within the absolute value, that we denote by py, can be written in
terms of . Thus, 1} tells us that Fn ,,(x) can be easily obtained from Ry, (x). When
N =2 we have py(z) = —1/(1 — z), while for N = 3 we find

(.Tg — xl)(l — 1‘2) T2

(@) = = S e — 29 75 (2.10)
For higher values of N, the expression of px () is more complicated.
As for Ry, in , considering the choice of intervals given by oy ,, we have
Tr pfy,, = | Polons)| ™" Fpun(@70), (2.11)
where
Py(onp) = iy (s = )0 = o) (2.12)

Hi,j(vj —u;) ’

,JEON,p

and x?N-» denotes the 2p — 3 harmonic ratios that can be constructed through the 2p
endpoints of the intervals of A specified by o ,. Notice that becomes when
p= N and for p = 1 because Fy 1 = 1 by definition and P (on1) = 1/(v; — uy),
being j the interval specified by ox 1. Moreover, since can be written in terms of
the 2N — 3 elements of &, we have that Ry, = Ry n(x) (see App. [2.A]for more details).
Plugging into (2.3), one finds that for N > 2 all the factors Py(on,p) cancel (this
simplification is explained in App. and therefore we have

N Nep
Rya(@) = [[ I] [Fonl)]" " (2.13)

P=20ON,p

In order to cancel those parameters which occur only through multiplicative factors,
we find it useful to normalize the quantities we introduced by themselves computed for a
fixed configuration. Thus, for (2.3) and (2.6 we have respectively

worm _ Ry

= sub — —
Nn — RN,n‘ ) IN *IN IN|

, (2.14)

fixed configuration

fixed configuration
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where we adopted the shorthand notation Iy = I4,,. 4,. In conformal field theories, for
the scale invariant quantities depending on the harmonic ratios «, the fixed configuration
is characterized by fixed values ®g..q. For instance, we have

RN,n(m) ‘FNJL(m)

R norm () — 7 Nnl®) 2.1
RN,n (m) RN,n(mﬁxed> ) ‘FN,n (.’13) ‘FNﬂ’L(wﬁxed) ( 5)

In Sec. 2.5 this normalization is adopted to study the free boson on the infinite line.

2.3 Free compactified boson

In this section we consider the real free boson ¢(z,z*) on the Riemann surface Ry, and
compactified on a circle of radius Reircle- Its action reads

S[¢] x /R 0.00.-pd*z. (2.16)

The worldsheet is Ry, and the target space is R/ (27 Reirice Z). This model has ¢ = 1 and
its partition function for a generic compact Riemann surface of genus g has been largely
discussed in the literature (see e.g. [207] 209, 210, 212-214]).

Instead of working with a single field ¢ on Ry, one could equivalently consider n
independent copies of the model with a field ¢; on the j-th sheet [45, 46]. These n fields
are coupled through their boundary conditions along the cuts A; on the real axis in a

cyclic way (see Fig.
¢;(2,07) = ¢j41(2,07), reA, je{l,...,n}, n+1=1. (2.17)

This approach has been adopted in [226] for the N = 2 case, employing the results of [208].
In principle one should properly generalize the construction of [226] to N > 2. For n = 2
this computation has been done in [207]. Here, instead, in order to address the case
n > 2, we compute for the model more directly, borrowing heavily from the
literature about the free compactified boson on higher genus Riemann surfaces, whose
partition function has been constructed in terms of the period matrix of the underlying
Riemann surface.

2.3.1 The period matrix

As discussed in Sec. @ the n-sheeted Riemann surface Ry ,, obtained by considering IV
intervals A; = [u;,v;] (i =1,..., N) is defined by the following complex curve in C? |234]

N N—1
y" = u(2)v(z)"t, u(z) = H (z — x2y-2), v(z) = H (z —22y—1). (2.18)
y=1 =1

The complex coordinates y and z parameterize C? and in u(z) we introduced o = 0
and zon_o = 1 for notational convenience. For n = 2, the curve is hyperelliptic.
The genus of Ry, is (1.74) and it can be found also by applying the Riemann-Hurwitz
formula for the curve
The period matrix of the curve has been computed in [234] by considering the
following non normalized basis of holomorphic differentials
20 Ly(z)i=1

wa’j:TdZ7 a=1,...,N—1, j=1,...,n—1, (2.19)
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ba,1
_ bin >~ 2 .
a1
! a1
b2
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! a2 2
by 3
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Figure 2.3: The canonical homology basis {aq,j,ba,;} for N = 3 intervals of equal length and
n = 4 sheets. The sheets are ordered starting from the top. For each cut, the upper part (red) is
identified with the lower part (blue) of the corresponding cut on the next sheet in a cyclic way,

according to (2.17).

where y = y(z) through . The set of one forms defined in contains g elements.
In we employed a double index notation: a greek index for the intervals and a latin
one for the sheets. We make this choice to facilitate the comparison with [226], slightly
changing the notation with respect to the previous section. These two indices can be
combined either as r = a+ (N —1)(j —1) [234] or r = j + (n — 1)(ax — 1) [228] in order
to have an index r = 1,...,g. Hereafter we assume the first choice. Notice that for the
cases of (N,n) = (2,n) and (N,n) = (N, 2) we do not need to introduce this distinction.

The period matrix of the Riemann surface is defined in terms of a canonical homology
basis, namely a set of 2¢g closed oriented curves {a,,b,} which cannot be contracted to a
point and whose intersections satisfy certain simple relations. In particular, defining the
intersection number h o h between two oriented curves h and h on the Riemann surface
as the number of intersection points, with the orientation taken into account (through
the tangent vectors at the intersection point and the right hand rule), for a canonical
homology basis we have a, o as = b, obs =0 and a, 0 by = —b,. o as = §,5. By employing
the double index notation mentioned above, we choose the canonical homology basis
{aa,j,ba ;} adopted in [234], which is depicted in Fig. and in Fig. for the special
case of N = 3 intervals and n = 4 sheets.

Once the canonical homology basis has been chosen, we introduce the g x g matrices

Ag; = % Wa,k Bfi? = % Wa.k (2.20)
a

@, @,j
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az 2

Figure 2.4: The Riemann surface R34 with the canonical homology basis {aa,;, ba,; }, represented

also in Fig. 23]

where latin and greek indices run as in 1) Given the convention adopted above, Af ;‘
provides the element A, of the g x g matrix A by setting r = 8+ (N — 1)(k — 1) and
s=a+ (N —1)(j —1) (similarly for B), namely the row index is determined by the one
form and the column index by the cycle. This connection among indices is important
because the matrices .4 and B are not symmetric.

From the one forms (2.19) and the matrix A in (2.20)), one constructs the normalized
basis of one forms v, = 9_, A lws, which provides the period matriz T as follows

j{us:(srs, ]{I/szrrs, rs=1,...,¢g. (2.21)
a b

r r

The period matrix 7 is a g X g complex and symmetric matrix with positive definite
imaginary part, i.e. it belongs to the Siegel upper half space. Substituting the expression
of v, into the definition of 7 in and employing the definition of the matrix B in
(2.20), it is straightforward to observe that

r=A"1-B=R+iZ, (2.22)

where R and Z are respectively the real and the imaginary part of the period matrix.

In order to compute the period matrix (2.22)), let us introduce the set of auxiliary
cycles {a2™, b2}, which is represented in Figs. and It is clear that this set

a7 Yo,
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is not a canonical homology basis. Indeed, some cycles intersect more than one cycle.
Nevertheless, we can use them to decompose the cycles of the basis {aq,;,ba,;} as

«@ n—1
Aa,j = E al’y, ba,; = E ol - (2.23)
=1 l=j

Integrating the one forms (2.19) along the auxiliary cycles as shown in (2.20) for the basis
{aa,j,ba ;}, one defines the matrices A*> and 5. The advantage of the auxiliary cycles

is that the integrals (A™*)? 5 and (B)? ' on the j-th sheet are obtained multiplying
the corresponding ones on the first sheet by a phase [208]
(Aaux)g:? _ pﬁ(jfl)(Aaux)gﬁx’ (Baux)ﬁ a pZ(J 1) (Baux)ﬁ,fé’ P = e2mi/n (224)

s

Because of the relation (2.23)) among the cycles of the canonical homology basis and
the auxiliary ones, the matrices A and B in (2.20)) are related to A*** and B> as

(e}
A/B «@ Z Aaux B ’Y — p (G-1) Z Aaux : R (225&)
y=1
By « aux B o (i-1) aux By kj —1 aux) 3,0
B = Z (B kl = an B k1 = m (B )k,l ) (2.25b)
=3 l=j "

where the relations (2.24) have been used. Thus, from (2.25) we learn that we just need
(A*)2 and (l’)’“‘)iY to construct the matrices A and B.
By carefully considering the phases in the integrand along the cycles, we find

(A=) = j{ wa = (DN (0 = 1) Il (2.26a)
azy
(B = f{ wak = (=) 2" = 1) gkl (2.26b)

where we introduced the following integral

b

_ _ B—1—k/n
Fral’ = (b—a)[( a)t+a} dt

/O H']yV:Q ’(b - a)t - (x2'y72 - a)|k/n H (b - a)t — (1‘2,Y 1 — a)|

1-k/n”

(2.27)
We numerically evaluate the integrals needed to get the gx g matrices A4 and B as explained
above and then construct the period matrix 7 = A~ - B, as in .

In App.[2.B|we write the integrals occurring in in terms of Lauricella functions,
which are generalizations of the hypergeometric functions [241]. As a check of our expres-
sions, we employed the formulas for the number of real components of the period matrix
found in [228§].

Both the matrices in ) share the following structure

MY =k, ) (Hi)ga,  (Hidsa = HiY (2.28)

where we denoted by H a g X g matrix whose indices run as explained in the beginning
of this subsection, h is a generic function and we also introduced the (N — 1) x (N —1)
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matrices Hy, labelled by £ =1,...,n— 1. Considering the block diagonal matrix made by
the Hy’s, one finds that (2.28) can be written as

H=Ha (An®In-1), Ha=diag(..., H,...), (Mu)rj=nkj), (2.29)
where we denote by I, the p x p identity matrix. For the determinant of (2.29)), we find

n—1
det(H) = (det(#3))" " ] det(Ha) . (2.30)
k=1

Thus, (2.25)) can be expressed as in (2.29)) with

(Ma)rs = pEI ", (Ak)ga = AT = (0,F = 1) > (—1)Nﬂfﬁ,k|z:: , (231a)
y=1
P —1 8.0 Nea —k/2 —k T34
(Mp)kj = —"———, (Br)sa =By = ()N p, "2 (1= p*) 4|2, (2.31D)
(1= pu”) ’ 201
where (2.26) has been employed. The period matrix becomes [234]
T = (M DN_1)"" - diag(AT" - Bi, Ayt - Bay oo, AL Buly) - (s @ TN _1). (2.32)
Notice that det(.#4) = det(.#p) and this implies
n—1
. — _ det(Bk)
det(7) = det(diag(A;" - Bi,..., At - Bao1)) = det( Ay (2.33)

k=1

Moreover, since det(.#4) # 1, from the relation (2.30) we have det(A) # []rZ; det(Az)
and det(B) # 17—, det(By).

2.3.2 The partition function

In order to write the partition function of the free boson on Ry ., we need the Riemann
theta function introduced in (1.59)) specialized to the z = 0 case, which is 215} |216]

0(0[Q) = > explitm'-Q-m), (2.34)

m € ZP

where 2 is a p X p complex, symmetric matrix with positive imaginary part. We recall
that the Riemann theta function ©(z|Q2) is defined as a periodic function of a complex
vector z € CP, but in our problem the special case z = 0 occurs.

As mentioned at the beginning of this section, we do not explicitly extend the con-
struction of to the case N > 2 and n > 2. Given the form of the result for
N = 2 intervals and n > 2 sheets , we assume its straightforward generalization
to N > 2. Let us recall that F» ,,(x) can be obtained as the properly normalized partition
function of the model on Ra,n, once the four endpoints of the two intervals have
been mapped to 0, z, 1 and oo (0 < z < 1) [226]. Thus, for N > 2 we compute Fy n(z)
in as the normalized partition function of on Ry, once has been

applied.

By employing the results of 207, 209, 210] 214), for the free compactified boson

we can write Fn n(x) = FR',, Fi (1), where this splitting comes from the separation of
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0 0.2 04 0.6 0.8 Zo 1

Figure 2.5: The function Rj3 3(x) for the free compactified boson, obtained from (2.13) and (2.41)),
computed for two configurations of intervals defined in Sec. (see Fig. [2.2).

the field as the sum of a classical solution and the quantum fluctuation around it. The
classical part is made by the sum over all possible windings around the circular target
space and therefore it encodes its compactified nature. This tells us that Fy ,, contains

all the dependence on the compactification radius through the parameter n oc R%, .. We

refer the reader to the explicit constructions of [207, [208] [226] for the details.
Given the period matrix 7 for Ry, computed in Sec. [2.3.1] the quantum and the

classical part in Fn ,(x) = Non .7-'J°\‘,7n(n) read | , , 214

1

V== Fan() =) explir(p' T p—p' 7P, (2.35)
6007 2
where
3 V2
L T S R Y (2.36)
V2n 2 V2n 2

Expanding the argument of the exponential in (2.35]), one finds that the classical part can
be written in terms of the Riemann theta function as

Fin(n) = 6(0[Ty), (2.37)

where T;, is the following 2g x 2g symmetric matrix

T, = (i%z iIR/n> . (2.38)

Being 7 positive definite and 1 > 0, also the imaginary part of 7;, is positive definite.
From (2.37) and (2.38), it is straightforward to observe that Fg; . (n) = Fg ,(1/n). Thus,
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Figure 2.6: The function ©(0|iG/n) with N = 3, n = 3 and for the configurations I and II shown

in Fig. For small 5 (the decompactification regime) this term can be neglected (see (2.39)
and )

since all the dependence of Fy () on 7 is contained in F5
invariant under 7 < 1/n.
By employing the Poisson summation formula (only for half of the sums), the classical

part (2.37) can be written as

we find that Fy ,(x) is

7’”’,

_ g2 90nG) 5 O(0[iG/n)

FN — = —_— 2.39
Nan 1) V/det(Z) V/det(Z) (2.39)
where the 2¢g x 2g matrix G reads
_(IT+R-IT'R R-I7!
G= ( I-1.R» 7-1 ) . (2.40)

This matrix is real, independent of n and symmetric, being R and Z symmetric matrices.

Combining (2.35)), (2.37) and (2.39), we find Fy ,(x) for the free compactified boson
_ e, __n?e(0finG) _ n 92 e(0liG/n)
©(0[7)]2  \/det(Z)|©(0[7)[2  +/det(Z)|O(0|7)2"

The term |©(0|7)| in the denominator can be rewritten by applying the Thomae type

formula for the complex curves (2.18) [234] [242)]

n—1 N-1 N—2 2(n—1)
1 [det(Ay))*
e(0lr)* = [i=y [det(Ay)17 ( [T (@2j = 22) ] (w2esa — $2r+1)> ;o (242)
r,s=0
r<s

f"N,n(ic)

(2.41)

)4
(27i)%9 o
i<j
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where the (N — 1) x (N — 1) matrices Aj have been defined in (2.31). Plugging (2.41)
into ([1.52)), one finds Tr p”; for the free compactified boson in terms of the compactification

radius and of the endpoints of the intervals. Once Fy.,(z) has been found, Ry ,(z) and
Ry »(z) are obtained through and respectively.

In [196] the expansion where all the lengths of the intervals are small with respect to the
other characteristic lengths of the systems has been studied. This means that xo;41 — 2;
are small compared to the distances zo;y2 — 2541, where ¢,7 = 0,..., N — 2 (we recall
that oy = 0 and zay_2 = 1). Analytic expressions have been found for N = 2 [196]
and one could extend this analysis to N > 2 by employing (|2 . We leave this analysis
for future work. We checked numerically that Fy ,(0) = 1, Wthh generalizes the known
result F» ,(0) =1 [226].

In App. We discuss the invariance of under a cyclic change in the ordering of
the sheets, an inversion and the exchange A <+ B, writing explicitly these transformations
in terms of symplectic matrices.

2.3.3 The decompactification regime

When n — oo the target space of the free boson becomes the infinite line. This regime
is important because it can be obtained as the continuum limit of the harmonic chain.
Notice that the results of this subsection can be obtained also for n — 0 because of the
1 <> 1/n invariance.

Since ©(0|inG) — 1 when n — oo (or equivalently ©(0]iG/n) — 1 when n — 0 as
shown in Fig. , we find that becomes

779/2

\/det(Z) |©(0|7)|?

Writing |©(0|7)| through (2.42), one can improve the numerical evaluation of (2.43).
Plugging ([2.43) into (2.13]), we find that in the decompactification regime Ry, becomes

Firn ™ () = =1?/% Fy (). (2.43)

R (@) = 0002 T[] [Bpmla)] " (2.44)

pP=2O0Np

In this case it is very useful to consider the normalization (2.15) through a fixed config-
uration of intervals characterized by xg,.q because the dependence on 7 simplifies in the

ratio. Indeed, from (2.44) we find

Rn_wo((l; N j.: xroN ) (=n77r
. norm N, P
lim Ry () = ] 11 o : (2.45)
1= 00 R (@axea) p=2 onn LFp, (wﬁxedp)
and similarly, from (2.43)), we have
Fl(x F
lim Fi(z) = nivéz @) == Nn(2) : (2.46)
n—roo ]:N,n (mﬁxed) fN,n(xﬁxed)

In Sec. we compare (2.45) and (2.46) to the corresponding results for the harmonic
chain with periodic boundary conditions.
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2.3.4 The Dirac model

It is well known that the partition function of the compactified massless free boson de-
scribes various systems at criticality. For example, the modular invariant Dirac fermion
corresponds to the case n = 1/2. Given , we can write Tr p'} for this model by apply-
ing the results of [209H211} 214]. We need the Riemann theta function with characteristic
e = (', 68") defined in Eq. (L.61)), again specialized to z = 0, namely

Ole](0]2) = > explir(m+e)' Q- (m+e)+2ri(m+e) 8], (2.47)
m € 7P

where € and & are vectors whose entries are either 0 or 1/2. When e = § = 0, we
recover . We saw in Sec. that the characteristics e are either even or odd,
according to the parity of 4e - §, and that there are 2°~1(2P + 1) even characteristics and
2P=1(2P — 1) odd ones.

Applying some identities for the Riemann theta functions, from one finds

. Ole](0|7)|?
PR ) = P, = S e =
where the period matrix 7 has been computed in Sec. [2.3.1]

Notice that, being ©[e](0|2) = 0 when e is odd (see Eq. (1.62)), in the sum over the
characteristics in only the even ones occur. Since been obtained as the
special case n = 1/2 of (2.41), FRe(0) = 1. The result for the free Dirac fermion [46]
corresponds to keep only e = 0 in the numerator of 2.48| instead of considering the sum
over all the sectors of the model [228].

2.4 Recovering the two intervals case

In this section we want to recover the known results for two intervals [196, [226]. We first
review the status of the two intervals case and then we show that the corresponding Rényi
entropies reduce to a particular case of the expressions discussed in Sec. as expected.

2.4.1 Two disjoint intervals for generic complex z

For generic positions of the twist fields in the complex plane, z € C and the corresponding
expression of (7,7, T, Tn) is given by the r.h.s. of (1.52) with F2, = Fan(z,2*). For the
free compactified boson, this function reads [135]

. O(0|T,.2) O(0|T,2)
Fon(r, %) = —— : = == Fyp(x)= oF1 (k/n,1—k/n;1;x),
2T S et @] O @) = 2k Lk () |
2.49

where T, 5 is the 2(n — 1) x 2(n — 1) symmetric matrix given by

L (inlm(Tg) Re(rs) ) (2.50

T Re(rs)  iTm(7s)/n

m,
defined in terms of the following (n — 1) x (n — 1) complex and symmetric matrix

(72)s; = ikz_l sin(rk /n) {i W} cos[2mk /n(i — 7). (2.51)
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Figure 2.7: The canonical homology basis {éia,;,ba,;} for N = 3 and n = 4.

The matrix T}, 5 in is defined as in with 7o instead of 7. In the second step
of the Thomae formula has been employed. Notice that, because of the sum
over k in , substituting cos[27k/n(i — j)] with pz(i_j) the matrix does not change.
The non vanishing of Re(7z2) is due to the fact that the term within the square brackets
in is complex for z € C.

As briefly explained in Sec. [2:3.4] it is straightforward to write the corresponding result
for the Dirac model from (2.49). It reads

_ 2. O[el(0]m)|*

Dirac * — . 2- 2
‘F2,n (I,I ) 2n—1|@(0|7-2)|2 ( 5 )

Given the period matrix (2.51), one can also find F5,;*(2, z*) for the Ising model 136}
145

teims (1, o+ 2e [9[€](0]72)]
T CTE

(2.53)

In order to consider the Rényi entropies, we must restrict to = € (0,1). Within this
domain, Fj/,(x) is real and this leads to a purely imaginary 7. Since Re(7z) vanishes
identically for 2 € (0,1), the matrix T, » in becomes block diagonal and therefore
©(0|T;,2) = O(0]inIm(r2)) O(0|ilm(72)/n) factorizes. Thus, the expressions given in
and reduce to Fa ,(z) for the free compactified boson and for the Ising
model respectively.



2.4 Recovering the two intervals case 53

2,3

Figure 2.8: The Riemann surface R34 with the canonical homology basis {da,;, l;a,j}.

2.4.2 Another canonical homology basis

To recover the period matrix for x € (0,1) as the two intervals case of a period
matrix characterizing N > 2 intervals, we find it useful to introduce the canonical homol-
ogy basis {daj,ba j} depicted in Figs. [2.7/and This basis is considered very often in
the literature on higher genus Riemann surfaces (e.g. see Fig. 1 both in and )
Integrating the holomorphic differentials along the cycles a and 13, as done in ([2.20))
for a and b, one gets the matrices A and B. To evaluate these matrices, we repeat the

procedure described in Sec. |2.3.1 In particular, we first write {da,j,l;ayj} through the
auxiliary cycles depicted in Figs. [2.28 and [2.29] finding that

a  J
Gag=p > ayi.  bay =033 (2.54)

Comparing (2.23) with (2.54), we observe that for n = 2 the canonical homology basis
introduced here coincides with the one defined in Sec. From ([2.54), one can write
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the matrices A and B as follows

e J a 7
AL =3 = DD ke = k S SN AT, (2550)

1 y=11=1 ~y=1
Bf”;‘“ — (Baux)f:;‘ — pﬁ(]—l) Baux)g:?, (255b)

where - has been used. Now the elements of A and B are expressed in terms of
the integrals in (2.26), which can be numerically evaluated. ~Once A and B have been
computed, the perlod matrix with respect to the bas1s {aa grbajtis T = AL 1”3’

Since the matrices A and B have the structure , like A and B in Sec. we
can write them as in with

1-— plfLJ ~ ~B.a _ - T2~
(A 3)r; = T (Ak)pa = AT = (pF = 1) Y (-)N .75, Wl (2.56a)
n v=1
(M) = 00 (Bu)ga = BUT = (“D)N k2% — 1) Fa . (2.56b)

where has been employed and ﬂ@7k|z are the integrals 1} Notice that flk = A,
while (Bi)ga = (Ba“x)f’f‘ = —pk(Bk)ga. Thus, the period matrix 7 reads

F= (M @Iyoy) 7t diag(AT B, Ayt Boy o ALt Bal) - (Mg @ In—q) . (2.57)

n—1

Since (2.32) and (2.57) are the period matrices of the Riemann surface Ry, with
respect to different canonical homology basis, they must be related through a symplectic
transformation. The relations (2.23) and (2.54) in the matrix form become respectively

a=A-a" a=A-a
focao  fa | -

Introducing the p x p upper triangular matrix /;* made by 1’s (i.e. (/37)ap = 1if @ < band
zero otherwise) and also its transposed I;> = (I, w0t which is a lower trlangular matrix, we
can write that A =1, 1 ® Iy ,, B= I“ » @Iy_; and A = P°W1 ®IN" . We remark that
the matrices diag(A, B) and diag(A,1,) occurring in are not symplectic matrices
because, as already noticed in Sec. the auxiliary set of cycles is not a canonical
homology basis. From it is straightforward to find the relation between the two
canonical homology basis, namely

{

which can be constructed by using that (I;P)j} = 04,6 — 0q+1,» and the properties of the

tensor product, finding A- A~' = I'>*, @ Iy_; and B~! = (I"* ,)~' ® Iy_;. Notice that
- 2.59) belongs to the symplectic modular group, as expected from the fact that it encodes
the change between canonical homology basis.

= A . A71 -a A . A—l 0
_ Bil . b 9 M = ( 0 Bgl € Sp(2gaz)7 (259)
- g

S Q>

2.4.3 The case N =2

Specializing the expressions given in the previous subsection to the N = 2 case, the greek
indices assume only a single value; therefore they can be suppressed. The matrices (2.55al)
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and ([2.55b)) become respectively

i a1 Pn 1 —Pﬁj s —k/2
Au = Ay = 7% - p) sy | = 1o SR R (2:002)
A A . _ 1 - .
Bij = B,lc; = pkl—b [pZ/Q(l — pnk)fl,k‘m} = pkl=1) (271 Fy (1 — 2)], (2.60b)
where z € (0, 1), the indices j,k € {1,. — 1} and the explicit results for (A*>); 1 and

(B )1, from 2 26a)) and (|2.26b)) respectively, are written within the square brackets
(see (4.29) of [208] and also (2.108a)) and (2.108b))). The matrices in (2.60) can be written
respectively as follow

A= diag(.... 21 p, "2 Fy (@), ...) - M 4, (2.61a)
B = diag(..., 27 Fy, /(1 — 2),...) - Mg, (2.61b)

where .# ; and ./ have been defined in (2.56). Computing .# ~1. whose elements read
(///il)ik = (pk —1)/(npi*), we can easily check that 1) becomes

. Fiyall = 2)
A Y. B=_#71di k/2 Th/mi2 7 L) e Ma
n=A""-B=.4} d1ag<... o Fon(@) ) My . (2.62)

Thus, the matrix (2.51)) for 0 < z < 1 found in [226], is the N = 2 case of the period

matrix 7, written with respect to the canonical homology basis introduced in the section

Sec. 242
7A'|N:2 =T2. (263)
To conclude this section, let us consider the symplectic transformation , which
reduces to diag(I*,, (12> ;)~!) for N = 2. Its inverse reads diag((I}~;)~! I P ) and it

»itn—1

allows us to find the period matrix 75 with respect to the canonical homology basis given
by the cycles a and b through (2.111f), namely

TS =I% To IV (2.64)

Introducing the symmetric matrix %; = 2/n Y 4, sin(rk/n) 2™ =9 (which has been
denoted by A in the App. C of [226]), after some algebra we find

TP oy I =7y (2.65)

Combining (2.64) and (2.65), we easily get that 75 = &/ ~! -7, -&/~!. Then, by employing
(2.115) and the fact that det(I;” ) = 1, we get

O0|7) = 00|/ - 1y - /1) = O(0|m). (2.66)

In |226] the second equality in (2.66) has been given as a numerical observation. We have
shown that it is a consequence of the relation between the two canonical homology basis
considered here.

2.5 The harmonic chain

In this section we consider the Rényi entropies and the entanglement entropy for the
harmonic chain with periodic boundary conditions, which have been largely studied in
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Figure 2.9: A bipartition of the periodic chain where A is made by the union of three disjoint
blocks of lattice sites.

the literature 151}, |243]. We compute new data for the case of disjoint blocks

in order to check the CFT formulas found in Sec. 2.3]for the decompactification regime.

The Hamiltonian of the harmonic chain made by L lattice sites and with nearest
neighbor interaction reads

L—1
1 Muw? K
H=> (50 2+ (o1 — an)? 2.
n:0<2Mpn+ 5 T 5 (1 = )" ) (2.67)

where periodic boundary conditions gy = qr, and pg = pr, are imposed and the variables
qn and py, satisfy the commutation relations [¢n, Gm]| = [Pn,Pm] = 0 and [¢n, Pm] = 105 m-
The Hamiltonian contains three parameters w, M, K but, through a canonical
rescaling of the variables, it can be written in a form where these parameters occur only
in a global factor and in the coupling 255 /(1 + 25) . The Hamiltonian
is the lattice discretization of a free boson with mass w®. When w = 0 the theory is
conformal with central charge ¢ = 1. Since the bosonic field is not compactified, we must
compare the continuum limit of for w = 0 with the regime n — oo of the CFT

expressions computed in Sec. which has been considered in Sec.

To diagonalize , first one exploits the translational invariance of the system by
Fourier transforming ¢,, and p,. Then the annihilation and creation operators a; and az
are introduced, whose algebra is [ay, ar’] = [aL, aL,] =0 and [ak,al,] = idg 5. The ground
state of the system |0) is annihilated by all the a;’s and it is a pure Gaussian state. In
terms of the annihilation and creation operators, the Hamiltonian is diagonal

L—1
1
H=> w (aLak + 2) , (2.68)
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Figure 2.10: The quantities R¥C% ,—3 (top) and I32; (bottom) in [214) computed for the
harmonic chain with periodic boundary conditions by employlng (]Z and . The total
length of the chain is L = 5000. The configuration of the intervals is and the fixed one
chosen for the normalization is . The continuos curve in the top panel is the CFT prediction
and it agrees with the lattice results for wL < 1. We are not able to compute the CFT
prediction for the bottom panel.

where

iK kN 2
wkz\/w2+Msin(7;> >w, k=0,....L—1. (2.69)

Notice that the lowest value of wy, is obtained for wy = w.
The two point functions (0[g;q;|0) and (0[p;p;|0) are the elements of the correlation
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matrices Q,s = (0]¢,¢s|0) and P,.s = (0|p,-ps|0) respectively. For the harmonic chain with
periodic boundary conditions that we are considering, they read

L—1 . .
1 1 2rk(i — 7)
O = 57 3= g eos () (2.700)
L—-1 . .
1 2rk(i — §)
pil0) = == > M Ul 2.
(Olpip;10) = o7 2 Wy, €OS ( 7 (2.70D)

When i,57 = 0,...,L — 1 run over the whole chain, then Q - P = I /4, which is also
known as the generalized uncertainty relation. We remark that the limit w — 0 is not
well defined because the k£ = 0 term in (0[g;¢;|0) diverges; therefore we must keep w > 0.
Thus, we set wL < 1 in order to stay in the conformal regime. As explained above, we
can work in units M = K = 1 without loss of generality.

In [149-151] it has been discussed that, in order to compute the Renyi entropies and
the entanglement entropy of a proper subset A (made by ¢ sites) of the harmonic chain,
first we have to consider the matrices Q4 and P4, obtained by restricting the indices
of the correlation matrices Q and P to the sites belonging to A. Then we compute the
cigenvalues of the ¢ x £ matrix Q4 - P4. Since they are larger than (or equal to) 1/4, we

can denote them by {u?,...,u2}. Finally, the Renyi entropies are obtained as follows
l N 1\t
Tepy = R R , 2.71
rpl all[lKu +2> (M 2) } (2.71)

and the entanglement entropy as

4

Sa= z::l Kua + ;) log (ua + ;) — (ua - ;) log (ua - ;) ] : (2.72)

a

This procedure holds also when A is the union of N disjoint intervals A; (i = 1,...,N),
which is the situation we are interested in.

Let us denote by ¢; the number of sites included in A; and by d; the number of sites
in the separations between A; and A;11medan, for i =1,..., N (see Fig. for N =3).
Then, we have that ¢ = Zf\il £; and the following consistency condition about the total
length of the chain must be imposed

N

L= (ti+d;). (2.73)

i=1

In order to compare the CFT results found in the previous sections with the ones
obtained from the harmonic chain in the continuum limit, we have to generalize the CFT
formulas to the case of a finite system of total length L with periodic boundary conditions.
This can be done by employing the conformal map from the cylinder to the plane, whose
net effect is to replace each length y (e.g. ¢, d, 2¢ + d, etc.) with the corresponding chord
length (L/m)sin(ry/L). Thus, for 2941 with j =0,..., N — 2 we have

sin (7] S0, (€ + di) + £j41] /L) sin(nly /L)
sin (ﬂ' Zf\;_ll(& + dz)/L) sin (ﬂ' [dj-i-l + Zi}iz(& + di) + EN} /L) 3

T2j41 = (274)
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0 1 s s s 1 s s s 1 s s s 1 s s s 1 s s s 1

0 0.2 04 0.6 0.8 1
x3

Figure 2.11: The ratio Ry;" in (2.14) for the periodic harmonic chain with wL = 1072 and the
configuration of the intervals given by (2.76]), normalized through (2.77). The continuos curves

are the CFT predictions (2.45). Top: N = 3 and n = 4 (in the inset we zoom on part of the
region 0.5 < x2 < 1). Bottom: N =4 and n = 4.

while for the harmonic ratios x2;, where j =1,..., N — 2, we must consider

v sin (7 °7_, (¢; +d;) /L) sin(nly /L) . (2.75)
T sin (0N (G + di) /L) sin (r[ N1, (6 + di) + En] /L)

Notice that dy, which can be obtained from ({2.73]), does not occur in these ratios. More-
over, (2.74) and (2.75) depend only on ¢;/L and d;/L, withi=1,...,N — 1.
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norm
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¢/L

Figure 2.12: The quantity Fx7;," computed for the periodic harmonic chain with wlL = 1072 in
the configuration of intervals (2.76)), normalized through (2.77). The lattice data are obtained

by using (2.8)), (2.9), (2.71) and (2.72). The continuos curves are given by (2.46)). The maximum
value on the horizontal axis is 1/N. We show the cases of N = 3 (top) and N = 4 (bottom) with

n=2,3,4.

We often consider the configuration where all the intervals have the same length and
also the segments separating them have the same size, namely

lh==ly=0, di= - =dy=d. (2.76)

This configuration is parameterized by ¢, once d has been found in terms of ¢ through
the condition (2.73). As mentioned in Sec. in order to eliminate some parameters, it
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Figure 2.13: The quantity IN" (see (2.14)) computed for the periodic harmonic chain with

wL = 1073, The configuration of intervals is given by (2.76) and the fixed one by (2.77). We
show N = 3 (top) and N =4 (bottom).

is useful to normalize the results through a fixed configuration of intervals, as done e.g.

in [134H136]. We choose the following one
. . L
fixed configuration: lh=--=fy=dy = -=dy_1 =int oN ) (2.77)

where int(...) denotes the integer part of the number within the brackets and dy is

obtained from ([2.73).
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In Figs.|2.10}2.11]|2.12|and [2.13| we choose the configuration normalized through
the fixed one in (2.77). A chain made by L = 5000 sites gives us a very good approximation
of the continuum case. We also made some checks with L = 10000 in order to be sure that
the results do not change significantly. From Fig. we learn that for wL ~ 1073 we are
already in a regime which is suitable to check the CFT prediction of Sec. 2.3.3] therefore
we keep wL = 1073 for the other plots obtained from the harmonic chain. From the exact
results obtained on the lattice, it is evident that the value of n in the CFT expressions of
Sec. that must be fixed to find a good match is a function of wL only. Nevertheless,
as already noticed in Sec. normalizing the interesting quantities through a fixed
configuration as in (2.14)), we can ignore this important issue because 1 simplifies (see
[2.45| and [2.46)). The Figs. [2.11) and [2.12) show that the agreement between the exact
results from the harmonic chain and the corresponding CFT predictions is very good.
Instead, for the plots in Fig. we do not have a CFT prediction because, ultimately,
we are not able to compute 0, Fn () when n — 1 for the function defined in .

When N > 2 we have many possibilities to choose the configuration of the intervals.
In principle we should test all of them and not only (2.76), as above. For simplicity, we
consider two other kinds of configurations defined as follows

Zl d1 62 d2 63 d3 . ZN dN
X 0 d Xt d Xl d ... Al d (2.78)
Y| ¢ d vl vd 3l vid ... vl ynd

where \; and 7; are integer numbers which can be collected as components of the vectors
A and v. Notice that the configuration is obtained either with A; = 1 or with
v =1, for i = 2,...,N. Once the ratios A; or 7; have been chosen in (2.78), we
are left with ¢ and d as free parameters. As above, d can be found as a function of
¢ through the condition (2.73) and the maximum value for ¢ corresponds to d = 1.
The configurations in epend only on the parameter ¢; therefore they provide
one dimensional curves in the configurations space, which is 2N — 3 dimensional and
parameterized by 0 < 1 < 22 < +-- < xany_3 < 1. When N = 3, let us consider the
configurations with the following choices

Iln=1 12=1 ~13=1
IIMiAM=1 =2 MX=8
HI [y1=1 7»=3 13=6
IV [ A =1 A =11 Xs=11

(2.79)

where the first one is specialized to the case of three intervals. Plugging these
configurations in and for N = 3, we can find the corresponding curves
within the domain 0 < 1 < z2 < z3 < 1, as shown in Fig. These curves can be
equivalently parameterized either by ¢/L or by one of the harmonic ratios z;. In Fig.
we show R3%™ (n = 2,3,4), finding a good agreement with the CFT prediction (2.45). In
Fig. we plot I5** for the harmonic chain but, as for Fig. we do not have a CFT
formula to compare with for the reason mentioned above.

2.6 The analytic continuation through a numerical extrapolation

It has already been argued several times that the analytic continuation (1.48)) of the
formulas found in the previous sections is very difficult, since they are written in terms
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Figure 2.14: The ratio R’} in (2-14) for the harmonic chain with wL = 10~3. The configurations
I, IIT and IV, which are defined in (2.79), have been normalized through (2.77). The continuous
curve is the CFT prediction (2.45). We show N = 3 and n = 2, 3,4 (top, middle, bottom).

of Riemann theta functions, which in turn are functions of matrices of dimension g =
(n—1)(N —1). However, we still can have predictions for the entanglement entropy and
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Figure 2.15: I3, in (2.14)) for the periodic harmonic chain with wL = 1073, The configurations

are defined in (2.79) and the fixed one is given by (2.77).

the mutual information from the Rényi entropies, by resorting to numerical techniques
to perform this complicated analytic continuation. In this section we employ a numerical
extrapolation based on a rational interpolation of the known analytic data. This method
has been first suggested in this context in Ref. [152]. In our case, we focus on the de-
compactified boson and we can compare the results with the numerics obtained from the
harmonic chain, finding very good agreement. In the same technique have been also
used to study the analytic continuation of moments of the partial transpose to obtain the
logarithmic negativity (see Eq. ) for the boson in the decompactification regime.
In this case the analytic continuation is more troublesome and some extra care must be
taken when performing the extrapolation procedure.

In the remaining part of this section we focus on the case of three disjoint intervals and
perform some numerical extrapolations of the analytic results of the previous sections to
n = 1 through rational interpolations, comparing them with the corresponding numerical
data from the harmonic chain. The rational function used to interpolate the data is
characterized by two positive integer parameters p and ¢, which are the degrees of the
numerator and of the denominator respectively. As explained in App. 2:E:2] to perform
a rational interpolation characterized by the pair (p,q) we need at least p + ¢ + 1 known
data.

In Figs. and we consider I5%P (see (2.14))) for the decompactified boson.
The dots are the numerical data of the bottom panel of Fig. 2.13] and of Fig. 2.15] of

the periodic harmonic chain with L = 5000, and different sets of data correspond to
different configurations of the three intervals. We recall that the configuration considered
in Fig.[2.16]is the one described in (2.76)), while in Fig. he data are labeled according
to the configurations of the three intervals given in (2.79). The parameter ¢ is varied
and the results are plotted as functions of the four-point ratio zo € (0,1). Finally,
the fixed configuration normalizing I5"P in is with N = 3. The coloured
curves in Figs. and are the numerical extrapolations of the CFT formulas
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Figure 2.16: Extrapolations of I5°%"" (see with N = 3) as function of the four-point ratio
2 for the non compact boson. The points are the data from the periodic harmonic chain with
L = 5000 and wL = 10~°. The configuration chosen here is made by equal intervals separated by
equal distances, while the fixed configuration normalizing I5"" is given in the text. The coloured
lines correspond to two different extrapolations obtained through rational interpolations with

(p, q) indicated.
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Figure 2.17: Extrapolations of I5*® for the non compact boson. The harmonic chain is the same
one of Fig. while the configurations of intervals are given by (2.79)).
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and through the rational interpolation method. For each set of data, we show two
different well-behaved rational interpolations in order to check the stability of the result
(see App. for a detailed analysis of possible singular behaviors and what we mean
by well-behaved). Different well-behaved rational interpolations are very similar and the
agreement with the numerical data from the harmonic chain is very good, supporting the
validity of the method.

An important technical difficulty that one encounters is the evaluation of the Riemann
theta functions for large genus period matrices, i.e. for high values of N and n. It is
worth remarking at this point that the Riemann theta functions occurring in the CFT
expression for the non compact boson contain at most g x g matrices (g = 2(n —1)
for N = 3) while for the compact boson their size is at most 2g x 2g (see . From
the computational viewpoint, this is an important difference because the higher is n that
can be addressed, the higher is the number of different (p,¢) that can be considered in
the rational interpolations. Thus, the maximum n that we can deal with is related to the
maximum size of the matrices in the Riemann theta functions occurring in the model.
Given the computational resources at our disposal, we were able to compute Riemann
theta functions containing matrices whose size is at most 12. This means that for the
boson in the decompactification regime (see Eq. ), in the case of three intervals we
can have access to data with 2 < n < 6, and therefore we can use rational functions
with p + ¢ + 1 < 5. Nevertheless, from Figs. [2.16] and [2.17| we observe that, for this case,
rational interpolations with low values of (p, q) are enough to capture the result expected
from the lattice data.

In App. we give more details on the method used. In particular, in Sec. we
test the method on some numerical data available in the literature, while in Sec. 2.E:2| we
explore some technical issues of the rational interpolation and we investigate its validity.

2.7 The Ising model

The Ising model in transverse field provides a simple scenario where we can compute the
Rényi entropies of several disjoint intervals and compare them with the corresponding
predictions obtained through the CFT methods. The Hamiltonian is given by

H= i (0?(7?“ + haz) ) (2.80)
s=1

where s label the L sites of a 1D lattice £ and the 0% are the Pauli matrices acting
on the spin at site s and periodic boundary conditions are imposed. The model has two
phases, one polarized along x for A < 1 and another one polarized along z for A > 1,
which are separated by a second order phase transition at h = 1.

The Ising model in transverse field can be rewritten as a model of free fermions [244].
The map underlying this equivalence has been employed in [245] to compute the Rényi
entropies for one block and in [222] for two disjoint blocks, where the generalization to
N blocks is also discussed.

Our approach is based on the Matrix Product States (MPS), which is completely
general and therefore it can be applied for every one dimensional model. We choose the
MPS because they are the simplest tensor networks (see Sec. for a proper definition).
The same calculation can be done through other variational ansatz metohds, like the TTN
or the MERA [220], [223] [246] ).
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Figure 2.18: The contraction giving the MPS state |1) of a chain with L = 8 sites and periodic
boundary conditions (points labeled by the same greek index are considered as the same point).
The individual tensor ¢, which defines the MPS state, and its complex conjugate £*” are shown
in the box on the left. Considering the bipartition of the chain with A made by 4 contiguous
sites, we show the tensor network contraction occurring in the computation of the reduced density
matrix pa.

2.7.1 Rényi entropies for the Ising CFT

The continuum limit of the quantum critical point A = 1 corresponds to a free massless
Majorana fermion, which is a CFT with ¢ = 1/2.

Identifying ¢ with — ¢ in , the target space becomes S*/Zy and the compactifi-
cation radius (orbifold radius) parameterizes the critical line of the Ashkin-Teller model,
which can be seen as two Ising models coupled through a four fermions interaction. When
the interaction vanishes, the partition function of the Ashkin-Teller model reduces to the
square of the partition function of the Ising model. This set of ¢ = 1 conformal field
theories has been studied in [209-211}, |214] in the case of a worldsheet given by a generic
Riemann surface and the relations found within this context allow us to write Tr p’; for the
Ising model in terms of Riemann theta functions with characteristic (2.47). The peculiar
feature of the Ising model with respect to the other points of the Ashkin-Teller line is
that we just need the period matrix 7 to find the partition function on the corresponding
Riemann surface.

In our case, the Riemann surface is given by (2.18) and its period matrix has been
computed in Sec. [2.3.3} As anticipated in Sec. [T.4} Trp’ for the Ising model is given by

(1.52) with ¢ =1/2 and

2. ©le](0]7)]

) = Soslem)

(2.81)

where the period matrix 7 has been discussed in Sec. As already remarked in
Sec. the sum over the characteristics in the numerator of contains only the
even ones. We checked numerically that F5'7#(0) = 1. Moreover, by employing the results
of Sec. and of App. one finds that, specializing (2.81) to N = 2, the expression for
Fy'mE(x) found in [196] is recovered. In App. we also discuss the invariance of
under a cyclic transformations or an inversion in the ordering of the sheets and under the
exchange A + B.
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Figure 2.19: The computation of Trp% for the bipartition of Fig. 2.18] where £ = d = 4. The
MPS transfer matrix E and its p-th power are shown in the box as yellow rectangles. The pattern
for the contractions of the indices is on the right.

2.7.2 Matrix product states: notation and examples

A pure state |¥) € VO defined on the lattice £ can be expanded in the local basis of V
given by {|1s),]2s),- - ,|ds)} as follows

s 6 s
w) =Z Z Z inigeip, [12) [i2) -+ Jiz) - (2.82)

This means that |¥) is encoded in a tensor T with 6% complex components T;,;,...;, € C.
We refer to the index 1 < i5 < 4, labelling a local basis for site s, as the physical index.

The tensor network approach (see e.g. the review [247]) is a powerful way to rewrite
the exponentially large tensor 7" in as a combination of smaller tensors. In order to
simplify the notation, drawings are employed to represent the various quantities occurring
in the computation. Tensors are represented by geometric shapes (circles or rectangles)
having as many legs as the number of indices of the tensor. The complex conjugate of a
tensor is denoted through the same geometric object delimited by a double line. A line
shared by two tensors represents the contraction over the pair of indices joined by it.

The MPS are tensor networks that naturally arise in the context of the Density Matrix
Renormalization Group [34, 38| 248|. They are build through a set of tensors t?’ﬂ (one
for each lattice site) with three indices (see the box in Fig. 2.18): i is the physical index
mentioned above, while o and 3 are auxiliary indices. The tensors are contracted following
the pattern shown in Fig. where the translational invariance of the state is imposed
by employing the same elementary tensor for each site. The state in Fig. has L =8
and it is given by

|\I/> = Z Z t?lm@ taQas S ocgoq |'Ll> |22> |28> , (2.83)

1y..0518=1 a1,...,a8=1
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E(0)) = X: I E(0,) = gz H

Figure 2.20: The two point correlation function C(r)e,,0, of the local operators O; and Os.
The corresponding generalized transfer matrices E(O1) and E(O2), depicted in the box, must be
contracted with the proper powers of F.

where x is the rank of the auxiliary indices, which is called bond dimension in this context.
Since we are using the same tensor for each site, the state is completely determined by the
components of the tensor t?ﬁ , which are §y? free parameters. In the MPS approach, the
expectation value of local observables can be computed by performing O(6x?) operations.
The components t*? of the tensor are obtained numerically by minimizing (¥|H|®) for
the Hamiltonian ([2.80)).

The bond dimension y controls the accuracy of the results. Increasing x, one can
describe an arbitrary state of the Hilbert space [249|. In practice, a finite bond dimension
which is independent of L allows to describe accurately ground states of gapped local
Hamiltonians [14]. For gapless Hamiltonians described by a CFT, the bond dimension
has to increase polynomially with the system size [250], namely y = L%, where &
is an universal exponent [36] which depends only on the central charge ¢ as follows:
Kk =6/[c(y/12/c+ 1)] |37, 251]. Since the Ising model has ¢ = 1/2, we have x ~ 2.

In principle, the MPS representation of the ground state allows us to compute several
observables. In practice, different computations require a different computational effort.
For instance, considering the bipartition shown in Fig. where L = 8 and ¢ = 4,
the reduced density matrix p4 in a MPS representation has at most rank x? [247, 252],
independently on the size of the block. This implies that it can be computed exactly by
performing at most O(3%x®) operations.

The case of N disjoint blocks is more challenging. Indeed, the corresponding reduced
density matrices in the MPS representation can have rank up to x*V, which means that
these computations are exponentially hard in N. Some of these computations can be
done by projecting the reduced density matrices on their minimal rank [220} [223]. Here
we describe an alternative approach, which is based on the direct computation of the
Rényi entropies.

2.7.3 Rényi entropies from MPS: the correlation functions of twist fields

In the computation of Trp, which gives the Rényi entropies through (1.47)), we need

the powers of the MPS transfer matrix E(*®-(55) = S~ 4*F7%P  Being a mixed tensor
involving both t and ¢, we represent E as the yellow rectangle in the box of Fig. where
the double line on one side keeps track of the position of . Then, we can straightforwardly
construct the p-th power EP, which is the key ingredient to obtain Trp’; for a bipartition
of the chain. Indeed, when A is made by a block of length ¢, it is computed in terms of
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Figure 2.21: The computation of Trp? of Fig. as the two point correlation function (see
Fig. of twist fields in the MPS formalism, i.e. through (2.86). They are operators acting
on the auxiliary degrees of freedom and this allows us to define the generalized transfer matrices
E>(T) and Ex(T), which must be contracted with the proper powers of Fs.

E* and E?, where d = L — ¢. In Fig. we represent the computation of Trp% for the
bipartition of Fig.

Simple manipulations allow us to write the above expression for Trp’ as the two
point function of twist fields. In order to see this, let us first consider the two point
correlation function Co, 0, (1) = (|01 (2)O2(z+1)|1) of local operators O and Os. For
this computation we introduce the generalized transfer matrix for a generic local operator
O as / ) .

E(0) e B8 = Ny PP o (2.84)

ij
whose graphical representation is shown in the box of Fig. Given (2.84), the two
point correlation function becomes the following trace of the product of transfer matrices

Co,,0,(r) = Tr(E(O1)E"2E(O,)EX™T), (2.85)

which is depicted in Fig. 2:20] where different colors correspond to different operators.

In a similar way, we can write Trp’; for the bipartition of Fig. as the two point
correlation function of twist fields. This is done by introducing other generalized transfer
matrices, namely the tensor product F, = F ® --- ® E of n transfer matrices and the
transfer matrices F, (7) and E,(T) associated to the twist fields (see the box in Fig.
for n =2 and in Fig. for n = 3). Given these matrices, Trp"} reads

Trply = Tr(En(T)ES B, (T)EL ) . (2.86)

Notice that (2.86) has the structure of the two point function given in [2.85 but it is not
exactly the same. Indeed, since the twist fields are operators acting on the virtual bonds
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Figure 2.22: The computation of Trp% of Fig. as the two point correlation function (see
Fig. of twist fields (2.86). In this case the twist fields act on the tensor product of three
pairs of virtual indices. The generalized transfer matrices F3(7) and E3(7) are contracted with
the proper powers of Fs = EQ E® E.

rather than on the physical bonds, they are not local operators on the original spin chain.
In Figs. and we show for n = 2 and n = 3 respectively.

It is straightforward to generalize this construction to the case of N disjoint blocks
(see Fig. for the notation). In this case A = UN | A; and the generalization of
to N > 2 reads

Taps = Tr(Ep(T)BS 2B, (T)ED - Bu(T)EN 2B (T)EX),  (287)
where the dots replace the sequence of terms En(T)Eij 72En(7_')Egj , ordered according to
the increasing value of interval index j = 2,..., N —1. In Fig. the MPS computation
for N = 3 and n = 2 is depicted. It is important to remark that in the
computational cost is O(N&x*" 1), i.e. exponential in n and linear in N. Thus, for the
simplest cases of n = 2 and n = 3 the cost is x¥? and x'3 respectively. Because of this,
in the remaining part of this section we present numerical results obtained through the
exact formula with n = 2 only, for configurations made by either N =3 or N =4
disjoint blocks.

The method that we just discussed is very general and, in principle, it can be applied
for many lattice models. Nevertheless, the feasibility of the computation strongly depends
on the value of the bond dimension y, which depends on the central charge ¢ as mentioned
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Figure 2.23: The computation of Trp’y through (2.87) in the case of N = 3 and n = 2 as the six
point function of twist fields.

above. Thus, having ¢ = 1/2, the Ising model is the easiest model that we can deal with.
A model with ¢ = 1 would lead to a very high computational cost already for the Rényi
entropy with n = 2 and this would be a very challenging computation, given the numerical
resources at our disposal.

As for the approximate calculations of the Rényi entropies, a very different scenario
arises. In particular, Monte Carlo techniques look very promising because
they allow to obtain an approximate result for Trp’ by sampling over the physical indices.
Each configuration can be computed with nx> operations, but the number of configura-
tions which are necessary to extract a reliable estimation of the Rényi entropies in terms
of x and n is still not understood.

2.7.4 Numerical results for n =2

Let us discuss the numerical results obtained through the method discussed in Sec.
about Tr p? for the Ising model with periodic boundary conditions. The length L of the
chains varies within the range 30 < L < 500. The MPS matrices have been computed by
employing the variational algorithm described in [256] (see also the ones in )
Moreover, from Fig. 2 of one observes that, in order to find accurate results for the
Ising model in the range of total lengths given above, we need 8 < x < 16.

As for the configurations of the N disjoint blocks of sites, denoting by ¢; the number
of sites for the block A; and by d; the number of sites separating A; and A;+1mod N With
i =1,...,N as in Sec. (see Fig. for the case N = 3), we find it convenient to
choose the following ones

61 dy Zg do 53 ds ... EN dn
(L d ¢ d ¢ d ... ¢ dy d=al,

(2.88)

where dy = L — [N + (N — 1)]¢ is fixed by the consistency condition (2.73) on the total
length of the chain. Thus, each configuration is characterized by the coefficient o and the
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Figure 2.24: The domain 0 < 21 < z2 < 3 < 1 for N = 3, as in Fig. The thick lines
represents the configurations (2.88)) for some choices of a. The dashed thin curves are the
configurations shown in Fig. with the same colors.

free parameter is ¢. In the comparison with the CFT expressions discussed in Sec.
and Sec. we have taken the finiteness of the system into account through ([2.74))
and already done in Sec. [2.5] for the harmonic chain. Like for with the
vectors A and - fixed, also for the configurations with « fixed the harmonic ratios
x; depend only on ¢/L, providing one dimensional curves within the 2N — 3 dimensional
configuration space 0 < 1 < 9 < --- < xony_3. Nevertheless, notice that in this case the
harmonic ratios have a strictly positive lower bound, which can be computed by taking
the limit £ — 0 in the expressions of x; obtained by specializing and to
(2.88). For instance, when N = 3 we have z; = [sin(7¢/L)/sin(27(1 + a)f/L)]?, whose
smallest value reads 1/[2(1 + «)]?. Always for N = 3, in Fig. we show the curves
corresponding to the configurations for the numerical values of a considered in the
remaining figures. Each curve can be equivalently parameterized by one the harmonic
ratios and in this section we choose z; as the independent variable.

Given the configurations , for any fixed « different values of £ and L having the
same ¢/L provide the same x, i.e. the same point in the configurations space. Aligning
the numerical data corresponding to the same @, one observes that, as ¢ increases, they
approach the CFT prediction. Nevertheless, the discrepancy is quite large because the
chains at our disposal are not long enough. Thus, unlike the case of the harmonic chain
discussed in Sec. 2.5] for the Ising model the plots of the data do not immediately confirm
the CFT expressions.

During the last few years many papers have studied the corrections to the leading

scaling behavior of the Rényi entropies [136} 220, |222, 223, . When A is a single

block made by ¢ contiguous lattice sites within a periodic chain of length L, the first
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Figure 2.25: The results for F32 computed trough MPS ground states in terms of xz;. The
configurations are with (from the top left panel, in clockwise direction) oo = 0.25, a = 0.5,
a =1 and a = 2. For a fixed x, the length ¢ of the blocks increases along the black arrow. The
extrapolated points are obtained as explained in Sec. @

deviation of Tr p”; from the corresponding value obtained through the CFT expression is
proportional to ¢=22/" for some A < 2. From the field theoretical point of view, this
unusual scaling can be understood by assuming that the criticality is locally broken at the
branch points and this allows the occurrence of relevant operators with scaling dimension
A < 2 at those points [261]. For the Ising model the relevant operator must be also parity
even and this means that the first correction is proportional to £~2/". Instead, when A is
made by two disjoint blocks, it has been numerically observed that the leading correction
for the Ising model is proportional to £~1/™ 220, [222|, which agrees with £~22/" with
A = 1/2. This could be the contribution of the Majorana fermion introduced by the
Jordan-Wigner string between the two blocks [222].

In the following we consider the case of A made by three and four disjoint blocks,
focusing on F3 9 and R3 5 for N = 3 and on Fy 2 for N = 4. We studied the configurations
with a = p and a = 1/p, where for the integer p we took 1 < p < 8. Here we show
the plots only for a € {0.25,0.5,1,2} because the ones for the remaining values of « are
very similar. The results for N = 3 are reported in Figs. [2:25 and [2.26] while the ones for
N = 4 are given in Fig. 2:27] Different colored shapes denote numerical data which have
been obtained from ground states with different bound dimensions. Moreover, for fixed
values of « and y, the black arrow indicates the direction along which ¢ increases. For
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Figure 2.26: The results for R3 > computed trough MPS ground states in terms of x;. The
configurations are with (from the top left panel, in clockwise direction) o = 0.25, o = 0.5,
o =1 and o = 2. For a fixed «, the length ¢ of the blocks increases along the black arrow. The
extrapolated points are obtained as explained in Sec. @

a given y, the maximum value Ly, of the total size of the chain has been determined
according to Fig. 2 of [37]. In particular, for x = 8, x = 12 and x = 16 we used respectively
Liax = 100, Lyax = 320 and Ly, = 500.

Notice that larger values of x and ¢ better approximate the points obtained through
the CFT formulas, as expected. Nevertheless, since the discrepancy between our best
numerical value and the one predicted by the CFT is quite large, a finite size scaling
analysis is necessary, as discussed above. For almost every value of « that we are consid-
ering, taking the effects of the first correction into account is enough to find reasonable
agreement with the CFT predictions. According to the analysis discussed in App.
we find that the first correction is proportional to £~“mm where Apym = 0.45(5) for both
Fs2 and Fuo, and Ayym = 0.51(4) for R3 2. We remark that these exponents have been
found just from the numerical data, without assuming the CFT formulas. The result is
compatible with A = 1/2 found for two disjoint blocks [220} 222]. Thus, this result seems
to be independent of the number of intervals.

Once the exponents have been determined, we can compare the numerical results with
the CFT predictions. This means that, for N = 3 and N = 4, we consider

In(z)

7 N—

Fno(®) = Fis(e) + Ry (@) = Rs (@) + (2.89)
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Figure 2.27: The results for F42 computed trough MPS ground states in terms of x;. The
configurations are with (from the top left panel, in clockwise direction) o = 0.25, a = 0.5,
a =1 and a = 2. For a fixed x, the length ¢ of the blocks increases along the black arrow. The
extrapolated points are obtained as explained in Sec.

where Ap,m are the exponents given above. For any fixed x, we have two parameters
to fit: the coefficient of ¢~%=m and the extrapolated value. The latter one must be
compared with the corresponding value obtained through the CFT formula. Since we
have to find only two parameters through this fitting procedure, we can carry out this
analysis for all the a’s at our disposal, also when few numerical points occur. Because
of the uncertainty on A,um, for any fixed & we perform the extrapolation for both the
maximum and the minimum value of A,um. This provides the error bars indicated in
Figs. 2.25] [2.26] and 2.27] where the yellow circles denote the mean values.

In App. we consider more than one correction, keeping the same exponents
employed for case N = 2 [136] 222, |223]|. Unfortunately, this analysis can be performed
only for those few values of @ at fixed @ which have many numerical points (see Figs.
and . We typically find that the second correction improves the agreement with the
corresponding CFT prediction, as expected, while the third one does not, telling us that,
probably, given our numerical data, we cannot catch the third correction.

In App.[2:D.3 we briefly consider the effects due to the finiteness of the bond dimension
in our MPS computations. They occur because finite y leads to a finite correlation length
&y and, whenever it is smaller than the relevant length scales a deviation from the expected
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power law behavior of the correction is observed 250, [265].

2.8 Conclusions

In this chapter we have computed the Rényi entropies of N disjoint intervals for the simple
conformal field theories given by the free compactified boson and the Ising model.

For the free boson compactified on a circle of radius Reircle, we find that Trp”; for
A =UN,A; with N > 2 is given by with ¢ =1 and

9(0|Tn) inZ R
P =g = (% i2n), (290

where 1 o« R2, the function © is the Riemann theta function (2.34) and 7 = R +iZ
is the period matrix of the Riemann surface Ry, defined by (2.18), which has genus
g=(N—-1)(n—1) (see e.g. Fig. where N = 3 and n = 4). As for the Ising model,
we find that Tr p%} is with ¢ =1/2 and

tsing 1y _ 2 |©1€](0]7)]
T = Setm

(2.91)

being e the characteristics of the Riemann theta function, defined through (2.47). The
period matrix of Ry p has been computed in two different canonical homology
basis and, given the relation between them, one can employ either or in the
expressions and . The peculiar feature of the free compactified boson and of
the Ising model is that, in order to write the Rényi entropies, we just need the period
matrix of Ry p.

We have checked in the decompactification regime against exact results for the
harmonic chain with periodic boundary conditions, finding excellent agreement. As for
the Ising model, we have performed an accurate finite size scaling analysis using MPS.
In particular we have identified the twist fields within this formalism, showing that the
Rényi entropies can be computed as correlation functions of twist fields also in this case.
Whenever a reliable finite size scaling analysis can be performed, the numerical results
confirm (2.91). The results of for two disjoint intervals are recovered as special
cases of (2.90) and .

We have not been able to analytically continue and , in order to find the
entanglement entropy. This is still an open problem in the simplest case of two intervals
for the free boson at finite 7 and for the Ising model. For the boson on the infinite line, we
have shown numerical predictions for the tripartite information and for the corresponding
quantities in the case of N > 3.
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Appendices

2.A On the z dependence of Ry,

In this appendix we give some details about the ratio Ry , defined in (2.3) in the case of
two dimensional conformal field theories, when A = UN | A;.

In the simplest case of N = 2 there is only one four-point ratio = € (0,1) defined
through (1.51). The two quantities (2.8) and (2.3) coincide and one easily finds that

.Fgm(l‘)

Ry p(x) = Ryn(x) = (1— )28

(2.92)

When N > 2, first we remark that the non universal constant ¢, cancels in the ratio
and this is found by employing the same combinatorial identity occurring for the
cutoff independence of Ry ,, discussed in the section Moreover in all the factors
P,(on,p) cancel, namely

N
H [T [Boony)] 0 " =1, (2.93)
p=1onp

This result can be obtained by writing the 1.h.s. as the product of two factors

N N w; — i) (v; — vi) (—1)N-»
H H ]._.[ W’ H H H [ j — Uj) (Ui_uj)]
p=1 UNpleaNp p=tony Z]zegljvp |

(2.94)
Then, collecting the different factors, they become respectively

N N vy — ) 1O
I e [T IT[Lmmbmm 70 o)

p= 7,:1 p=1 4,5=1
1<

=

where we denoted by &, = (J; 1) the number of choices oy, containing the i-th interval
and by ¢, = (];[__22) the number of oy ;,’s containing both the i-th and j-th interval. By
employing the combinatorial identities Zﬁ’zl(fl)N*ng = 0 and ZZQ(fl)N*I’QP =0
respectively, it is straightforward to conclude that the products in (2.94) are separately
equal to 1. Thus, we have that Ry ,(x) is given by (2.13).

As for the dependence on x of (2.13)), let us consider the choice o, = {i1,...,ip} of
p intervals with 1 < p < NV, corresponding to the subregion A;, U---U A; included in A.
Then one introduces the map

(uiy, — 2)(uz, — ;)
(wiy — ui,) (2 — i)

Wy, (2) = , (2.96)

which is constructed to send w;; — 0, u;, — 1 and v;, — oo. When p = N, the map
([2:96) becomes . The function F,, n( 7N.r) depends on the 2p — 3 four point ratios
obtained as the 1rnages of the remaining endpoints through the map ( , namely

]:P’n(waN'p) = ‘prn(wUN,p (’Uh)’ s ’wUN,p(/Uip71>) . (297)
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Since the ratios w,, , (us,) and wgy  (v;,.) can be expressed in terms of the four-point

ratios in @ by applying (L.51), we have that Ry, = Rn,.(z). The final expression can

be checked by considering the limits z; — x;41, whose result can be understood by using

that the first operator occurring in the OPE of a twist field 7,, with 7,, is the identity.
We find it useful to write explicitly Ry ,(x) in the simplest cases. For N = 3

Fan(xy, 22, 23)
Fon(Grms)) Foun(w1) Fon(5522)

Iz(Ig*Il) 1712

R3n(x) = (2.98)

From this expression (we recall that F5 ,,(0) = F3,,(1) = 1), we can check that Rz, — 1
when z3 — x2 (i.e. Ay — (), which is obtained by using Fs3 ,, (1,22, 23) — Fa2.,(z1), that
we checked numerically. In a similar way, we find that R3, — 1 for z; — 0 (A; — 0).
Notice that we cannot take A3 — () in because the map with N = 3 is not
well defined in this limit. We can also consider e.g. zo — x1 , i.e. By — (. In this
case we verified that F3 (21, x2,23) — Fan(x3), as expected, and this implies that the
corresponding limit for Rj , is not 1 identically. Also when By — () we find that Rs,,
does not tend to 1. Indeed, Fs (21, T2, 23) = Fon(x1/x2).
When N = 4 the elements of ® are z1, ..., x5 and Ry ,(x) reads

Fin(x) Hi<j f2,n(x{i’j})

Ban(®) = 2 023) 7y (@020 Fy (w1050 oy (@251 (2:99)
where the terms in the denominators are given by
Fon(@ 23 = 7y, (331(335 — m4), To(xs — x4)7 z3(xs — a:4)>7 (2.100a)
z4(xs — 1) wa(x5 — T2) " T4(T5 — X3)
Fan(@B2) = Fy (21, 72, 73) (2.100b)
f3,n(w{17374}) - -FS,n(xla Ty, .’E5) ) (2100(3)
{2,3,4}y _ T3 — T2 T4 — T2 T5 — T2 91
]:3,71(33 ) f37n<1x271x271x2 . (OOd)

As for the product in the numerator of (2.99), the arguments of the F; ,’s are not multi-
component vector and they read

S12y _ 2@ —2) L @) oy
xo(w3 — 1)’ zy(ws — 1)’ ’
(2.101)
23y @ z)@s—zd) gy T3 L34} _ U5 = T4
(.1‘4—.%'2)(.’135—.’173) ’ 1—.%'2 ’ 1—.’174

The expression allows us to check explicitly that Ry, — 1 when we send either
z1 = 0 (4 = 0) or z3 — xa (A2 — 0) or x5 — x4 (A3 — (). In a similar way, we
observed numerically that Fy,(x) — Fs,(zs,24,25) for 22 — 21 (By — 0) and that
Fan(®) = Fan(x1,22,25) for x4 — w3 (By — 0). Taking the limit x5 — 1 (Bs — 0),
we are joining the last two intervals and we find Fy () — F3 n(x1/24, T2 /24, 23/24), a8
expected.

For higher N, more terms occur to deal with, but it is always possible to write explicitly
Ry () in terms of its 2N — 3 independent variables. The checks given above for the
simplest cases of N = 3 and N = 4 can be generalized, finding that Ry, — 1 when
Tok—1 — Tog—o (Ax — 0), for some fixed &k € {1,...,N — 1} (we recall that zy =
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Figure 2.28: The auxiliary cycles {a%"%, b3} for N =3 and n = 4.

a,j1 Yo,

0). The limit Ay — 0 (i.e. uy — vy) cannot be considered on Fy ,(x) because the
map (1.51)) is not well defined. We have to compute it before applying (L.51). As for

the limit of joining intervals, for zo, — wo—1 (B; — 0) with [ € {1,...,N — 2} one
finds Fyn(x) = Fn_1n(x \ {z2-1,29}), while for zon_3 — 1 (By_1 — 0) we have
Fnn(®) = Fno1n(21/Ton—4,T2/ToN—4s ..., TaN—5/T2N_4)-

2.B Lauricella functions

In this appendix we show that the integrals (2.26a) and (2.26b), occurring in Sec.
and Sec. for the computation of the period matrices, can be written in terms of
the fourth Lauricella function Fg") m, which is a generalization of the hypergeometric

function o F} involving several variables.

The integral representation of Fém) for Re(c) > Re(a) > 0 reads

terl(1—t)eet - T(a)T(c—a)
o I (-0 =7 T

F @by, oo b €5y, ym) . (2.102)

For m = 1 the function an) reduces to the hypergeometric function o Fy(a, by;c;y1) and
for m = 2 it becomes the Appell function Fy(a; by, ba; ¢;y1,y2). In our problem m = 2N —3
and therefore m > 3 for N > 2.
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Figure 2.29: The Riemann surface R34 with the set of auxiliary cycles {a3'}, b5} depicted also

in Fig. 2]

In terms of the Lauricella function, the integral in (2.26a) for o = 1 reads

N—-1

o L(B-k/n)T k/n —k/n LR/
T kly = T(3) H Toy—2 Taa-1
A=2 (2.103)
XFéQN3)<ﬁ_E7E71_E7"‘7E;5;Evﬂ7”'u e >7
nn n n T2 T3 To2N -2

where we recall that zoy_ 2 = 1 and 1 < § < N — 1. Also the remaining integrals in
(2.26a)), which have a > 1, can be written through £

N N-1
_ 7T —1-k/n —k/n k/n—1
L R | SRR | [ ER L
Plasi s = S e g o1 et L e Tl
Qe N

_ k k k k
XFI()2N 3)(1 __+1_/871__ .7_;1;y(o¢)>7
n n n
(2.104)

where I'(1 — k/n)T'(k/n) = mwcsc(nk/n) has been used and we introduced the 2N — 3
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dimensional vector y(®, whose elements read
o) = Bl Z e e 01, 2N 2} )\ {20 - 2,20 — 1. (2.105)
T — T2a—-2

As for the integrals in (2.26b)) for a > 1, in terms of Lauricella functions they become

N N-1
T2 _ il B—1-k/n H _ —k/n H _ k/n—1
I8k ran s = Gy P20t ot 7212 = F202 fole] P2yt = #1e-2]
YH#o YH#o

_ k k k k
XF[()QN 3)<nan+1_5,1_na~"7n;]—; w(a))v

(2.106)
where we defined the 2N — 3 dimensional vector w(®), whose elements are
a T2a — T2a—1
we® = 220l e {0,1,...,2N — 2} \ {2a — 1,20} . (2.107)

Te — T2a—1

We remark that both in (2.104) and (2.106) the dots denote the alternating occurrence
of k/n and 1 — k/n, like in (2.103)). For even n, the case k/n = 1/2 occurs and these
expressions slightly simplify. In order to realize that is with o = 1, it is
more convenient to go back to the original integral representation and set o = 1 there.
For N = 2 intervals we have only one four-point ratio z; = = € (0,1). Moreover,

a = f = 1 and therefore we have to consider only (2.103) and (2.106]), which reduce
respectively to

™

Sg|e = ———F 2.1
1,1@’0 sin(mk/n) k/n(l“) ) (2.108a)
L SN (LA S I 2.1
jl’kb sin(rk/n) * 201 ( n'n’ =z sin(rk/n) k/n(1=2), (2108b)

being Fj,/,, the hypergeometric function defined in (2-49). In the last step of (2.108b) we
have employed the Kummer’s relation oF(a,b;c;y) = (1 —y)~%2F1(a,c—b;c;y/(y—1)).

2.C Symmetries of Fy, as symplectic transformations

In this appendix we discuss some symmetries of Fy , through the symplectic modular
transformations. In App. 2.C.1] we define the group Sp(2¢,Z) and its action on the
Riemann theta functions, introducing the subset of transformations we are interested in.
In App. @We show that Fy , is invariant under such class of modular transformations,
for both the compactified boson and the Ising model, and in App. we construct the
symplectic matrices implementing the cyclic transformation in the sequence of the sheets,
the inversion of their order and the exchange A + B.

2.C.1 The symplectic modular group

Let us consider the group Sp(2g, Z) of the integer symplectic matrices, which is also known
as symplectic modular group. The generic element M € Sp(2g,Z) is a 2g x 2g matrix
which satisfies

(D ¢ . B (0, 1,
M_(B A), M T -M=1J, J—(_Hg og)’ (2.109)
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where the g x g matrices A, B, C and D are made of integers, 0, is the g X g matrix whose
elements are all equal to zero and I, is the identity matrix. The condition in
on M corresponds to require that D' - B and C* - A are symmetric matrices and also
D'-A-B'-C=1,

Under a symplectic transformation, the canonical basis of cycles and the normalized
basis of the holomorphic one forms transform respectively as follows

(Z) Y (‘;) . Wi=wt (Cor+ D)L (2.110)

From the first transformation rule, it is straightforward to observe that a canonical ho-
mology basis is sent into another canonical homology basis. Moreover, combining the
transformation rules in (2.110), one finds that the period matrix 7/ computed through v/
and the cycles b’ is related to 7 in as follows

7'=(A-7+B)-(C-7+D)"". (2.111)

The transformation rule for the absolute value of the Riemann theta function with char-
acteristic defined in (2.47) reads [209-211], [215] 216]

’@[e'](O\T’)’ = /|det(C - 7 + D)| ’@[e](0|7')| , (2.112)

where the characteristic €’ is given by

e\ (D -C € 1 ((C-D%q
where (...)q is the vector made by the diagonal of the matrix within the brackets.
Let us consider the subset of Sp(2g,Z) given by the following matrices

@ (Dogl)t> ’ (—(ggl)t Oc;) : (2.114)

Under the transformations of the first kind, the cycles a’ (b’) are obtained through a
(b) cycles only; while applying the transformations of the second kind, the cycles a’
(b') are combinations of the cycles b (a). Moreover, for the transformations the
relation between the characteristics becomes homogenous. In particular, the zero
characteristic is mapped into itself and therefore becomes

|©(0|7")| = /|det(C - 7+ D)| |©(0|7)|. (2.115)

In the remaining part of this appendix, we will restrict to the transformations (2.114).

2.C.2 Invariance of Fy

Let us discuss the invariance of Fy () under for the free compactified boson.
Considering the two expressions in which are not explicitly invariant under 7 <> 1/,
one finds that \/det(Z) |©(0|7)|? and ©(0|inG) (or O(0|iG/n) equivalently) are separately
invariant. The invariance of \/det(Z) |©(0|7)|? is easily obtained combining (2.115)) and
the following relation [211]

(I/>—1 _ (C TR 4 D) Y A (C ST+ D)t , (2.116)
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which can be verified starting from (2.111]). This allows us to claim that the expression
.F]’Z,_:loo(w) in (2.43), which characterizes the decompactification regime, is invariant under
symplectic transformations. As for the invariance ©(0inG), first we find it convenient to

write G in (2.40) as

Il - IT71 —il
G = (I_l il 7-1 9). (2.117)

The terms +il, in the off diagonal blocks can be dropped because they cancel each others
in the exponent of the general term of the series defining ©(0|inG). Then, we can employ
the fact that ©(0[inG) does not change under simultaneous inversion of the sign for both
the off diagonal matrices in G. Considering the exponent of the general term of the series,
after some algebra one finds that

/ 1\ —1 */ / 7\ —1
N @)t -7 (T (m
o) (T T ) (3
It —r.771 m’
= (Tn/t nlt) . ( 7171 g I*l > . (n/> ,
where (Z')~! is defined in (2.116)), 7’ in (2.111) and we also introduced
m’ o (m _ At -t
(n’)ZM 1.<n>, M 1:<—Bt Dt ) (2.119)

The vectors ' and n’ are made of integers and they are related to m and n through the
inverse M ~! of symplectic transformation (2.109)), which is also a symplectic matrix. Since
also (m/*,n/*) cover the whole Z29, we have that ©(0|inG) is invariant under Sp(2g,Z)

for any 7.
For the Ising model, we have that F3"() in (2.81)) is invariant under (2.114)). Indeed,

from (2.112)) and (2.115)) it is straightfofward to conclude that
ole(0[r)| _ | ©le](0]7)

o) | | e(oln)

Moreover, each term of the sum over the characteristics in (2.81) is sent into a different
one (except for €' = (0°,0")) so that the whole sum is invariant because the net effect of

(12.114) is to reshuffle its terms.

(2.118)

. (2.120)

2.C.3 Some explicit modular transformations
Cyclic transformation.

As a concrete example of a symmetry written in terms of a symplectic matrix, we consider
first the cyclic change in the ordering of the sheets. Indeed, the choice of the first sheet is
arbitrary and therefore the period matrix cannot depend on it. This symmetry has been
already studied in [228]. It is useful to start from the effect of this transformation on the
auxiliary cycles of Figs. 2.28 and 2.2% a3y — a3, and b3 — b3, Notice that we

a,j «

introduced the cycles a, = a3’y and b, = b3, which are not shown in Figs. and
but, given their indices, it is clear how to place them. In particular, considering this
enlarged set of auxiliary cycles, we have that -7, a&™ = >0, by = 0, which allow to
write a3y, and b3, in terms of the other ones. From these relations and (2.23), we find

a,n

that the canonical homology basis introduced in Sec. changes as follows

n—1
(2%} — Qo j+1 j 75 n—1 s Ao n—1 — — Z Aok 5 ba,j — ba,j+1 — ba71 . (2.121)
k=1
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As for the canonical homology basis defined in Sec. [2.4.2} from (2.54) we have
CALO“]' — CALa7j+1 — CALQJ s ZA)OLJ' — Ba,j-&-l ] 7é n—1 s a n—1—"7— Z ba k. 2 122

Since these transformations do not affect the greek index, their rewriting in a matrix form

involves Iy_1. In particular, (2.121)) and (2.122)) become respectively

_ Dcyc On—l 9 _ Dcyc On
Mcyc - (On—l Acyc) ®HN71 ) Mcyc - <0n1 A ) ®HN 1, (2123)
where
{ (Acye)jk = Ok—j1 — Ok,1 { (4Cyc)jk =0k—j1 — 0jn—1 = (Deye) jik (2.124)
(DCyC)jk = 6/6—,7',1 - 6j,n—1 ’ (Dcyc)jk = 5k7j,1 — (5k71 = (Acyc)jk

Since Aeye = (Dcyc) we have that My and Meye belong to subset of Sp(2g, Z) defined by
the first expression in (2.114). Notice that (D_L)" is the matrix given in Eq. (3 28) of [228 -
Moreover, we checked that M. M = Ip, and also that Mcye = M~ MCyC M,
being M the matrix defined in (2.59)), Wthh relates the two canonical homology basis. As
for the period matrix, by applying 1} for the transformations (2.123)), we numerically

checked that 7.,.(x) = 7(x) and 7.,.(x) = 7(x), as expected.

cyc cyc

Inversion.

Another symmetry that we can consider is obtained by taking the sheets in the inverse
order. As above, we start from the action of this transformation on the auxiliary cycles,
which is a2 — —ad’,_; 1 and bas — b3, (we assume the enlarged set of auxiliary
cycles introduced in App where the opposite sign has been introduced to preserve
the correct intersection number. Then, plugging it into , one finds that it acts on
the canonical homology basis as follows

A1 — Zaa,ka Qq,j — —Qa,n—j+1 ] 7é ]-7 ba,j — boz,l - ba,n—j—i—l 5 (2125)

while, from (2.54), we get that the action on the canonical homology basis introduced
in Sec. is simply Ga,j — Ga,n—; and ba j — ba,n—j. The corresponding symplectic
matrices M,y and M;,, have the structure of (2.123) with

(Ainv) jk = (Dly) ik = Oka — Ojk—1m (Ainv) ji = (f)inv)jk = 0jn—k - (2.126)

They are related as Mi,, = M ™' Miny - M, with M is given by 1} as expected. A
transformation very close to the one we are considering has been already studied in |22§].

In particular, their Eq. (3.29) is A! up to a global minus sign and a cyclic transformation.

Since the inversion is involutive, we have M2 = M2, = I,,. As for the period matrix,
from (2.111)) we numerically find 77 () = — 7*(x) and similarly, for the canonical basis of
Sec. L we have 7/ (x) = —7*(x). Since the imaginary part of the period matrix is left

invariant, the inversion leaves the period matrix invariant only for N = 2 or n = 2 [22§].
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Ezchange A < B.

The transformations considered in Appendices[2.C.3/and [2.C.3|do not change the positions
of the branch points. This means that cyc = Tiny = . Instead, exchanging A = UY ; 4;
with its complement B, we move the intervals and this leads to a change of the four-point
ratios x.

A way to implement the transformation A <+ B is given by

A;, = B; U; — Vj
, , 2.127
{ B, — Ai+1 mod N { Vi — Ui+1 mod N ( )

where ¢ = 1,..., N. Applying this transformation twice, A — A and B — B, but their
components do not go back to themselves when N > 2. Indeed, we have A; — A;1omod N
and B; — B;12mod N- Moreover, if we give to the intervals A; and B; an orientation, the
transformation (2.127) does not change it. Indeed, twist fields 7,, are sent into 7, and
viceversa. Under (2.127), the components of the vector « change as follows

T

ze = 1— (=1,...,2N -3, (2.128)

b
L¢4+1

ie. & = ®ex 1, where (Tex1)c =1 — x1/xc41 (we recall that zony_o = 1).

In order to describe the effect of (2.127) on the auxiliary cycles of Figs. and [2.29] we
find it useful to introduce, besides the a'y, and by, already defined in App. also the

o aux aux N aux _ NV jaux -
auxiliary cycles a3 and by, so that 3 - _, a%5 = >, by = 0, where j =1,...,n.
Considering this enlarged set of auxiliary cycles {a%,b5%} where o = 1,..., N and

J = 1,...,n, we find that (2.127) leads to a2y — b3y and by — —ad%y ;4. By
employing these relations in (2.23) and (2.54)), we find respectively

7

ba,j = S 1(Gat1k — o)

{ Qo,j = Zzzl(b%j = byj+1) { R DINEDY by
) ~

ba,j = —Gat1,j4+1 + Gat1,j T Ga,j+1 — da,j

(2.129)
which can be written in matrix form respectively as
—(I™ )—1 ®Ilow
Mey s = g (I N-1 2.130
oot (I;’le ® (Iy_,)™ Oy 7 ( )
and
R 0 Tov. @ [l
Mex,1 = w o y—1 e =1 N—l) : 2.131
w= (g (2431
Applying (2.111)) for this transformation, we find 7., 1(z) = —7"(Tex,1) and, for the
canonical basis discussed in Sec. [2.4.2) 7., ;(x) = — 7" (Zex,1). Given the transformation

of the period matrix under the inversion discussed in App. [2.C.3} applying first (2.127)
and then the inversion, we get 7, | (€) = 7(Zex,1) and similarly for the other basis.

Another way to implement A < B is the following

Ai = BN—imod N Ui —> UN—i+1
, , (2.132)
B = AN_imod N Vi — UN—imod N

which is an involution for each component A; and B;. This map inverts the orientation
of all the intervals and it sends a twist field 7, into another field of the same kind, and
similarly for 7,. The change induced on x reads

T — 1—3}2]\],2,( = (wex’g)c, C: 1,...,2N - 3. (2133)
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When N = 2, both (2.128)) and (2.133) give + — 1—=z. The transformation (2.132) acts on
the enlarged set of auxiliary cycles described above as a3 — by, ; and b3 — aN™,, ;1.

Through (2.23) and (2.54), this allows us to find respectively

N-1
Ao = D N—a(byj—1 = byj)
{ n—1 ) (2134)
ba,j — Zk:j (aN—a,k - aN—oc—l,k)
and N1 o
{ Ga,j = D N-a et Dy (2.135)
boj = GN—aji1 — GN—aj — AN—a—1j11 + ON—a—1,
whose expressions in matrix form read
0 _(Iloﬁ )—1 ® jlow
Mey 2 = < Lo\~ n-t N-L) 2.136
==, 0@y 0, (2130)
and .
~ O Ilow ® Ilow
Mex,2 = ( o V1D ew o1 T N—1> , (2.137)
¢ (L)t e ()t 0g

where (iN—l)aB =lifa>N-—pand (fN_l)a[g = 0 otherwise. As for the change of
the period matrix under , applying the transformation rule (2.111) for (2.136) and
, we find 7., 5 () = T(®ex,2) and 7¢, »(T) = 7(Tex,2) respectively.

We remark that, under the transformations considered in this subsection, the ratio
within the absolute value in is left invariant. Indeed, the cyclic transformation and
the inversion do not involve the endpoints of the intervals at all. As for A <» B, in the two
cases shown above, either the sets {u;,i =1,..., N} and {v;,i =1,..., N} are exchanged
or they are mapped into themselves.

2.D Some technical issues on the numerical analysis

In this appendix we discuss some technical issues employed to extract the results of
Sec. 2.7.4) performing also some additional analysis. In Appendices 2.D.I] and 2.D.2]
we explain how the finite size scaling analysis has been performed by using either one
correction or higher order ones, respectively. In App. we briefly discuss some effects
due to the finiteness of the bond dimension.

2.D.1 The exponent in the first correction

Given the large discrepancy between our numerical data for the Ising model and the
corresponding CFT predictions, the finite size scaling analysis becomes crucial either to
confirm or to discard them. As discussed in Sec. we numerically study Tr p% when
A is made by three or four disjoint intervals by considering F3 2, Rz 2 and Fy o.

The first step in the finite size scaling analysis is the determination of the exponents
of the corrections. To this aim, we start by taking only one correction into account. Since
we usually have only few numerical points for a fixed value of x, let us focus on those x’s
with several of them coming from different values of x. For these x’s, which correspond
to different a’s, we fit the numerical data for 732, R32 and F, 2 by using the function
ag+bo/¢Amm  which has three parameters to determine. Changing the ranges of variation
for £, we can check the stability of the results and also find an estimate of the error for
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Figure 2.30: Leading corrections to the scaling of F32 (left) and Rs 2 (right) for the special
case of a = 0.5 and z1 = 0.146 (see top right of Figs. and , computed as explained in
App. m In the inset we show the mean value of A,ym and the error bars, obtained by fitting
the data with the highest values of ¢, starting from /ni,. Each fit provides a curve in the plot.
The extrapolated values are show as cyan diamonds.

the fitting process (see Fig. for a typical example). The results for Ay, are shown
in Fig. 2.31} starting from the top left in clockwise direction, we find Ay, = 0.45(5),
Apym = 0.51(4) and Apym = 0.45(5) for F3 2, R3 2 and Fy o respectively. In this analysis
the CFT formulas have not been used. Notice that it is non trivial that A,,m does not
depend on @. Our results are consistent with Ay, = 1/2 found for N = 2 and
they show that it holds also for N > 2.

The values of Apum just given have been used in to find the extrapolated points
in Figs. [2.25] 2.26] and [2.27] Thus, for each x, now there are two parameters to fit. Notice
that we have not employed the CFT formula yet.

In Fig. [2:32] we plot the difference between the numerical data and the CFT prediction
in log-log scale, in order to visualize the leading correction. All the data lie on parallel
lines whose slope is close to the one expected from the two intervals case.

2.D.2 A finite size scaling analysis with higher order corrections

Instead of considering only one correction as discussed in Sec. 2.7.4 and App. 2.D.1] one
can try to perform a finite size scaling analysis which includes more corrections |136], 220,

222| 261, [262]. In particular, we choose the following function

b1 bo b3
aO‘f‘m‘i‘?‘i‘m-

(2.138)
The exponents are the ones giving agreement with the CFT predictions for N = 2 .
Since in this case we have four parameters to fit, we can carry out this analysis only for
few x’s at fixed a. We have considered the same configurations of Sec. namely o = p
and o = 1/p with 1 < p < 8 finding the same qualitative behavior. Here we give only one
representative example in Fig[2.33|for 732 and in Fig[2.34 for R3 . The error bars have
been determined by choosing different minimum values for ¢ in the fitting procedure, as

done for Apyy, in App.
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Figure 2.31: The value of the exponent A,,m obtained from the numerical values of F3 2, R32
and Fu2 (clockwise direction, starting from the top left). The values of x1 correspond to the
ones where several numerical points are available (see Figs. [2.25] [2.26] and 2.27| respectively). The
error bars are obtained by changing the number of numerical points in the fit (see Fig. [2.30).

It is instructive to analyze the contribution of the various corrections. Taking only the
first correction into account (cyan circles in Figs. and , the extrapolated points
are very close to the curves predicted by the CFT. Nevertheless, they do not coincide with
it, staying systematically below for Fn o or above for Ry 2. Adding the second correction,
ie. by #0 and by # 0 in , the extrapolations (green circles in Figs. and
usually improve, as expected, getting closer to the CFT prediction and, in some case,
coinciding with it. As for the third correction, we notice that it does not improve the
extrapolation in almost all the cases that we studied. This probably tells us that the
range of ¢ available allows us to see at most two corrections to the scaling. As for the sign
of the coefficients by, by and bs in (2.138), we find (-, +,+) for F35 and (+,—,+) for
Rs3.2. Notice that the sign of b; can be easily inferred from the position of the numerical
points with respect to the CFT curve. For instance, since for R3 2 they are all above the
theoretical curve, we have that b; > 0 in this case.

2.D.3 On the finiteness of the bond dimension

Tensor networks, which include the MPS as a subclass, are variational approximations
whose accuracy strongly depends on the bond dimension x. In principle, one would like
to have access to the regime of x — oo but, being the computational cost an increasing
function of x, the results are always obtained for finite x.
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Figure 2.32: Difference between the numerical data and the CFT prediction for F3 2 (left)
and Rs 2 (right). The black solid line corresponds to A = 1/2 for the exponent of the leading
correction, which is the value expected from CFT arguments. In the upper panels the results
are shown in logarithmic scales in order to appreciate the fact that, joining the data having the
same x, we find almost straight lines having nearly the same slope.

The MPS are finitely correlated state, which means that they naturally describe sys-
tems where either the correlations do not decay or they decay exponentially at large
distance [265]. The two cases are distinguished by the ratio es/e; < 1 between the two
largest eigenvalues e; and es of the MPS transfer matrix E. In particular, if es < ey,
the finite correlation length of the MPS is &yps = 1/log(e1/e2), while, when es = e1, the
correlation function is constant as a function of r (long range order).

The finite size of a critical system naturally induces a finite correlation length £, o L.
Thus, the MPS representation can still be used to perform accurate finite size scaling
analysis [250] and one would expect that a good MPS approximation has &yps = &r.
However, it has been found that, when y is too small, the best approximation of a critical
system through a MPS with finite x has a finite correlation length &ues = &, o x* [36].
In order to get &ups = &1, one needs to increase y. Since £y enters in the scaling of
the two point correlation functions for critical systems, a useful criterion is obtained by
considering [37, 256]

X" =min{x|& > L/2}. (2.139)

However, notice that this result has been found by considering the two point functions
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Figure 2.33: Finite size scaling analysis with higher order corrections for F3 s for the configura-
tions characterized by a = 0.5 (top) and o = 1 (bottom). The method is explained in App.
Three corrections can be taken into account only for those x’s having several numerical points, as
shown in the zoom. The third correction never improves the agreement with the CFT prediction.

of local operators, while in our problem both non local operators (whose support is of
order ¢,) and 2N > 4 point functions are involved. In our numerical analysis we have
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Three corrections can be taken into account only for those x’s having several numerical points, as
shown in the zoom. The third correction never improves the agreement with the CFT prediction.

adopted the criterion and, indeed, we find that sometimes it fails. For instance, this
happens in Fig. 2.35] whenever a deviation from the straight lines occurs. We have taken
this failure into account by discarding from the numerical analysis the points deviating
from the straight lines. Being too optimistic for our computations, the criterion

x* =min {x|& > L} (2.140)

should be enough to avoid deviations from the expected power law decay and should be
implemented in future studies.

2.E More details on the numerical extrapolation

2.E.1 Checks with some existing data

In this appendix, we employ the numerical extrapolation based on rational interpolating
functions to analytically continue the analytical results available for the Rényi entropies,
and we check the result with available numerical data on the lattice. We will focus on the
compactified boson and on the Ising model. The former describes the scaling limit of the
XXZ chain for some values of the parameters, while the latter describes the scaling limit
of the critical Ising spin chain.

We begin our analysis comparing the results of the XXZ chain and the compactified
boson for N = 2 intervals. The Hamiltonian of the periodic XXZ spin 1/2 chain in a
magnetic field h reads [266]

L L
Hxxz = (S98%,, +8Y8Y,, +ASiS:,) —hY S, (2.141)
j=1

j=1

where 57 = 0}’/2, being o} the standard Pauli matrices acting on the spin at the j-th site.
The chain has L sites and A is the anisotropy. The mutual information for this lattice
model has been computed in [219] by direct diagonalization for L < 30. When h = 0 and
—1 < A < 1 the model in the continuum is described by the ¢ = 1 compact boson with
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Figure 2.35: Effects of the finite bond dimension leading to deviations from the power law decays
are shown for F3 5 (left) and Rs 2 (right). In the top panels z1 = 0.106. For fixed ¢, the deviation
from the straight line is more evident for points with larger d (a = 2). In the bottom panels we
have: z; = 0.345 (a = 0.25), z1 = 0.382 (a = 0.5), 1 = 0.228 (@ = 1) and z; = 0.037 (a0 = 2).
For small values of «, regimes of large ¢ can be considered, where deviations may also occur. The
points deviating from the straight line have been discarded from the numerical analysis.

n=1—(1/n)arccos A, while for h # 0 an explicit formula providing 1 does not exist and
therefore it must be found numerically.
The mutual information of the compactified boson is not known, but we can compute
analytically the Rényi mutal information as follows
(n) (n —+ l)C 1

L3, = =5 log(1l—2) + L(z), I,(x)= —log[Fon(@)],  (2.142)

where we introduced I,,, and
O(nme) (12 /n
Fon(z) = Sarz) Olra/m) 5)(72522/ ) ; (2.143)

for any positive integer n > 2, with 75 defined in Eq. (2.51)). Since the mutual information
I4,,4, is the limit n — 1 of (2.142), it is given by

Taja, = — % log(1—z)+ Liz),  1i(z)=0,Fon(@)l (2.144)

n=1"
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Figure 2.36: Mutual information for the XXZ model. The data points are extracted from [219)
and the coloured curves are obtained from the rational interpolations of the analytic expres-
sions and for the compact boson with the values of (p,q) indicated in the left
panel. The dashed grey lines correspond to the decompactification regime, where the analytic
continuation is known . Left: I, defined in , as function of z for various values of 7.
Right: the mutual information I4,, 4, as function of n for two fixed values of z.

The corresponding analytic continuation to n = 1 is estimated by performing a numerical
extrapolation of the known data through a rational function. We have already discussed in
the text that we can have access only to a finite number of Rényis, due to the complications
in numerically evaluating the Riemann theta functions for large matrices. Given the
computational resources at our disposal, for the compactified boson we can obtain data
for 2 < n < 11 and therefore we could use rational functions with p 4+ ¢+ 1 < 10.

In Fig. we compared our numerical extrapolations of the analytic expressions
of with the numerical data for the XXZ spin chain computed in by exact
diagonalization, finding a very good agreement. In the left panel I; is shown as function
of the four-point ratio x for different values of the parameter 7, while in the right panel
the mutual information 4, 4, is shown as function of 5 for the two fixed configurations
of intervals given by ¢1 = ¢y = dy =dy = L/4 (x = 0.5) and 20y = 20, = dy = doy = L/3
(x = 0.25), being L the total length of the periodic system. All the rational interpolations
in the figure exhibit a good agreement with the numerical data, despite the low values of
p and ¢. Increasing these parameters, a better approximation is expected but the result
is already stable for these values and we provided two rational interpolations for each
curve as a check. Some rational interpolations may display some spurious bahaviour in
some regimes of x. As discussed in detail in Sec. this possibility increases with
q- These results have been discarded and we showed only rational interpolations which
are well-behaved in the whole domain z € (0,1). Notice that rational interpolations that
are well-behaved for some values of  and = could display some bad behaviour for other
values. Thus, the values of (p,q) must be chosen case by case. In Fig. the dashed
grey lines are obtained from the analytic continuationfound in , which corresponds
to the decompactification regime and therefore it reproduces the numerical data from the
XXZ chain and from the rational interpolations only for small 7, as expected.

Another important case where the Rényi entropies of two disjoint intervals have been
found analytically is the Ising model [196]. The Hamiltonian of the one dimensional spin
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Figure 2.37: Extrapolations for —1Ih, defined in (2.144)), as function of z for the Ising model. The
data points are extracted from [220] while the coloured curves are obtained through the rational
interpolations with (p, ¢) indicated.

chain defining the Ising model in a transverse field is Eq. , where periodic boundary
conditions are imposed. This model has a quantum critical point at h = 1 and in the
continuum it is a free Majorana fermion with central charge ¢ = 1/2. The Rényi entropies
for two disjoint intervals on the Ising spin chain have been studied in through a
TTN algorithm and in through the exact solution of the model in terms of free
Majorana fermions. The former method allowed to find also the mutual information.

As for the Rényi entropies for two disjoint intervals in the corresponding CFT, by
employing known results about bosonization on higher genus Riemann surfaces for ¢ =1
models 210214], the expression of Fa,(z), Eq. ([2.53), was found in [196].
It is a sum of Riemann theta functions evaluated for the period matrix 7 in (2.51)).
Finally, the mutual information for the Ising model is (2.144). Similarly to the case of
the compact boson, also for the Ising model we are not able to compute I 1(x) analytically

and therefore we perform a numerical extrapolation through the rational interpolation
method described in Sec. Z.E.2l

In Fig. we show —1I;(x) as function of z € (0,1), which can be found by con-
sidering two disjoint intervals of equal length, and compare the numerical data obtained
in [220] with the curve found through the numerical extrapolation performed with a ra-
tional interpolating function. Even if the Riemann theta functions in depend on a
matrix of size g x g, unfortunately we cannot consider high values for n. Indeed, besides
the problem of computing the Riemann theta function numerically for large period matri-
ces, the additional obstacle occurring for the Ising model is that the number of elements
in the sum grows exponentially with n. Given our computational power, we have
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Figure 2.38: Extrapolations of 14, 4, a;, defined in (2.7a)), for the Ising model. Two configura-
tions of intervals have been considered, namely (2.145) with o = 0.25 (left) and o = 2 (right).

The dots correspond to IX;),AQ,A;; in with n € {2,3,4} while the lines are the extrapola-
tions obtained through the rational interpolation method with the values of (p, ¢) indicated. The
dot-dashed line is the extrapolation to n = 2 performed as a check of the method, while the
remaining lines correspond to Ja,, 4, 4;-

computed the Rényi entropies up to n = 7 and in Fig. we show the rational inter-
polations found by choosing three different pairs (p, ¢) which are well-behaved among the
available ones. Since the curves coincide, the final result is quite stable and, moreover,
the agreement with the numerical data found in through the TTN is very good.
We conclude this appendix showing some results for /4, 4, 4, for the Ising model, de-

fined in Eq. (2.7a)), obtained by numerically interpolating the analytic results for Iﬁ(?)az, As
Eq. (2.5). The results can be found in Fig. [2.38] where we have considered the following
configurations of three intervals specified by a parameter « (see Fig. for the notation)

(d) EZ = E, dl = d2 = Oég, d3 =L - (3 + 205)4 (2145)

In particular, the results in Fig.[2.38| correspond to a = 0.25 (left panel) and a = 2 (right

panel), where the dots denote the values of IX),A%Ag_ for n € {2,3,4}. Unfortunately,
with the computational resources at our disposal, we could not compute Rényi entropies
for higher values of n. Given the few n’s available, only few rational interpolations can
be employed to approximate the analytic continuation to n = 1 and they are depicted in
Fig. through solid and dashed lines (in general we never use (p,q) = (0,1) because
it is often not well-behaved).

It is interesting to observe that the three different rational interpolations provide
the same extrapolation to n = 1 for a large range of x5 (they differ when x5 is close
to 1). Since, to our knowledge, numerical results about I4, 4, 4, for the Ising model
are not available in the literature, the curves in Fig. [2:38] are predictions that would be
interesting to test through other methods. We remark that we are not guaranteed that
this extrapolation method provides the correct analytic continuation. Nevertheless, the
fact that extrapolations with different values of (p, q) give very close outputs is a strong
indication that the result should be trusted, assuming that no singularities occurs for real
n between 1 and the maximum value of n employed in the extrapolations. Another check
of the reliability of the numerical method is the following: we have performed rational
interpolations considering only n € {3,4} to extrapolate the value at n = 2, which is
known analytically. Since only two points are available, only the rational interpolation
with (p,q) = (1,0) can be done, which is given by the dot-dashed curve in Fig. [2.3§
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Despite the roughness of the extrapolation due to the few input points, the agreement
with the expected values computed with the analytic expression (black dots) is very good.

2.E.2 Some technical details

In this appendix we discuss the numerical method that we have employed in sec. [2.6]
which is based on rational interpolations, and the issues that may be encountered while
addressing the replica limit for the entanglement entropy. Its use in this context has been
first suggested in [152].

The rational interpolation method consists in constructing a rational function on the
real axis which interpolates a finite set of given points labeled by a discrete variable.
The extrapolation is simply obtained by evaluating the rational function obtained in the
desired value of the variable.

For the quantities we are interested in, the discrete variable is an integer number n.
As a working example, let us consider the case of two disjoint intervals, where the variable
x € (0,1) characterizes the configuration of intervals. For any integer n > 2 we have a real
function of = and typically we have access only to n < n,,., for computational difficulties.
The rational function interpolating the given data reads
P(z;n) _ ao(x) + a1 (x)n + ag(x)n® + - - - + a,(z)nP

(psq
being p = deg(P) and g = deg(Q) the degrees of the numerator and of the denominator
respectively as polynomials in n. The extrapolations are performed pointwise in the
domain x € (0,1). Thus, for any given x € (0,1), in we have p + g + 2 coefficients
to determine. Nevertheless, since we can divide both numerator and denominator by
the same number, we can fix by(z) = 1, and the number of independent parameters to
find is p 4+ ¢ + 1. Once the coefficients in have been found, the extrapolation is
easily done by considering n real and setting it to the needed value. It is important to
stress that, having access only to a limited number m of data points, we can only perform
rational interpolations whose degrees (p, q) are such that p + ¢ + 1 < m. This method
is implemented in Wolfram Mathematica through the Function Approximations package
and the command Rationallnterpolation.

In Fig. we consider an explicit example where we extrapolate the I;(z) in
of the compact boson (¢ = 1) for a particular value of the compactification radius corre-
sponding to n = 0.295 (see also Fig. For n > 2 the analytic expressions are
and and we take into account 2 < n < 6 only (in Fig. we employ also n = 7).
Given these data, we can perform rational interpolations with p+¢+1 < 5. The blue curve
in Fig. is the extrapolation to n = 1 of the rational interpolation with (p,q) = (2,2).
We find it instructive to describe the details for a specific value of x. Let us consider, for
instance, a configuration corresponding to z = & = 0.2101 (see the dashed rectangle in
Fig.[2.39). First one has to compute the rational interpolation with (p,q) = (2,2), then
the limit n — 1 must be taken. For these two steps, we find respectively

358 — 0.4 . 2
0.358 — 0.480 7 + 3.689n lim W7, (%) = 0.349. (2.147)

Wi o (%) =
(22)(%) 1+ 1.347n +7.870n2 n—o1 (22)

In the inset of Fig.[2:39 we show how adding more data improves the final extrapolation
and how it becomes stable. Focusing again on = = Z, we can start by taking only
n € {2,3}, which allow to perform a rational interpolation with (p,q) = (1,0) (a line).
Since rational interpolations having p = 0 often provide wrong predictions, we prefer
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Figure 2.39: The quantity I, in (2.142) and the corresponding n — 1 limit (2.144) for the
compact boson (¢ = 1) with n = 0.295. The blue line is the extrapolation n = 1 of the rational

interpolation with (p,q) = (2,2) obtained through the analytic expressions given by
and with 2 < n < 6, whose values for I,, are shown by points for some values of the four
point ratio z. In the inset, considering the configuration having x = 0.2101 (highlighted by the
dashed rectangle in the main plot), we show I, as function of n for rational interpolations having
different (p, q). The extrapolations having ¢ > 0 capture the expected value better than the ones
having ¢ = 0.

to avoid them, if possible. The extrapolation to n = 1 corresponding to (p,q) = (1,0)
cannot be trusted and therefore we consider four input data n € {2,3,4,5} which allow to
consider a rational interpolation with, for instance, (p, ¢) = (3,0) and also (p,q) = (1,1).
These two different rational interpolations do not provide the same extrapolation ton = 1
and therefore we must take into account more input data. Considering 2 < n < 6 we can
choose also (p,q) = (2,2) finding that the corresponding rational interpolation basically
coincides with the one with (p,q) = (1,1) (their difference is of order 1072). Thus, the
extrapolation to n = 1 obtained with (p, q¢) = (2, 2) is quite stable. Repeating this analysis
for the whole range of = € (0,1), one can find the blue curve in Fig.2.39] As a further
check, in Fig.[2.36] we have used (p,q) = (3,2) using more input data, finding that the
final extrapolation is basically the same. Plots like the one shown in the inset of Fig.[2.39]
are very useful to understand the stability of the extrapolation to n = 1. Increasing the
values of p and ¢ in the rational interpolations leads to more precise extrapolations, as
expected. Rational interpolations with ¢ > 0 provide extrapolations which are closer to
the expected value with respect to the ones with ¢ = 0. When ¢ is strictly positive, ¢
poles occur in the complex plane parameterized by n € C. Nevertheless, if these poles
are far enough from the real interval (1,n,,.,) containing all the n’s employed as input
data for the interpolation, the extrapolations to n = 1 are reliable. Increasing ¢, we have
higher probability that one of the poles is close to the region of interpolation, spoiling
the extrapolation. Plotting W, , (x) as function of n is useful to realize whether this
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Figure 2.40: Three disjoint intervals: The quantity IX?{A%AS in for the compact boson,
computed through and for n > 2. Our limited computational power in evaluating
Riemann theta functions for large matrices prevented us to consider n = 4 in the whole range
of configurations and this limits also the possible rational interpolations that can be employed.
The blu line is the extrapolation found by using only n € {2, 3}, which should not be considered
as a prediction because more n’s are needed to find stable extrapolations. The orange line is
a check of the method for n = 2: the fact that the expected points are not precisely recovered
is due to low number of n’s (n € {3,4}) available. In the inset, considering the configuration
having xz2 = 0.224, we show Iﬁﬁ{Az’AS as function of n for rational interpolations having different
(p,q). The rational interpolation with (p,q) = (0,2) (red line) shows a bad behaviour and the
extrapolation to n = 1 cannot be trusted; indeed, the red curve in the main plot is different from
the other extrapolations.

situation occurs (see the inset of Fig. for an explicit example).

The issue of evaluating Riemann theta functions which involve large matrices becomes
important when we want to compute 14, 4, 4, (see and (2.5)) for a compact boson.
Indeed, F3,,(x) in is given by for N = 3 and therefore the matrix occurring
in the Riemann theta function is 2¢g x 2¢g with g = 2(n — 1). Given our computational

power, we computed Il(ﬁ), Ay A, fOT T E {2, 3} for all the needed configurations of intervals,
while for n = 4 we got results only for small intervals. In Fig. we show our data
and some numerical extrapolations. In the whole range of x5 we performed only the
rational interpolation with (p,q) = (1,0) (blue line) because only two input data are
available, while for x5 € (0,0.22), where also n = 4 is available, we could employ higher
values of p and q. When we have more extrapolations, unfortunately they do not overlap,
indicating that we cannot trust these curves to give a prediction, even if they are quite
close. Another indication that n = 4 is not enough to get a precise extrapolation comes
from the fact that, given the data with n € {3,4} and extrapolating to n = 2 (orange
curve in Fig. we did not recover exactly the expected values (purple circles) found
with the analytic expressions. In the inset we focus on a configuration of three intervals

corresponding to xo = 0.224 and show the dependence of Ifﬁ)’ Ay A5 ODL T for various
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(p, ¢). While the extrapolations to n = 1 associated to (1,0) (for this one only n € {2, 3}
have been used), (1,1) and (2,0) are very close, the one corresponding to (p,q) = (0,2)
provides a completely different extrapolation to n = 1. Considering the two poles of the
interpolating function in the regime of xo where also n = 4 is available, we find that they
are real and at least one of them is inside the domain n € (1,4). Thus, the function
cannot be considered a good approximation of the true analytic continuation and the
extrapolation cannot be trusted. This behaviour does not occur for the case considered in
the inset of Fig.2:39] Thus, it is useful to plot the n dependence of the functions obtained
through the rational interpolation method in order to check the occurrence of singularities
that could lead to wrong extrapolations.

In order to test the method, in some cases we have performed two further checks.
Firstly we have employed as input for the extrapolations the numerical Rényi entropies
obtained from the harmonic chain with the largest value of L at our disposal, rather than
the analytic ones. The former naturally contains some systematic finite size errors, but
the results agree with the ones obtained from the corresponding analytic expressions. Sec-
ondly, we added some randomness to the analytic expressions for the Rényi entropies to
mimic some statistical errors which may arise when they are computed through approx-
imated techniques such as Monte Carlo. The extrapolations obtained are in agreement
with the expected ones up to the same amount of randomness.

It is very important to make a final remark on the validity of the method when some
true singularities are present in the replica space n € C. When singularities in n occur (see
e.g. [221} 267, 268]), the numerical method adopted here is not expected to be stable and
to reproduce the correct analytical continuation. However, a more detailed analysis of the
behaviour of the method in these cases would be interesting and should be addressed in
the future. As for the one dimensional systems that have been considered, given the good
agreement with the lattice results, a posteriori we expect that there are no singularities
in the ranges of n that have been explored.
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CHAPTER 3

Entanglement Negativity after a global
quantum quench

3.1 Introduction

The non-equilibrium dynamics of isolated quantum systems is one of the most active
research areas of the last years. In a global quantum quench, a system is initially prepared
in the ground state |¢y) of a translationally invariant Hamiltonian Hy. The quantum
quench consists in a sudden (instantaneous) change of the Hamiltonian Hy — H at a
given time that we set as ¢ = 0. For example, the initial and final Hamiltonians may differ
for an experimentally tunable parameter. The system is then left to evolve according to
the unitary evolution induced by the new translationally invariant Hamiltonian H. Thus,
the unitary evolution of |yg) is

() = e aho) . (3.1)

The density matrix associated to this pure state is p(¢) = |[¢(¢t))(1(t)|. Key questions in
quench dynamics are whether the system reaches for long time a stationary state, how to
characterise it from first principles, and how this steady state is approached in time (see
e.g. Refs. [269, 270] for reviews).

Nowadays a number of advanced analytical and numerical techniques have been de-
veloped to study the quench dynamics for a variety of different situations and realistic
models [271H277|. However, many insights on these non-equilibrium dynamics came from
the study of oversimplified theories such as 1+1 dimensional CFT. Indeed, phenomena
like the light-cone spreading of correlations [106} [271], the linear increase of entanglement
entropy [104] and the structure of revivals in finite systems [278] have been first discov-
ered in CFT, later generalised to more realistic models and even verified in experiments
(see [279] for the experimental measure of the light-cone spreading of correlations). In
1+1-dimensional CFT, the calculations become manageable when [i)) is a boundary con-
formal state as we will explain in what follows. In this approach, analytical results have
been obtained for the entanglement entropy of a single and more intervals [104], for cor-
relation functions of primary operators [106, |271], and a few other quantities [280H285].
We will not be interested here in the time evolution of the entanglement after a local
quench, a subject which has been considered instead in Refs. [96, {105}, [188] 286H290| for
the entanglement entropies and in [140] for the moments of the partial transpose.
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Figure 3.1: Configurations of two intervals in the infinite line that we consider: adjacent intervals
(top) and disjoint intervals (bottom).

The main goal of this chapter is to shed some light on the time evolution of the entan-
glement between two different regions in an extended system following a quantum quench.
In a one-dimensional setting, the two regions are two intervals, either adjacent or disjoint,
as shown in Fig. [3.1] The entanglement of a bipartite system can be quantified by the
entanglement entropy or alternatively by the Rényi entanglement entropies .
In this case one can introduce the mutual information and, analogously, the Rényi
mutual information (1.65)). However, let us stress again that these are not measures of the
entanglement between A; and As, but quantify the amount of global correlations between
the two subsystems, see e.g. . A proper measure of entanglement in a bipartite mixed
state is the negativity £a,, 4,, which has been defined in the Introduction, see Eq.
and for which a general quantum field theory approach is available . In the
following we will use the logarithmic negativity to quantify the entanglement evolution
after the quench and we will compare the results with the ones for the mutual informa-
tion. We consider this problem in the framework of CFT, closely following the approach
introduced in Refs. for the time evolution of entanglement entropy and corre-
lations. In order to understand the generality and the limits of this approach, we parallel
the analytic CFT calculations with some exact numerical computations for the harmonic
chain. The non-equilibrium evolution of the negativity in CFT, but for different quench
protocols, has also been considered in Refs. 139].

The chapter is organised as follows. In Sec. we review the path integral approach
to the quantum quench problem and the known results from the time
evolution of the entanglement entropy and mutual information in a CFT. In Sec. [3.3] we
apply this formalism to the calculation of the negativity of two disjoint intervals after
a quench to a CFT. In Sec. we report the quasi-particle picture for the spreading
of correlation and entanglement and we argue that it is valid also for the negativity. In
Sec. 3.5 we report numerical calculation for the entanglement entropy, mutual information,
and entanglement negativity for a quench of the frequency (mass) in the harmonic chain.
We show that the results are in qualitative agreement with the CFT predictions and the
differences are understood in terms of the effect of slow quasi-particles. Finally in Sec.
we draw our conclusions and we discuss some open problems.

3.2 Entanglement entropies and mutual information

In this section we briefly review the imaginary time formalism for the description of
quenches in CFTs developed in Refs. [104 271]. In particular in Ref. [104], the



3.2 Entanglement entropies and mutual information 103

entanglement entropies of an arbitrary number of disjoint intervals have been already
derived. It is however useful to recall how this has been done, in order to set up the
calculation and notations for the negativity.

3.2.1 The path integral approach to quenches

The expectation value of a product of equal-time local operators in the time dependent
state (3.1) can be written as [271]

(O(t, {ri})) = Z7 ol HO({ri})e 177  |yy) (3-2)

where two damping factors e~ have been added in such a way as the path integral
representation of this expectation value is convergent. The normalisation factor is Z =
(ole=270H |4hy). Following Ref. [271], Eq. may be represented by a path integral in
imaginary time 7

7 / [do(r.PIOri}. 0) €~ 5 H 7 (old(r,72)) (6(r. ) [to) (33)

where L is the (euclidean) Lagrangian corresponding to the dynamics of H. In order
to match the expectation value with the starting formula we need to identify
71 = —79 —it and 175 = 79 —it. To further simplify the calculation and following Ref. [271],
we consider the equivalent strip geometry between 7 = 0 and 7 = 279, with O inserted at
T = 79 +it. The main idea of Refs. [104} 271] is to make the calculation considering 7 real
and only at the end of the computation to analytically continue it to the actual complex
value 7 = 19 + it.

Eq. has the form of the equilibrium expectation value in a strip of width 27y with
particular boundary conditions. The above expression is valid for an arbitrary field theory,
but it is practically computable in the case we are interested in, i.e. a conformal invariant
Hamiltonian. As detailed in Ref. [271] for a CFT, in the limit when ¢ and the separations
|r; — r;| are much larger than the microscopic length and time scales, we can replace the
boundary condition |¢9) with a boundary conformal state |¢§) to which |¢g) flow under
the RG flow. Within this approach 7y is identified with the correlation length (inverse
mass) of the initial state and the predictions made with this approach are expected to
be valid only in the regime ¢,|r; — 7;| > 79. The generalisation of this approach to some
other initial conditions (both in one and higher dimensions) can be found in Refs. [280,
284|285 [2911205).

Before reporting the explicit results and technicalities for the entanglement entropies,
it is worth spending few words on the regime of applicability of the above approach that
often in the literature has been taken much beyond its scope, especially when comparing
with results in lattice models. First of all, in a CFT all the quasi-particle excitations
move with the same speed which here has been fixed to unity. This is not the case
for a critical model even if its low-energy physics is described by a CFT. Indeed, while
for small momenta k the dispersion relation € has a CFT form e, ~ wvl|k|, for larger
values of the momentum k it becomes a non-trivial function. When performing a global
quench, we always inject a large amount of energy into the system (unless we perform
an infinitesimal quench) which populates also high-energy modes having a non-conformal
scaling. Also the identification of 7y should be handled with a lot of care. Indeed, for
small initial correlation length &y we have 79 ~ &g, but this relation should be seen only
as an effective scaling for small &y in the continuum theory. However, in a given lattice
model we need to have £ > a in order to be in the field theory scaling. Thus there
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is a competition between two different effects, which makes 7y a non-univocally defined
quantity. However, this is not our main interest in the following and, when comparing
with the numerical results coming from the harmonic chain, we will simply limit ourself to
use Ty as a phenomenological fitting parameter which can depend also on the considered
observable (as already noticed a few times in the literature )

3.2.2 The entanglement entropy

Let us consider a subsystem A = U, A; composed by N disjoint intervals A; = [ug;_1, u2;]
on the infinite line. We are interested in the time-dependent Rényi entropies 51(4") (t) as
defined in Eq. and in the entanglement entropy obtained as a replica limit. Given
that Tr p is equivalent to a 2N-point function of twist fields 206], we have that
the desired imaginary-time expectation value is

N
Trpi = <H7;L(w2i—1)7;z(w2i) )strip » w; = u; +1i7, (3.4)

=1

where we denoted by w = w + ir the complex coordinate on the strip (v € R and 0 <
T < 279). The twist fields 7,, and 7,, behave under conformal transformation as primary
operators whose scaling dimensions are given in Eq. .

The expectation values on the strip of width 27y can be obtained by employing the
conformal map z = e™/(270)  which maps the strip to the upper half plane (UHP) pa-
rameterised by complex coordinate z. Eq. can be then written as

2N N

n N
Trpz = |:<277T:0> H ‘22i122i|:| Hﬁl 22i— 1 Z2i) >UHP » (35)
=1

=1
where (... )ynp are correlators on the UHP and z; = ™3/ (270),
The 2N-point function of twist fields on the upper half plane occurring in (3.5) can
be written as

H Z2z 1 7;1 Zzz') >UHP =
(3.6)

N
ny Hj<k M2k,25 M2k—1,2j—1
Hziﬁ |Za - 5a|A" HM M2j—1,2k

where 7; ; are the (25\7 ) cross ratios that can be constructed from the 2N endpoints z;

(and their images z;) of the N intervals in the UHP as follows

A,
) Fnn({njk})

(Zi — Zj)(zi - ZJ) ) (37)

The function Fyn({n;x}) in (3-6) depends on the full operator content of the model and
1ts computatlon is a very difficult task, even for simple models (see Refs. [47, [79] [196],

-—- - - - - - 299| for some specific cases in the bulk case, the
references in for the holographic approach

to the same problem, and 53} 155, 1303| for some higher dimensional field theoretical
computations).
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There is, however, some degree of arbitrariness in the way we wrote Eq. since the
product over the cross-ratios could be absorbed fully or partially in the function Fy .
However, writing it in the above form has the advantage to display the limiting behaviour
for n; ; — 0 and n; ; — 1. Indeed, by employing the OPE (in the sense of Ref. [196])

Cn

T (2) T (w) I+..., w— z, (3.8)

- |z — w|28n

it is easy to show that, in both limits n;; — 0 and n;, ; — 1, the leading power-law
behaviour is fully encoded in the prefactor and the function Fy , is just a constant. As
we will see below, for the real time behaviour of the entanglement entropy only these two
limits of the various four-point ratios matter [104} [271] and consequently we do not have
to worry about the precise value of the function Fy .

Plugging (3.6) into (3.5)), we find

. 2N 2N
Tr o% = N s
rpa Cn [(27’0) H

a=1

N
Hj<k N2k,25 N2k—1,25—1
[T 5 m2j-1,26

Za

A
Fnn({nix})- (3.9

Za_za

What still remains to be done is to write the r.h.s. of (3.9)) in terms of the coordinates
on the strip. The a-th term of the product in (3.9) is simply

|2al 1
= 3.10
|24 — Za|  [2sin[r7/(270)]]’ ( )
independently of u,. For the cross ratios (3.7) we have that
2sinh? (L=t
Mg = ﬂ(ui—u(j) i) o (3.11)
cosh (F5=) — cos (IT)

This concludes the calculation on the strip of width 279. At this point, to obtain the
real time evolution after a quench, we should analytically continue the parameter 7 to the
complex value

T=10+1t, (3.12)

with ¢ > 79, as explained above. In this regime, the a-th term (3.10) gives |z4|/|20 — Za| =
"4 .... As for the cross ratio 1) when t > 79 and |u; — u;| > 79, it becomes

— I
e 27g

eTlwi—u;1/(270)

(3.13)

i T oxlui—u1/(270) 1 ent/mo !
where 7, ; € [0,1]. In the limit 79 — 0, for the ratio (3.13) we have n; ; — 0 for ¢t >
lui — u;]/2 and n;,; — 1 for |u; — u;|/2 > t. However, we should keep the leading
behaviour for 7; ; — 0 and so we find useful to write it as

In(m;.;) — Tﬂq(t, lui —u;|),  for t|u;—uy| > 7o, (3.14)
0
where
0 _fJo t<£/2,
q(t,f) = 3 — max(t,£/2) = { 02—t t>0)2. (3.15)
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The time evolution of the Rényi entanglement entropies is then obtained by plugging
the above analytic continuations to real time in Eq. (3.9), leading to [104]

N
+1)

gm = Dy, > qlt Juzj—1 —

A 127 +jk71Q( s |ugi—1 — uwakl)

(3.16)

- Z q(t, [uzj — uak|) + q(t, lugj—1 — uzk-1]) |
1<j<k<N

In the above equation a piece-wise constant (in time) term coming from the function
Fn.n and for the various non-universal prefactors has been intentionally dropped because
it has no physical meaning. Indeed the above formula describes only the leading term
in the so-called space-time scaling limit [304-307] which corresponds to the limit ¢ — oo,
|u; —ug| — oo with all the ratios fixed. The term we dropped is just one of the corrections
to this leading behaviour and it has no meaning to consider it without taking into account
all other corrections at the same order, such the dependence on the details of the initial
state (which in this approach have been over-simplistically absorbed in the parameter 7p).

Let us now specialise Eq. to the case of one interval of length us — u; = ¢ and
n = 1 obtaining the famous formula [104]

T t<u)2,
T 67’0
Sa=c—[t+aqt,0)] = (8:17)
670 Ty 02
127‘0 ’

i.e. the entanglement entropy grows linearly for ¢ < ¢/2 and then saturates to an extensive
value in the subsystem length ¢. Notice that the large time value of the entanglement
entropy is the same as the thermodynamic entropy of a CFT at large finite tempera-
ture T" = 47y. This fact indeed holds for all local observable leading to the remarkable
phenomenon of CFT thermalisation [271] (see also [84] [86, 92, 308] for the holographic
version of this phenomenon in arbitrary dimension). However, this is a specificity of the
uncorrelated initial state we are considering and it has been shown that even an irrelevant
boundary perturbation destroys it leading, for large time, to a generalised Gibbs ensemble
where all the CFT constants of motion enter [292]. The discussion of this issue is however
far beyond the goals of this paper.

In the case of two intervals A; and A, (the geometry depicted in Fig. with uy —uyq
and uy4 — ug the lengths of the two intervals and ug — uq their distance) the entanglement
entropy is straightforwardly written down from Eq. . Specialising to the Rényi
mutual information in Eq. , we have

n me(n+1

1(41)A2 = % lq(t,uz — u1) + q(t,us — uz) — q(t,ug — uy) — q(t,uz —u2)| . (3.18)
’ Ton

Notice that, once the explicit expressions for the ¢’s from (3.15) have been inserted in

(3-18), the linear combination within the square brackets is such that only the terms

involving the max’s remain. For large ¢, we have that Iﬁﬁ): 4, vanishes for all n.

Taking the limit us — up in (3.18)), we get I for two adjacent intervals

o me(n 4+ 1)

Ay Ay = [t+q(t,uo —ur) + q(t,us — ug) — q(t, ug — u)] . (3.19)

12790
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It is worth mentioning that the time evolution of the entanglement entropy and mu-
tual information has been also considered in the framework of holographic approach to
CFT [81-91, 93} 94].

3.3 Entanglement negativity

In this section we present the original part of the CFT calculation of this chapter concern-
ing the temporal evolution of the negativity between two intervals after a global quench
to a conformal Hamiltonian. We consider A = A; U As, where the intervals A; and A,
can be either adjacent or disjoint, as in Fig. An important special case is when A is
the entire system (i.e. B — ().

As reviewed in Sec. [1.4.3] the quantity Tr (p’?)" can be computed from a specific
correlator of twist fields. We can apply the method of Ref. [104] to the proper correlators
on the strip, which involve both 7, (7,) and 7,2 (7,?). This means that we have to slightly
generalize the setup described in the previous section by taking into account correlators
on the strip of fields which can have different dimensions. Instead of presenting general
formulas, we find more instructive to limit ourselves to discuss few cases of two intervals
in which we are interested.

3.3.1 Bipartite systems

Although trivial, it is useful to first discuss the case in which A = A; U A5 is the entire
system and we consider the partial transpose with respect to A,. Since the time dependent
state [1(t)) is pure at any time, p4 corresponds to a pure state, and we can use the
standard results [119, 162] that for a pure state the logarithmic negativity is the Rényi
entropy with n = 1/2, i.e.

Et) = 54/ (1), (3.20)
independently of the Hamiltonian governing the time evolution.

When the evolution is conformal, we can re-obtain this trivial result by using the path
integral approach discussed in the previous section. We need to evaluate { 7,2(w1)7,2 (w2))strip
and then to analytically continue to real time. The strip two-point function is related to
the one in the UHP which has the standard form
&

(T2 (21) T2 (22))unp =

A ]:(771,2) ) (3.21)

|(21 — 21)(22 — Z2) M1 2|

where the constants 0512) are related to ¢, in a known way [135|, but their value is not

important for what follows. Transforming the UHP to the strip, we find
(ﬁ 2 )1
a—1 Za — Za m,2

The time evolution of the powers of the partial transpose comes from the analytic
continuation in Eq. (.12). As usual, in the space-time scaling limit (¢ > 7o and ug —u; >
7o), we should retain only the leading behaviour of the above expression and all the various
constants and the function F can be dropped, obtaining

(2)

n

F(m.z2),
(3.22)

2A 2
) g
Tw®”<ﬁwmﬁwmm#( )

279

where z, = e™(#atin)/(270),

AP
g(vb):_u[t+q(t,uQ_ul)]7 - g

= - 2
™ o [t +q(t,uz —u1)], (3.23)
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which coincides with the Rényi entropy for n = 1/2, as it should from .

We need to comment at this point on the asymptotic large time value of the negativity.
Indeed, it is obvious that the negativity of one interval with respect to the rest of the
system does not thermalise, being very different from the finite temperature negativity
calculated in [137] (see also [121H124]). This is not a surprise since, by construction, this
negativity is not a local quantity because it requires the partial transposition with respect
to the infinitely large part A,.

3.3.2 Two adjacent intervals

The conformal evolution of the entanglement negativity between two adjacent intervals
after a global quench can be studied by considering the three point function (7,,7,27,) on
the strip which can be obtained by the mapping from the UHP of the three-point function

A® _aa, \ V2
— c M3
(Tn(21) T2 (22) Tn(23) ) unp = ] n_ B | AP A F({njx}), (3.24)
a=11%a = Za M2 M2,3

where Ay = Ay = Ay, and Ay = AP (given by and respectively), the
harmonic ratios 7); , are defined in Eq. and again the function F depends on the full
operator content of the theory and it is very difficult to calculate (see Refs. [135} 235] for
some explicit examples). However, as it should be already clear at this point, we do not
need this function in the space-time scaling limit, but we only need to ensure that the
powers in the rest of the expression have been chosen in such a way that F is constant
in the limits n;, — 0 or 0, — 1. This can be easily checked by employing the following
OPE o

Tu()T2(w) = —2T2T T+, w2 (3.25)

|z — w|An

Taking separately the limits zo — 27 and 2z — 23 in , and using it should be
clear that F is constant in both the interesting limits. Then, the three-point function on
the strip can be straightforwardly written by a conformal mapping, obtaining

A 3 A nAszA" 1/2
_ s z 1,3
Tt T T = on( 5= ) 12 (B | b,
= M2 M2,3

(3.26)
where A = 2A, + AP and z, = e™(#a+i7)/(270)_ The time evolution of Tr(p’2)™ for two
adjacent intervals is then obtained by the analytic continuation of the above to 7 = 7 +it.

The CFT prediction for the temporal dependence of £(™ in the space-time scaling
regime (t > 79 and |u; — u;| > 79) is then found, as usual, by dropping the various
multiplicative constants and the function F, obtaining

m_ T @)
gm = 270[(2AH+AH )t

(3.27)
+ Aﬁ}’) (q(t, ug —uy) + q(t, ug — uQ)) - (Af) —2A,) q(t,ug — ul)}.

Notice that, since Ag) = 0, for n = 2 the terms containing us do not contribute and
therefore the curve £(?)(¢) displays a change in its slope only at t = (¢; + £5)/2. This is
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a consequence of the trivial fact that 7,2 = T'in (3.26). Finally, taking the replica limit of
(3.27), we find the evolution of the logarithmic negativity for adjacent intervals

T
& = S [t —q(t,us —u1) + q(t,uz — u1) + q(t, uz — u2)] . (3.28)
0
Considering the ratio ([1.71) for two adjacent intervals, since A = A;UA; is the interval
[u1,us] in the spatial slice of the strip, Tr p’; corresponds to [ug, us] and (1.71)), in terms
of the CFT quantities, reads

<7;1(U1)7;2(1f2)7;b(u3)>8t1"ip . (3.29)

<7;L(U1)7;L(u3)>strip
Notice that since 7,2 = T# = I, we have that Ry = 1 identically. The time dependence of

R,, in the space-time scaling regime is readily obtained by combining the expressions for
the numerator and the denominator in (3.29), finding

Ry,

(2)

In(R,) = % [—t+q(tius —u1) — q(t,us — uy) — q(t, uz — ua)], (3.30)
where, once the expressions for the ¢’s from have been plugged in, only the terms
with the max’s remain within the square brackets. This expression shows why the quan-
tities R,, are very useful when comparing these predictions with numerical calculations,
indeed when comparing with Eq. for £ one immediately notices that all the
dependence on A, is not there.

3.3.3 Two disjoint intervals

The time evolution of logarithmic negativity between two disjoint intervals after a global
quench can be computed from the analytic continuation of the four-point function (7,7, 7, 7»)
on the strip (notice the order of the operators along the line which is crucial). The strip
four-point function is derived from the conformal map from the same function on the
UHP, which can be written as

(Tn(21) Tn(22) Tr(23) T (24) ) ump =

AP /2-n,

C% 1 ,'717477273 n /2 f({ ' }) (331)
1 B Y. . f Mjks) -

Hazl |2 — Za|An N2 N34 \".372,4

Again for the time evolution we do not need the knowledge of the function F, but only
to ensure that for 7;, — 0 and 7; — 1 the form used above gives that F is constant.
This can be easily checked by requiring that when the two intervals are far apart (i.e.
|z3 — 22| — o0), the four-point function factorizes into the product of two two-point
functions and that for z3 — 25 the following OPE holds

7—2
Crr

|z — w|?An

Tn(2) Tr(w) = T2(2) + ..., w—z. (3.32)

-an

Mapping this four point-function on the strip, we get

A 4
T 1 71,4 72,3
Tr pTz n _ 02 () ( ) )
( A) n 279 ¢:zl;[1 'r]ﬁél 773%2 N1,372,4

Za A n

F({mjx}),
(3.33)

)Af)/Z—An

Za — Za



110 3 Entanglement Negativity after a global quantum quench

being A = 4A,, and z, = e™(#atiT)/(270)
The time evolution of £(™) in the space-time scaling regime (¢ > 7o and |u; —wu;| > 70)
is found by employing the analytic continuation (3.12]). The result reads

gm=_I [QAn t+ A, <Q(t7u2 —uy) + q(t, uz — u4)>
70

_ (AS?)/Q — An) (q(t, ug —uy) + q(t,us —ua) — q(t,us —uy) — q(t,uq — ug))} ,

(3.34)
whose replica limit is
e
&= 877'0 [q(ta usz — ul) =+ q(ta Ug — u2) - q(ta Ug — ul) - q(ta usz — u2)] . (335)

The resulting expression for the negativity is identical to Eq. for the Rényi mutual
information apart from the prefactor. Notice that in £, for small ¢, the expression
displays a linear regime in the initial part of the evolution, whose slope is —27A,, /79. Be-
ing A,,—1 = 0, this linear regime does not occur for the logarithmic negativity . We
find it useful to compare with the corresponding quantity for adjacent inter-
vals and observe that for n = 2 all the dependences on ¢ and u; remain when the intervals
are disjoint, while for adjacent intervals the n = 2 is characterised by the cancellation of
some variables.
The ratio R,, in Eq. for two disjoint intervals on the strip has the easy form

R (To(u1) T (u2) T
" (Toun) To(us) T

(2)
( 3)E(U4)>strip ~ (771,4 772,3>An /2, (336)

U
(u3)7;b(u4)>strip 71,3 72,4

where we dropped the two functions F in numerator and denominator since they do not
contribute in the the space-time scaling limit after analytic continuation in time. From
this expression, we get Ry = 1 identically because 75 = 75. Also the time evolution of
this ratio in the space-time scaling regime is particularly easy:

(2)
TAy,
InR, = > [q(t,U4 —u1) + q(t,us — uz) — q(t,uz —uy) — q(t,ug — UQ)] . (3.37)
0
Plugging the explicit expressions of the ¢’s (see (3.15)) in this expression, we find that
only the terms involving the max’s remain. Remarkably, also for disjoint intervals, these
ratios R,, do not depend on A,,.

3.4 Quasi-particle interpretation and horizon effect

The time evolution of entanglement and total correlations after a quantum quench can
be understood in terms of the quasi-particle interpretation for the propagation of entan-
glement, first suggested in [104]. According to this argument, since the initial state |i)g)
has a very high energy relative to the ground state of the Hamiltonian which governs the
time evolution, it acts as a source of quasi-particle excitations. Particles emitted from
points further apart than the correlation length in the initial state are incoherent, but
pairs of particles emitted from a given point and subsequently moving to the left or right
are highly entangled and correlated. Let us suppose that a pair of quasi-particles with
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t
--- 0 -
A —— Al —— As
t
-- 0 -
Ay v A

Figure 3.2: Graphical representation for the quasi-particle spreading of entanglement (for the case
with all quasi-particles having the same velocity v = 1 as in a CFT). The quasi-particles emitted
from every point at ¢ = 0 and reaching one A; (red) and the other As (blue) are responsible
of the entanglement between them. The entanglement at a given time ¢ is proportional to the
section of the green shaded area, which is the intersection of the light cones starting from all the
points of A; and As (in the figure these lengths are the braces). The time-dependence of the
entanglement obtained in this way are depicted as purple curves on the right for a single interval
in the infinite line (top) and two disjoint intervals (bottom): they are proportional to the CFT
calculations in Eqgs. and respectively. The regions from where the corresponding
quasi-particles have been emitted at ¢t = 0 are obtained by projecting the intersections at time
t = 0 (vertical dashed lines).

opposite momenta (p, —p) is produced with a probability p(p) (which depends on both
the Hamiltonian governing the evolution and on the initial state). After their produc-
tion, these quasi-particles move ballistically with velocity v, = —v_,. A quasi-particle of
momentum p produced at z is therefore at = + v,t at time ¢. In general there is also a
maximum allowed speed of propagation v, (which is connected with the existence of a
Lieb-Robinson bound in a lattice model [3]).

Now let us consider two regions of the system A; and Ay (which can be either finite,
infinite, semi-infinite, etc). According to the argument in , the field at some point
x1 € A; will be entangled with that at a point zo € A if a pair of entangled particles
emitted from a point = arrive simultaneously at z; and zo. The entanglement and the
total correlation between A; and A, are proportional to the length of the interval in x
for which this can be satisfied and it can be written as

entanglement ~ /
x1€A;L

dxl/ dIg/ da:/dpp(p)f(p)é(ml—x—vpt) 0(za—z4upt),
ToEAs —00

(3.38)
where f(p) is the contribution of the pair of quasi-particles to the given entanglement or
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correlation measure.

When all the quasi-particles move with the same speed |v,| = v (as in the case of a
CFT discussed in the previous sections where we fixed v = 1), the ¢ functions do not
depend on the momentum anymore and therefore the integral over p gives just an overall
normalisation (depending on the quantity we are considering), while the integral over
the space coordinate can be easily done for arbitrary A; and As. In particular, in the
cases of one and two intervals, one straightforwardly recovers all the CFT expressions for
the entanglement entropy, mutual information and negativity such as Eqs. (3.16), (8.17),
and (3.35). A graphical interpretation of this quasi-particle picture is reported in
Fig.[3:2

Furthermore, the above argument allows us also to understand what happens in the
case of a non-linear dispersion relation leading to a mode dependent velocity, which will be
fundamental for the interpretation and the understanding of the numerical data reported
in the next section. Indeed, assuming that a maximum speed vy,ax €xists, we have that the
first linear increase of the entanglement is always present, but when vyt equals the half
of some typical length of the configuration given by A; and A, the quasi-particles with
velocity smaller than vy, start influencing the entanglement because we cannot ignore
anymore the integral over p in Eq. (3.38). These slow quasi-particles lead to non-linear
effects discussed e.g. for the entanglement entropy in Refs. [104, |304]. In particular we
have that for very long times, the quasi-particles with approximately zero velocity govern
the approach to the asymptotic value of the entanglement which usually is power-law as
can be easily seen expanding Eq. close to the points where v, = 0.

It is important to stress at this point that, while it was already established [104} 222,
309] that the mutual information is correctly described by this quasi-particle picture, it
is far from obvious that the same reasoning carries over to a complicated measure of the
entanglement such as the negativity. The previous section represents a proof of this fact
in the context of CFT, while the following one will confirm it also for the harmonic chain.

3.5 Numerical evaluation of the negativity and mutual informa-
tion for the harmonic chain

In this section we report the numerical evaluation of the time evolution of entanglement
negativity and mutual information in the harmonic chain after a global quantum quench
of the frequency parameter. The quench dynamics of the Hamiltonian has been
studied already in several papers both on the lattice and in the continuum [106, [310}-
317]. We consider the harmonic chain because it is the only lattice model in which the
partial transpose and the negativity can be obtained by means of correlation matrix
techniques [147] [150].

In Sec. we already reported the Hamiltonian and the main features of the model.
In particular, from the dispersion relation (2.69)), we observed that the Hamiltonian has
a zero-mode for £ = 0 and w = 0. This usually prevents a straightforward analysis of
the critical behaviour, but for the global quench this will not be a problem, as we will
see soon. From the dispersion relation, we straightforwardly have the velocity of each
momentum mode as

Owy, (K/m) sin(pg) 27k
e L (3.39)
e f Gkt

and the maximum one

'Uk»:

Umax = maxg (vk) , (3.40)
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which determines the spreading of entanglement and correlations. Notice that for w = 0,
Umax = 1 for K =m = 1.

In the quench protocol in which we are interested in, the system is prepared in the
ground state |ig) of the Hamiltonian

L—-1

1
H(wo) = Y wok (a&kao,k + 2) : (3.41)

k=0

whose dispersion relation wy , is Eq. (2.69) with w = wg. At t = 0 the frequency parameter
is suddenly quenched from wy to a different value w and the system unitarily evolves
through the new Hamiltonian (2.67), namely

(1) = e ), > 0. (3.42)

In order to study the entanglement for the harmonic chain, we need to know the following
two-point correlators

Qr.s(t) = (Yolgr(t)gs(t)[t0) ,
Prs(t) = (@olpr (t)ps () tho) , (3.43)
M s(t) = (Yolgr(£)ps(t)[¢0) ,
where ¢,-(t) and p,.(t) are the time evolved operators in the Heisenberg picture
q-(t) = g (0)eH? pr(t) = fp, (0)e L. (3.44)
These correlators can be written as (see also [316] for a slightly different approach)

L-1

1 2k
Qslt) = 57 2 Qultycos [(r = )] | (3.45)
k=0
L1
1 21k
Bro(t) = 57 > Pult)cos [(r - S)T} : (3.46)
k=0
. L—1
i 1 2k
M) = 50n— 57 kZ:O M (t) cos [(r - S)T} : (3.47)
where we collected the dependence on w, wg and ¢ into
1
Qr(t) = <wk cos?(wyt) + KOk in? (wkt)> ) (3.48)
mwyg \ wWo,k Wk
Pu(t) = muwy, (“’k sin?(wit) + 20k cog? (wkt)> , (3.49)
Wo,k Wi
Mi(t) = (wk - wo’k) sin(wyt) cos(wgt) . (3.50)
wo,k Wk

We notice that, for ¢ > 0 and w = 0 the contribution from the mode k = 0 is finite, indeed

Qolt) = 72(;0 +w0t2> LR = mwe.  Myt) = —wot.  (351)
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The other modes are clearly always finite, and so we can consider the global quench to
a massless Hamiltonian (while, as well known, we cannot set w = 0 for the equilibrium
properties).

From the correlation functions, the entanglement entropy and negativity are con-
structed by standard methods. Indeed, given a subsystem A of the lattice made by { sites
which could be either all in one interval or splitted in many disjoint intervals, the reduced
density matrix for A can be studied by constructing the ¢ x ¢ matrices Q4, P4 and M4,
which are the restrictions to the subsystem A of the matrices Q, P and M respectively [11}
12), 147, |148|, 150, [151]. Given Qa, P4 and My, the covariance matrix 4 associated to
the subsystem A and the symplectic matrix J4 of the corresponding size are

Qa(t) Ma(t) _(0; T,
i = <M:(t) ]P’:(t))’ JA(_EZ OZZ), (3.52)

where I; is the ? x { identity matrix and 0; is the ¢ x ¢ matrix with vanishing elements.
We remark that the matrix M(¢) has a non trivial real part for ¢ > 0. At this point we
compute the spectrum of iJ4 - v4(t) which can be written as {+\,(t);a = 1,...¢} with
Ao(t) > 0. The time dependent Rényi entropies as function of the eigenvalues \,(t) are
finally written in a similar way to their ground state counterpart, Eq.

Dpat = I (a4 ;) - (- ;)] . (3.53)

a=1

Also the entanglement entropy is computed as in the static case, Eq. (2.72)

Sa(t) = ze: K)\a(t) + ;) In (/\a(t) + ;) - ()\a(t) _ ;) In <>\a(t) _ ;) } (3.54)

a=1

In order to compute the negativity, we denote by A = A; U Ay a subregion of the
harmonic chain and we consider the partial transpose with respect to As. In the covariance
matrix -4, the net effect of the partial transposition is the inversion of the signs of the
momenta corresponding to the sites belonging to Ay [147]. Thus, introducing the £ x £
diagonal matrix R 4, which has —1 in correspondence of the sites of Ay and +1 otherwise,

we can construct
I, 0; I, O0;
T — l ¢ 0 1
t) = . t) - , 3.55
YA ( ) <0l7 RA2> ’YA( ) (0[ RAg) ( )

and compute the spectrum of iJ4 - 'yz;z (t), which again can be written as {£x,(t);a =
1,...¢} with x4 (t) > 0. Then, the trace of the n-th power of p?;"‘ is

-1+ ) (-5 T .50

a=

while the trace norm reads

o I—ﬁ[

a=1

xa(t)—;H Hmax[ wea] B

a=1

1
at ol
X()+2‘

which gives the logarithmic negativity € = In(||p”?|)-
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Figure 3.3: Left: Temporal evolution of the entanglement entropy for one interval of £ sites in a
periodic harmonic chain with L sites. At t = 0 the mass is quenched from wo = 1 to w = 0. The
dashed curve is the CFT prediction with ¢ = 1 and the best fitted value for 79. Right:
Temporal evolution of the Rényi entropies and of the logarithmic negativity €4, which coincides
with Sil/Q) in this case, for a periodic chain with L = 5000 and £ = 400. In the inset, we report
the best fitted values of 7 for the values of n displayed in the main plot.

In what follows we will compute entanglement entropies and negativity from the above
formulas by calculating the spectrum of the appropriate covariance matrix. Since the
parameters K and m can be absorbed in a redefinition of the canonical variables, we
fix them to K = m = 1 and we just consider a quench in the frequency (or mass)
parameter from wg to w. The data obtained by numerically diagonalising the covariance
matrix for several bi- and tripartitions of the harmonic chain are reported in the following
subsections.

3.5.1 The entanglement entropy of one interval

It is instructive to start our analysis from the study of the quench dynamics of the entan-
glement entropy of a single interval, although this has been recently studied in Ref. [316].
Indeed, this preliminary analysis allows us to understand the regime of applicability of
the CFT and the optimal quench parameters in order to observe a CFT scaling.

In Fig. we report the time evolution of the entanglement entropy for a quench
from wy = 1 to w = 0. We consider finite chains of length up to L = 5000 and several
values of ¢ < L with ¢/L kept fixed. It is evident from the figure that the behaviour of von
Neumann and Rényi entropy is in good qualitative agreement with the CFT prediction
with a linear growth for ¢ < ¢/2 followed by saturation for ¢ > ¢/2 (we recall
that for w = 0 the maximum mode velocity is vmax = 1, ¢f. Eq. (3.40)). However, few
comments on these results are needed. First, for ¢ > ¢/2 the entanglement entropies do not
saturate but they show a slow growth toward an asymptotic value. This is a well known
phenomenon [104, [304] and it is due to the entanglement generated by slow quasi-particles
moving with velocity vy < vpmax = 1 as in Eq. . A second comment concerns the
fitted value of 7p: this is shown in the inset of Fig. as function of the order of the Rényi
entropy n. There is a minor dependence on n, as already anticipated and noticed in the
literature [316], but overall 7, is very close to the initial correlation length & ~ wy ' = 1.
Finally we must comment on the chosen value of wy = 1. In preliminary calculations
we considered several values of wy which however we do not report here, but wg = 1 is
the one for which the conformal scaling describes the data more accurately. This can be
easily understood from the fact that (i) we should be in the regime t,£ > wy ! requiring
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Figure 3.4: Adjacent intervals with several equal lengths /1 = {2 and for various total size L of
the periodic harmonic chain. All panels show the data for wy = 1 and a critical evolution, w = 0.
Panels (a) and (c) display the mutual information I while (b) and (d) the logarithmic negativity
E. Top and middle panels show different time scales and the revivals due to the finiteness of the
system are evident in the middle panels, where a larger range of ¢ is considered. The dashed CFT
curves in (a) and (b) are given by and respectively. In the last two panels we show
the time evolution of the Rényi mutual information 1™ (e) and of the replicated negativity £
(f) for various values of n.

that the initial frequency should not be too small, (ii) we should be in a regime in which
the continuum description is appropriate, requiring the initial correlation length not to
be too small (i.e. wg not too large), in order to avoid a magnification of lattice effects.
The value wy ~ 1 appears to be the best compromise between these two effects.

The Rényi entropy with n = 1/2 corresponds to the logarithmic negativity, but, as
expected, does not display any peculiar behaviour compared with the other values of n.
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Figure 3.5: Adjacent intervals with different lengths ¢1 = 2¢5 for different intervals lengths and
total size L of the periodic harmonic chain. Critical evolution of the mutual information I (panel
(a), (c)) and of the logarithmic negativity £ (panels (b), (d)). The revivals are reported in
panels (c) and (d). Notice that outside the light cone £ always decays while I reaches a plateau
(apart from some finite size effects responsible of a very slow increase) (panels (c¢) and (d)).
Compared to Fig. [3-4] for the case of intervals with equal length, we observe a plateau starting
at t ~ min(¢1,¢2)/2 with temporal width |¢2 — ¢1|/2. The panel (e) and (f) report the ratios R,
for several values of n.

3.5.2 Two adjacent intervals

We start the study of the entanglement between two different intervals from the case of
adjacent ones. In the various figures that will follow we report both the mutual information
and the negativity in order to simplify the discussion of similarity and differences. As
already stressed above, the principal new results of this chapter concern the evaluation of
the negativity, since the time dependence of the mutual information in CFT was already
established in |104] and these results were checked in a few numerical works for the Ising
chain and the Bose-Hubbard model [309], but, to the best of our knowledge, not for
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the harmonic chain.

The numerical results for two adjacent intervals for a quench from wg =1 to w =0
are shown in Figs. and The main differences between the two sets of plots is
that in the first one the two intervals have equal lengths, while in the second one the
length of one interval is half of the other. Let us discuss these two sets of plots critically.
In the top panels of Fig. we report the time evolution of the mutual information
(a) and logarithmic negativity (b) on time scales of the order of ¢. They have a very
similar behaviour characterised by an initial linear growth, followed by an almost linear
dropping up to time ¢ = ¢; when a slow power-law relaxation to the asymptotic vanishing
value starts. These results are in agreement with the expectation from CFT and their
behaviour is simply understood in terms of the quasi-particle picture as already explained
in Sec. 34l Also the differences between the linear CFT behaviour and the non-linear one
of the actual data is easily understood in terms of the slow quasi-particles in analogy to
the entanglement entropy of a single interval in the previous subsection. No particular
difference is observed in this regime between negativity and mutual information. In the
two middle panels of Fig.[3.4] we again report the time evolution of the mutual information
(c) and logarithmic negativity (d), but on time scales of the order of the system’s size
L. The main feature in this case is the presence of quantum revivals at time equal to
t ~ (L—[¢1+4¢3])/2. A first important difference between the mutual information and the
negativity appears on these time-scales, indeed while the former reaches a plateau in a
large time-window, the latter decreases monotonically until the revival. Finally, in the last
two panels we also report the Rényi mutual information (e) and the replicated negativity
£(™)_ Their behaviour is again in qualitative agreement with the CFT predictions and the
differences are easily understood in terms of slow quasi-particles. However, we mention
that £ with n > 1 does not follow the same behaviour as the mutual information or
negativity and indeed it is a monotonically decreasing function of time, changing the slope
in the time intervals identified above (i.e. at ¢ = ¢1/2 and at ¢t = ¢;). This is not a surprise
since £(") is not a measure of entanglement and neither a quantifier of the correlations.
However, as already stressed, the piece-wise quasi-linear behaviour is compatible with the
CFT prediction apart from the effect of the slow modes.

In Fig. [3.5] we report the case of two adjacent intervals of different lengths ¢; = 2/s.
The main difference compared to the case of equal lengths is the appearance of a plateau
after the first linear increase for both the mutual information and the negativity. This
is in perfect agreement with the CFT results which indeed predict (see Egs. and
(3-28)) a linear increase up to ¢ = min(¢y, £2)/2, followed by a plateau for min(¢y,43)/2 <
t < max(fy,02)/2, a linear decrease for max(f1,02)/2 < t < ({1 + £2)/2, and finally
zero constantly. It is evident that the differences between CFT and actual data for the
harmonic chain are due to slow quasi-particles which give corrections for ¢ > min(¢y, ¢5)/2.
In the panel (c) and (d) of Fig. we show the evolution of mutual information and
negativity for a larger time window and, as before, the revivals are apparent at time
t = (L — ¢y — ¢3)/2. Finally in the last two panels (e) and (f) we report the behaviour
of the universal ratio R,, as a function of time. Again there are no particular differences
with the CFT prediction except for those ones due to slow quasi-particles. From the last
panel (f), one notices that Re = 1 identically. In the quantum field theory approach, this
exceptional behaviour for n = 2 is easily understood from the fact that 72 = 7,2 = I
(cf. Sec. and it is true also on the lattice. Notice that In(R,) has a behaviour
which closely resembles the one of the mutual information and the negativity, showing
that, in this particular case, they are somehow measuring the amount of correlations or
entanglement. This is an important difference compared to the quantity £(™ in Fig.
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Figure 3.6: Disjoint intervals with equal lengths ¢; = {5 separated by d sites, for various intervals
lengths, separations d, and total size L of the periodic harmonic chain. Time evolution of the
mutual information I ((a), (c¢) and (e)) and of the logarithmic negativity £ ((b), (d), and (f)).
The revivals at large ¢t are evident in the bottom panels.

3.5.3 Two disjoint intervals

In this subsection we move to the case of two disjoint intervals. In Fig. we report
the numerically calculated mutual information and negativity for two disjoint intervals
of equal length and for two different sets of distances between them. It is clear from the
figure that the main difference compared to the case of adjacent interval is that there is
an initial region for ¢ < d/2 in which there is no entanglement and no correlations (we
recall that the initial correlation length is wy 1 = 1, so that the initial entanglement is
very small). Then at time equal to d/2 the entanglement starts growing linearly, reaches
a maximum and then decreases almost linearly. Again, this behaviour is compatible with
the quasi-particle interpretation and also the power law relaxation for large times can be
understood in terms of slow modes. Even in the case of disjoint intervals, we have studied
the revivals. The results, which are very similar to the ones shown in the case of adjacent
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Figure 3.7: Mutual information (a) and the logarithmic negativity (b) of disjoint intervals with
equal lengths ¢1 = ¢ = 200, separated by distances d in a periodic chain with L = 5000. (c)
Comparison between I and . (d) Zoom of the initial growth: a late birth effect for £ is observed,
which decreases as the continuum limit is approached. The vertical dashed line in (¢) and (d)
indicates the time ¢ = d/2 where the growth should start in the continuum theory.

intervals, are reported in Fig. panels (e) and (f).

Conversely, a very interesting phenomenon can be observed by looking at very short
times after the entanglement starts growing. This is illustrated in Fig. [3.70 where in
the top panels we show the mutual information and the negativity as function of time for
different distances between the two intervals. As before, the behaviour is very reminiscent
of the CFT prediction. In the panel (c) of the same figure, we show in the same plot the
negativity and the mutual information for fixed d/¢ and looking closely to the time when
the entanglement starts growing it is already clear that something is happening. For
this reason in the panel (d) we zoom close to the point ¢ = d/2 and we highlight a
very peculiar phenomenon: while the mutual information starts moving from zero slightly
before t = d/2 the negativity starts slightly after ¢ = d/2. The behaviour of the mutual
information is simply the exponential tails of the correlations outside the light-cone, but
the behaviour of the negativity is new. From the figure, it is evident that increasing the
total system size L (at fixed ratios d/L and ¢/L) this phenomenon disappears in such a
way to recover the CFT result and the quasi-particle interpretation of the evolution in the
continuum limit. As a consequence, this remarkable phenomenon is a lattice effect and
so cannot have an explanation in terms of quasi-particles, but it would be interesting to
understand its precise origin. In a suggestive way, and in analogy with the famous sudden
death of entanglement (which will be discussed below), we term this phenomenon
as the late birth of entanglement.

In Fig. 3.8 we consider again the mutual information (a) and the negativity (b) for
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Figure 3.8: Mutual information (a) and the logarithmic negativity (b) of disjoint intervals with
different lengths ¢; = 2¢5 = 200, separated by various distances d sites in a periodic chain with
L = 5000. Comparison between I and £ in (c) and zoom on the initial growth in (d), to highlight
the late birth of £. With respect to the corresponding plots in Fig. here a plateau occurs
whose temporal width is |2 — £1|/2. The vertical dashed line in (c) and (d) indicates the time
t = d/2 where the growth should begin, according to the quasi-particles picture.

various distances between two intervals of different lengths ¢; = 2¢5. The behaviour is
in perfect agreement with the CFT prediction with a linear growth starting at d/2 up
to d/2 + min(¢q, ¢5)/2, followed by a plateau lasting |¢; — ¢2|/2, then a linear decrease
up to t = (d + €1 + £3)/2 and finally a power-law approach to zero. In the panel (c) we
report on the same plot the negativity and the mutual information, observing again the
fingerprints of the late birth, which are straightforwardly confirmed by zooming for times
close to d/2, as done in panel (d).

3.5.4 Massive evolution

In this section we briefly discuss what happens when the time evolution is governed by a
massive Hamiltonian. This is elucidated with an example in Fig. where we report and
compare critical (w = 0) and noncritical (w = 0.1) evolution of the logarithmic negativity
always starting from wy = 1. The data are reported against vmaxt (Umax is given by
Eq. ) Also in this case, the data are perfectly compatible with the quasi-particle
picture, but we notice an interesting effect. The slope of the negativity changes as a
function of time as a consequence of the entanglement carried by slower quasi-particles
which in the case of the non-critical evolution have a larger weight because of the non-
monotonicity of vy in Eq. . However, also this phenomenon does not come as a
surprise and indeed it was already observed for the entanglement entropy of a single
interval following a quench in the Ising/XY chain 304].
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Figure 3.9: Logarithmic negativity £ of disjoint intervals after global quenches with different
evolution Hamiltonians. Here L = 5000, ¢; = /2 = 200 and wo = 1, while for ¢ > 0 we have
w =0 or w = 0.1. The velocity vmax is given by Eq. (3.40).

3.5.5 Sudden death of entanglement

A final important feature of the logarithmic negativity £ is the so called sudden death
of entanglement. The phenomenon has been first introduced for other entanglement
measures [318], but it has been observed also for the negativity. For example, in the
case of the harmonic chain at thermal equilibrium at some finite 7', it consists into the
exact vanishing of £ for temperatures larger than a critical value as discussed also in
, where it was emphasised its lattice nature and its absence in the quantum
field theory description of the continuum limit. In the case of quench, we have already
seen that the entanglement and the mutual information of two intervals are vanishing for
large enough time in the CFT, but this is an independent phenomenon compared to the
sudden death.

In order to show the true sudden death of £ after a global quench, we report in
Fig. the negativity and we compare it to the mutual information for several initial
frequencies wg = 10, wy = 30 and wy = 100 and for several configurations of the intervals.
It is evident that in all cases, while the mutual information stays finite at any time,
the negativity £ drops suddenly to zero after some time. Thus, the sudden death is a
peculiarity of the entanglement and it is not reflected by the correlations (quantified by
the mutual information) which are always a smooth function of the time. Let us now
discuss how this phenomenon depends on the various parameters. First, we notice that
increasing the system size and keeping the ratios between the various lengths fixed, the
sudden death time increases and, when the system and the subsystems are large enough,
the sudden death does not occur anymore. This agrees with the expectation that the
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Figure 3.10: Mutual information (left panels) and logarithmic negativity (right panels) for disjoint
intervals with different lengths (/1 = 2¢2). Here w = 0 and different wo are chosen: wo = 10,
wo = 30 and wo = 100 (top, middle and bottom panels respectively). The sudden death of the
logarithmic negativity happens for later time as L increases and as wo decreases.

sudden death is a lattice effect. Second we observe that the sudden death depends also
on the initial frequency wp: increasing wg, the sudden death time decreases. Finally, it is
worth noticing that, when the revival takes place, the entanglement appears again, but
this is not at all surprising.

3.6 Conclusions

We studied the evolution of the entanglement negativity following a quantum quench.
We considered the case of a conformal evolution starting from a boundary state. First,
for the sake of completeness, we reviewed the results for the entanglement entropy and
the mutual information of an arbitrary number of (adjacent or disjoint) intervals within
the path integral approach of Refs. 271]. Then we moved to the calculation of
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the negativity between two adjacent and disjoint intervals which are respectively given by
Egs. and (3.35)). The applicability and generality of these results have been checked
against exact numerical calculations for the same quantities in the harmonic chain. We
also highlight two peculiar lattice effects: the late birth of entanglement and its sudden
death. The former one consists in the fact that the negativity starts growing slightly after
the time predicted by the quasi-particle picture, a delay which vanishes in the continuum
limit. The latter one, instead, is well known and concerns the exact vanishing of the
negativity after some given large time (but before revivals take place). We investigated
how these effects depend on the quench parameters.

One of the main results of this study is that the quasi-particle picture |[104] for the
time dependence of the entanglement after a global quantum quench applies also to the
negativity between two intervals: this is a remarkable and non-trivial property. The
last conclusion should be interpreted in the sense that the quasi-particle picture for the
negativity holds as far as it holds for the entanglement entropy, as both are consequences
of the assumptions on the relevant singularities of the three- or four-point function of twist
fields on the strip. It has recently argued in Ref. [319] that the actual presence of some
of these singularities, which are denoted as “light-cone singularities”, are not guaranteed
by the OPEs on the UHP only. If these singularities are milder or not present in the
twist field correlation functions, then the quasi-particle interpretation fails in some time
regimes. The author of [319] find that such light-cone singularities are always present for
rational CFT (such as the minimal models) and for the ¢ = 1 CFT of the compactified
boson. On the contrary, they claim that the singularities are milder, or even not present
at all, when the theory is not current dominated, that is roughly when the asymptotic
number of conserved currents (parametrized by an effective central charge ceyrrent) iS
smaller than the total number of states (parametrized by ¢, the central charge). Strictly
speaking, they consider a setup which is different from the one studied here. Indeed,
they use a thermofield double entangled state (in a slightly simplified geometry), whose
quench evolution has been studied in [91]. They perform a computation in the second
Rényi entropy of two disjoint intervals as function of ¢ and ccyprent and they find that
the quasi-particle result is valid in all time regimes only for ¢ = ceyrrens- When this
is not true, the result in some regimes is not universal, and the quasi-particle result
provides a lower bound for the entanglement. Higher order Rényis are unfortunately
unaccessible. They suspect (but give no proof) that the evolution from a boundary state
cannot have more singularities than those in the thermal double, thus supporting their
conclusions also for this case. Holographic CFT has ¢ > 1, while they have few chiral
states, ceyrrent ~ 1. With explicit holographic computations, the authors show that the
quasi-particle picture for the entanglement entropy and the second Rényi entropy does not
hold in the thermofield double setup and, in the language of [319], entanglement scrambles
maximally (an effect that was already observed in [85] |87, |96, [320]). In this extreme
setup, the result is not the one predicted by the quasi-particle picture, but nevertheless
it is again universal. With the semiclassical conformal block analysis for large-c CFT
introduced in [321] and first used in this context in [98], they also show that indeed in
this case light-cone singularities are totally absent. At this point it would be nice to
exactly compute (analytically or numerically) the evolution of entanglement and Rényi
entropies in a CFT with ceurrent < ¢ < 00, to have a direct check, both in the thermofield
double setup and in the case of a boundary conformal initial state. Unfortunately, most
of the well known CFT are among the ones where the quasi-particle picture holds, so no
computations are available up to now. The authors provide two candidate theories to be
the simplest ones, and it would be very interesting to further explore this issue in the
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future.

Ag for the harmonic chain, it would be very interesting to obtain analytical forms for
the evolution of the various entanglement measures (entropy, mutual information, and
negativity) in analogy to what done in Refs. [222 304} 322324] for the Ising model (but
only for entropy and mutual information). However, we should stress that there are still no
analytic results for the entanglement entropy of bosonic models even in the ground state,
in contrast with the many results available for free fermion thanks to Toeplitz matrix
techniques [262, 263, 1325-327]. Obtaining such analytic predictions is a prerequisite in
order to tackle the quench problem.
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CHAPTER 4

Partial transpose of two disjoint blocks in XY
spin chain

4.1 Introduction

In the Introduction we described a systematic path integral approach to construct the
partial transpose of the reduced density matrix, from which the negativity in 1+1 di-
mensional relativistic quantum field theories is obtained via a replica trick [134]. This
approach has been successfully applied to the study of one-dimensional CFT in differ-
ent settings, and has been tested against exact results for free bosonic systems, such as
the harmonic chain. As we mentioned in the Introduction and saw explicitly in Sec. [3.5]
in an out-of-equilibrium situation, for bosonic Gaussian states the spectrum of the par-
tial transpose can be obtained from correlation matrix techniques [148-151]. Specifically,
the partial transposition corresponds to a time-reversal operation leading to a partially
transposed reduced density matrix which is again Gaussian [147], whose spectrum can
be therefore calculated from the one of its correlation matrix. The latter is obtained by
simply implementing the time-reversal operation on the correlation matrix of the reduced
density matrix (see Eq. (3.55)).

In the case of free fermionic systems (such as the tight-binding model and XY spin
chains) the calculation of the negativity is instead much more involved. Indeed the par-
tial transpose of the reduced density matrix is not a Gaussian operator and standard
techniques based on the correlation matrix cannot be applied. In view of the importance
that exact calculations for free fermionic systems played in the understanding of the en-
tanglement entropy [245} 262} 1325, 326, |328-330], it is highly desirable to have an exact
representation of the negativity also for free fermionic systems. A major step in this
direction has been achieved by Eisler and Zimboras [331] who showed that the partial
transpose is a linear combination of two Gaussian operators. Unfortunately, it is still not
possible to extract the spectrum of the partial transpose and hence the negativity, but at
least one can have access to integer powers of the partial transpose which are the main
ingredient for the replica approach to negativity. Let us stress that these considerations
apply only when the Wick theorem holds and this excludes interacting models (e.g. the
XXZ model).

In Ref. [331] only truly fermionic systems have been considered and not spin chains
that can be mapped to a fermionic system by means of a (non-local) Jordan-Wigner
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transformation. Indeed, in the very interesting case of two disjoint blocks in a spin chain
the density matrix of spins and fermions are not equal [220}222] [243] and this consequently
affects also the partial transposition, as already pointed out in [331]. In this chapter we
give an exact representation of the partial transpose of the reduced density matrix for two
disjoint blocks in the XY spin chain and from this we calculate the traces of its integer
powers. These turn out to converge to the CE'T predictions in the limit of large intervals.

The chapter is organised as follows. In Sec.[d.2)we describe the model and the definition
of the quantities we will study. In Sec. we review the results of Ref. [222] for the
moments of the spin reduced density matrix of two disjoint blocks. In Sec. -4l we move to
the core of this manuscript deriving an explicit representation of the partial transpose of
the spin reduced density matrix as a sum of four Gaussian fermionic matrices. This allows
to obtain explicit representations for the moments of the partial transpose. In Sec. we
use the above results to numerically calculate these moments up to n = 5 for the critical
Ising model and XX chain and carefully compare them with CFT predictions by taking
into account corrections to the scaling. Finally in Sec. we draw our conclusions.

4.2 The model and the quantities of interest

In this chapter we consider the XY spin chains with Hamiltonian

L
Hxy = %Z (1;70;0;?“ + 1770;403“ +ha;>, (4.1)
j=1
where o7 are the Pauli matrices at the j-th site and we assume periodic boundary condi-
tions o¢,, = of'. For v =1 Eq. reduces to the Hamiltonian of the Ising model in a
transverse field while for v = 0 to the one of the XX spin chain. The Hamiltonian
is a paradigmatic model for quantum phase transitions [332]. In fact, it depends on two
parameters: the transverse magnetic field ~» and the anisotropy parameter . The system
is critical for h = 1 and any  with a transition that belongs to the Ising universality
class. It is also critical for v = 0 and |h| < 1 with a continuum limit given by a free
compactified boson.
The Jordan-Wigner transformation

z

o% —ig? ¥ +io
cj:(Hafn)ij 5 L c;:(HUfn)ij 5 1 (4.2)

m<j m<j

maps the spin variables into anti-commuting fermionic ones {¢;, c;} = §;;. In terms of
these fermionic variables the Hamiltonian (4.1) becomes

L

1

Hxy = Z (2 ['yc;fc;rﬂ +yeip16 + cIciH + CzT-HCi] — hczcl) , (4.3)
i—1

where we neglected boundary and additive terms. This Hamiltonian is quadratic in the
fermionic operators and hence can be straightforwardly diagonalised in momentum space
by means of a Bogoliubov transformation.

For the study of the reduced density matrices it is very useful to introduce the Majo-
rana fermions [245] |328]

z :cj—i—c;-, a? =i(c¢j —chy, (4.4)

a;
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Figure 4.1: We consider the entanglement between two disjoint spin blocks A; and A2 embedded
in a spin chain of arbitrary length. The reminder of the system is denoted by B which is also
composed of two disconnected pieces B; and Bs.

which satisfy the anti-commutation relations {ag', a?} = 26;j008. The single site Majorana
operators can be also written as
T __ T Yy _ Y AT Y 2
aj = X7, aj = —X3, iajaj = ¥7. (4.5)

The operators X5 on the single site satisfy the algebra of the Pauli matrices, but at
different sites they anticommute and so they are not proper spin operators and should
not be confused with the o in . For each site, we also need to define the following
unitary operator

Uk = e'%% = cos (a/2) I+ isin (a/2) Z;ﬂ (4.6)

whose action on the Majorana operators (4.5)) can be obtained from the following relation
Uikcz E? Uk = [6,6 + (1 — Spp cos )] Z;’» + (sin a)egpe Z?, (4.7

where ey, is the totally antisymmetric tensor such that e;,, = 1.

The main goal of this chapter is to determine the entanglement between two disjoint
intervals in the XY spin chain. We consider the geometry depicted in Fig. a spin
chain is divided in two parts A and B and each of them is composed of disconnected
pieces. We denote by A; and A, the two blocks in A = A; U Ay, By is the block in B
separating them, while Bs is the remainder.

In the case of two disjoint blocks in the XY spin chain, the Rényi entropies for integer
n (or equivalently the moments of the reduced density matrix p4) have been explicitly
constructed in Ref. [222]|. However it is still not possible to find the analytic continuation
to arbitrary complex values of n and consequently the entanglement entropy. This is very
similar to the CFT counterpart where also one can calculate only integer moments of the
reduced density matrices.

However, we are here interested in the entanglement between A; and As. A measure of
this entanglement is provided by the logarithmic negativity defined and largely discussed
in the Introduction.

4.3 Rényi entropies

In this section we review the results of Ref. [222], where the Rényi entropies of two disjoint
blocks A = A; U A, for the XY spin chains have been computed. These results are the
main ingredients to construct the integer powers of the partial transpose which will be
derived in the following section. We will denote the number of spins in A; and As with
{1 and /5 respectively and the remainder of the system B contains a region separating A;
and A, denoted as Bi, as pictorially depicted in Fig.

In a general spin 1/2 chain the reduced density matrix p4 = Trp |U)(¥] of A = A1 UA,
can be computed by summing all the operators in A as follows [245] 328|

pa= g (Tl ov ) T o7 (@8)

vj JjEA JEA
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where j is the index labelling the lattice sites and v; € {0,1,2,3}, with ¢° = 1 the
identity matrix and o! = 0%, 02 = ¢¥ and 03 = ¢ the Pauli matrices. The multipoints
correlators in are very difficult to compute, unless there is a representation of the
state in terms of free fermions.

For the single interval case, the Jordan-Wigner string [[,,, _; 07, in Eq. (4.2) maps the
first ¢ spins into the first ¢ fermions [245| 328] so the spin and fermionic density matrix
are the same. This operator is Gaussian and it can be written as [245) [328]

1
pa=pi= il Zwlz 0103, wis = (0507), (4.9)

where Oy (with k € {1,2}) is a generic product of Majorana operators in Ay, namely
x Y
Oy, = [Tica, ('ai)’f[ﬂ (a¥)"5 with py € {0,1}. The sum in (4.9) is performed over all
possible combinations of ijﬁ}.
In general, calculating a free fermionic density matrix is very easy. Indeed by Wick
theorem they assume a Gaussian form:

_exp (ta* - W-a)
CTr [exp (iat W a)} ’

pw (4.10)

with W a complex antisymmetric matrix and the vector A contains all the aj’s and the

a¥’s. This density matrix is univocally identified by the correlation matrix

j
I'="Tr(apwa’) -1, (4.11)

which satisfies I' = tanh(1V/2).

Unfortunately, the same reasoning does not apply to two disjoint blocks because the
fermions in the interval B; separating the two blocks contribute to the spin reduced
density matrix of A; U Ay [220] 222, 243]. It is now convenient to introduce the string of
Majorana fermions along a generic subsystem C

Po =[] Gaja?). (4.12)
jec

In particular, the string Pp, of Majorana operators appears in a crucial wayﬂ Similarly,
we also introduce the strings of Majorana operators along A; and Ay, namely P4, and
Py4,. These operators satisfies PC_1 = Pg, for any C = Ay, A, By.

Moving back to the computation of the spin reduced density matrix (4.8) in terms of
fermions, we first notice that, since the XY Hamiltonian commutes with [[; o7 (where j
runs over the whole chain), only the expectation values of operators containing an even
number of fermions are non vanishing. Thus, the numbers of fermions are either even or
odd in both A; and As. This leads us to decompose the spin reduced density matrix p4
of A= A;UA; as [222]

PA = Peven + PB, Podd; (4.13)
with
1 (Pg,)
Peven = 577, Z w12 0102, Podd = 2@17;@2 Z wiy 010, (4.14)

even odd

LTo compare with Ref. [222], set (S1)there = (P4, )here and (S)¢here = (PB; )here-
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where w5 = (0iPg,0}) / (Pg,), and the notation Y even (Oooqq) means that the sum is
restricted to operators O and O containing an even (odd) number of fermions. It is also
convenient to rewrite (4.13) as

1+PB 17PB
pA = 5 Pt o Pt = Peven £ Podds (4.15)

where 1 is the identity matrix and (1 + Pp,)/2 are orthogonal projectors. Moreover,
the matrices py are unitary equivalent (indeed Pga,ps P, = p) and commute with Pp,
because they do not contain Majorana fermions in B;. As a consequence, we have that

1+ P, 1-P
S (4.16)

Taking the trace of (4.16) and employing that Pa,p+Pa, = ps, one finds

ph =

Trp’ = Trpl. (4.17)

The matrices p4 are fermionic but they are not Gaussian, i.e. they are not proportional
to the exponential of a quadratic form, as we will discuss below.

At this point we are ready to consider the ground state of the XY chain with density
matrix py = |¥)(¥|, whose correlation matrix I' is given by Eq. (4.11). The fermionic
reduced density matrix of A = A, U A, is the one of Eq. where we recall that wis = 0
when the numbers of fermionic operators in O; and O, have different parity. In order to
take into account the effect of the string Pp, defined in Eq. , it is useful to introduce
the auxiliary density matrix

. _ Trp (P, [9)(¥]) 1 1
pﬁ <PBl> - 2l1+L2 ng OlOQﬂ (418)

in which the normalisation Tr pfl =1 holds. By using that

_a? ,7 € A27

Pa,a% Py, = i 4.19
Az J A2 { a’j J ¢ A27 ( )
one finds
1
Pa,piPa, = hTh Z(—l)MU/u 010,
(4.20)

1 1
= Shitis Zwl? 0.02 — szm 0102,

even odd

€T

where ps = ZJEAZ (1 0 +H%]) is the total number of Majorana operators occurring in Os.
Then, from Eqs. (4.9) and (4.20) it is straightforward to get that the density matrices
(4.14) become

_ pix+ Pa,piPa,

Bq B1
Pat — Pa,pit Pa
peven_f7 pOdd:<PB1> A > A 2.

2

Plugging into , one finds that the spin reduced density matrix is a linear
combination of four fermionic Gaussian operators. Since these operators do not commute,
they cannot be diagonalised simultaneously and therefore we cannot find the eigenvalues of
the spin reduced density matrix that would give the entanglement entropy. Nevertheless,

(4.21)
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Trp” for integer n can be computed through Eq. (4.17) by providing the product rules
between the four Gaussian operators occurring in (4.21)) in terms of the corresponding
correlation matrices, that are denoted by

I EF[pi], Iy EF[PA2P£PA2]7 I's Er[pfl]? Ty EF[PAszIPA2]v (422)

where T'[p] is the correlation matrix of a Gaussian density matrix p as in Eq. .
Obviously, I'; is the fermionic correlation matrix, i.e. the one of the free fermions without
the Jordan-Wigner string (studied in detail in Ref. [333]).

Following Ref. [222], we can introduce the restricted correlation matrix to two fermionic
sets/blocks C and D (I'¢p),s which is the correlation matrix in Eq. associated to
| ) (P| with the restriction » € C' and s € D. In [222] it has been shown that the matrices
I'y, I's and 'y can be written as

'y =Taa, I's=T1—Tap s 5 s 4, (4.23)
and
Ty = MsD'y Mo, Ty = MyT's Mo, My = ( 151 _(1)15 ) . (4.24)
2

These formulas provide an explicit representation of the matrices I'; in terms of the fermion
correlation in the finite subsystem A; U By U A,.
By introducing the following notation

{0 0 =Tl pw e pwr ), (4.25)

and {...,T",...} = Tr(...pfy ...) as special case, from (4.21) we have that Tr p’ can be
written as a linear combination of traces involving the matrices I'y, with k& € {1,2,3,4}.
This finally provides Trp’;, which we write as follows

(4.26)

From and , it is straightforward to realise that T, is a combination of 4™ terms
of the form with coefficients given by integer powers of g, = (Pg,)? = det[['p, ,].
However, many of these 4™ terms turn out to be equal when using cyclicality of the trace
and other simple algebraic manipulations.

In the following we write T, explicitly for 2 < n < 5, where we have computed also
T5, in addition to the other ones already reported in Ref. [222]:

oen =2
Ty = {T7} + {1, T2} + 03, ({Fg} - {F37F4}); (4.27)

oen =2J3:
Ty = (T3} +3{T3,T5) + 305, ({11, T3} + (15,13} 2 {10, T T} (4.28)

on —=4:

Ty = {1} +{T1,T2,T1, T} + 4{T3, T} +2{T%,T3}
+20p, ({F1,F3,F1,F3} +{T1, 0y, Ty, Ty} +2{0%, T3}
+2{I2, T2} +2{1,, 3,15, T3} +4{T,T5, T3}
—2[2{I},T3, T4} + {1, 5,1y, Ta} + {T1, T2, 5, Ty}
+{I1,T3,T, T4} + {T'1,T2, T4, rg}])

(4.29)

+ 08, ({Fé} +2{T5, T3} + {3, T, T} — 4{F§,F4});
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en=>,
Ts = (T3} +5 ({11, Ty} + {T5, T3} + {T%,T5, 1, Ty} )
+ 505, ({T4,T3} + (13,13} + 2{T,, T3, T3}
+2 {FE’ F2’ Fg)} + {Fla F2a Fla Fg} + {FlvFQarlaFZ}
+ {F%,P37F17F3} + {F%7F37F27F3} +2 {Flv F37 Flv F3, FZ}
+ {F17F37F§7F3} + {F%7F47F17F4} +2 {FlvFQaFSaF%FS}
- 2[{1—%71—‘271—‘471—‘3} + {F%>F27F3>F4} + {1—‘%71—‘371—‘171—‘4}
+ {F%7F37F27F4} + {F:{’7F37F4} + {FlaFQarlargvrél}

(4.30)

+ {F17F27F4arlar3} + {F27F17F47F17F3}]>
+ 561231 ({Fh Fg} + {FQaI‘g} + 2 {Fl?F§7F421} + {Fla FS) 1—\421, F3}
+2{0, T3, Ty, T3, Ty} + {0}, [y, T5,T,}
- 2[{F17F§7F4} + {F17F§7F47F3} + {F27F47F§} + {FQv ng F4v F3}])'

We notice that the algebraic sum of the integer coefficients occurring in any term
multiplying a power 51,731 with p > 0 is zero. Moreover, considering only the terms which
are not multiplied by a power dp, in T),, the sum of their coefficients is 27~1.

4.4 Traces of integer powers of the partial transpose of the spin
reduced density matrix

In this section we move to the main objective of this paper which is to give a representation
of the integer powers of the partial transpose of the spin reduced density matrix of two
disjoint blocks with respect to As. Eisler and Zimboras in Ref. [331] showed how to obtain
the partial transpose of a fermionic Gaussian density matrix, a procedure which can be
applied to the spin reduced density matrix in Eq. using the linearity of the partial
transpose as we are going to show. We mention that in Ref. [331] the moments of the
partial transpose for two adjacent intervals were studied in details using the property that
fermionic and spin reduced density matrices are equal for this special case.

Given a Gaussian density matrix py written in terms of Majorana fermions in A =
A U As, the partial transposition with respect to Ao leaves invariant the modes in A,
and acts only on the ones in A,. Furthermore, the partial transposition with respect to
Ag of py in leaves the operator Pp, unchanged, therefore we have

1+ Pp,

1-P
I g T, (4.31)

Pt = ple + Pp, pliq = 5

where
P = Peden £ Podas (4.32)
as clear from Eq. (4.15)) because of the linearity of the partial transpose.

Let us consider the operator Oz and introduce p5 = >, 4, ;ﬁ[’j] the number of a¥’s in
O3. The transpose of O3 is given by

OF = (1) =) (—1)13 O, (4.33)
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where
0 mod 4) € {0,1},
) = {0 2 ) €101} (4.34)
1 (p2 mod 4) € {2,3}.
The factor (—1)7(*#2) in ([33) originates from a rearrangement of the a®¥’s operators
after the transposition, while the factor (—1)#2 comes from the fact that (a¥)” = —a¥

and (a®)T = a? for the Majorana operators occurring in Oz. This extra factor can be
removed by a unitary transformation. Another transposition can be naturally defined,
namely

of =u™ of U@ = (—1)71=)0,, (4.35)

where the unitary U7(rx) is now a product of terms like over all the sites and it changes
the sign of the a¥’s leaving the aF’s untouched. This is the definition introduced in 331
and we will adopt this convention throughout this manuscript. Thus, let us drop the hat
in and denote it simply by OF.

Then, applying Eq. to , we find

1
Pesen = S0l z:(—l)”z/2 w12 0103, (4.36a)
(Pp,) _
Poda = ot tb> Z(*l)(w V2wl 010,, (4.36b)
odd

which gives the desired fermionic representation of the partial transpose of the spin re-
duced density matrix.

At this point the moments of p% can be obtained following the same reasoning as for
the moments of p4. Indeed, since pzz are unitarily equivalent (Pa, piz Py, = p% because

Pa,pl2, Pa, = pl2,, and Pa,p!2,Pa, = —p.3,) and Pp, commutes with them, starting
from (4.31)) and repeating the same observations that lead to (4.17), one gets
Tr (p?)n =Tr (p?)n. (4.37)

Similarly to the case of the Rényi entropies considered in Sec. [£.3] (see Eq. ([#.17)), the
matrices p3> are fermionic but not Gaussian. In the following we write them as sums of
four Gaussian matrices, as done in (4.13) and (4.21)) for p4. In particular, by introducing

N 1 . ~ 1 .
pi= PR Z i*212 0103, Pt = SR Z i"2 wiy 010z, (4.38)

one has that the matrices in (4.36) become

~1 P ~1P ~Bl_P ~BlP
ple = W, PoT?id = (Pg,) Pa ;isz A2’ (4.39)

telling us that pi"’ in 1' are linear combinations of four Gaussian fermionic matrices

occurring in the r.h.s.’s of li Notice that pl2

o2en and pfjd are Hermitian but the
matrices defining them are not since

~1\T ~ ~ t ~
(P4)" = PaspiPas,  (54')' = Paspy’ Pa,. (4.40)
In order to compute the correlation matrices associated to the four matrices in Eq. (4.39)),

it is convenient to introduce
~ 1@1 0
My = ( 0 i, ) . (4.41)
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Then, the correlation matrices associated to p 1, Pa,psPa,, ﬁﬁl and PAzﬁflPA2 are given
by

Tw= MMy, ke {1,2,3,4}. (4.42)
In analogy to Eq. (£.26), we write the moments of p’? as
T,
Ty\n n

From Egs. and -, we have that T is a linear combination of 4™ terms.
The net effect is that T can be written by taking T,, and replacing I'; with T, and 0B,
with —dp,. The latter rule comes from the imaginary unit in the denominator of podd in

Eq. . ~
In the following we write explicitly T, for 2 < n < 5:
oen =2
" Ty = {T2} +{T1,Ts} + 05, ({Fg, ) — (T2 }) (4.44)
oen=23
— {9} + 3 {13} +30m, (2T, T Ta} = (T, T — {12, T3} )s (4.49)
en=4

Ty = {T4} +{[1, T, Ty, T} + 4 {3, T} 4+ 2{I'2, T2}
+ 265, (z{fg,fl,m,fl} 4+ 2{D, T, T3, Ty} + 2 {01, 5,0, T4}
+2{T, T, Ty, Ta} + 4{T5, T4, T3} — 2{T1,T3, T2, T3} — 4{T1, T2, T3} (4.46)
— T4, T, Ty, Ta) = {10, Ty, Ty, T} = 2{T5, T3} - 2 (T3, T3} )
+ 62 ({r y 2 {2, r2}+{f3,f4,f3,f4}_4{f§,f4});
en=>5

= (T3} +5({T4 T} + (T, T3} + (T3, T, T, T} )

+ 563, (2 (13,15, Ty, Ty} + 2{TF, Ty, Ty, Ty} + 2{T7, T3, T, T, }
+2{[2 T, [,,T,} +2{03 [, T,} +2{[,,T,,T,, I3, T4}
+2{0,,T,,T,,T,, s} +2{T,,T,,T,,T5,Is}

— (T}, T35} —{T7, T3} — 2{T,, T35, T3} — 2{13, T, T3}

— (T, Ty, T}, T3} — {1}, Ty, T, T3} — {T,T5, T, Ty} (4.47)
— {3, T3, Ty, Ty} — 2{T, T3, T, Ty, To} — {T, Ty, T3, Ty}

— (T3, T Ty} = 2{T, Ty, T, Ty, T} )

+50%, ({T1, T4} + {Ta, T} + {1, T, T3 Ty} + {1, T T, T)
2T Ty o Ty, T} + 2T, T2, T2} — 2T, T8, T}
=2 T, T3 T, Ty) = 2T, T, T} - 21, T3 T, T ).

As for T, also in T, the algebraic sum of the integer coefficients occurring in any term
multiplying a power ¢ with p > 0 vanishes.
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4.5 Numerical results for the ground state of the critical Ising
and XX model

The results of the previous section for the moments of the partial transpose of the reduced
density matrix of two disjoint blocks are valid for arbitrary configurations of the XY spin
chain: equilibrium, non-equilibrium, finite and infinite systems, critical and non-critical
values of the parameters v and h. In this section we evaluate numerically these moments
for the configurations that so far attracted most of the theoretical interest, namely the
critical points of the XY Hamiltonian, whose scaling properties are described by conformal
field theories. A great advantage of the present approach compared to purely numerical
methods such as exact diagonalization or tensor networks techniques is that it allows to
deal directly with infinite chains without any approximations, reducing the systematic
errors in the estimates of asymptotic results. Indeed, all the numerical results presented
in the following are obtained for infinite chains.

We will consider two particular points of the XY Hamiltonian, namely the critical
Ising model for v = h = 1 and the zero field XX spin chain (corresponding to fermions at
half-filling) obtained for ¥ = h = 0. The scaling limit of the former is the Ising CFT with
central charge ¢ = 1/2, while the scaling limit of the latter is a compactified boson at the
Dirac point with ¢ = 1.

The CFT predictions for the moments of both reduced density matrix and its partial
transpose have been derived in a series of manuscripts [134} [136] (196, [226]. For both
models we consider the case of two disjoint blocks of equal length ¢ embedded in an
infinite chain and placed at distance r. We numerically evaluate the moments of p4 and
p% using the trace formulas of the previous sections for n = 2,3,4,5 and we compute the
ratio R,, defined in Eq. , whose (unknown) analytic continuation for n, — 1 would
give the negativity. Notice that from Eqs. and we have that R,, = fn /T
In the scaling limit (i.e. £,7 — oo with ratio fixed) the ratio R,, converges to the CFT
prediction, Eq. (1.82)) (where the function F,(x) is for Ising and for XX)
written in terms of the four-point ratio x, which is

o (zﬁr)g’ (4.48)

when specialised to the case of two intervals of equal length ¢ at distance r.

4.5.1 The critical Ising chain

The negativity and the moments of pi"’ for the critical Ising chain in a transverse field
have been already numerically considered in Ref. [136] by using a TTN algorithm and
in Ref. [145] by Monte Carlo simulations of the two-dimensional classical problem in the
same universality class. However, the finiteness of the chain length did not allow to obtain
very precise extrapolations to the scaling theory for all values of n and of the four-point
ratio . We found, as generally proved [134], that Ry is identically equal to 1. In Fig.
we report the obtained values of R, for n = 3,4, 5 as function of x for different values of /.
It is evident that increasing ¢ the data approach the CFT predictions (the solid curves).
We can also perform an accurate scaling analysis to show that indeed the data converge
to the CFT results when the corrections to the scaling are properly taken into account.
It has been argued on the basis of the general CFT arguments [261]|, and shown
explicitly in few examples [260, 262, 263 327, 334-336] both analytically and numerically,
that Tr p” displays ‘unusual’ corrections to the scaling which, at the leading order, are
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Figure 4.2: The ratio R, between the integer moments of p4 and p? for two disjoint blocks
of length ¢ at distance r embedded in an infinite critical Ising chain. We report the results for
n = 3,4,5 as function of the four-point ratio x for various values of ¢ (and correspondingly of r).
For large ¢, the data approach the CFT predictions (solid lines). The extrapolations to £ — oo
—done using the scaling form 7 are shown as crosses and they perfectly agree with the CFT
curves for n = 3 and 4, while for n = 5 the fits are unstable and the extrapolations are not shown.
The last panel shows explicitly the extrapolating functions for two values of z and n = 3,4.

governed by the unusual exponent §,, = 2h/n where h is the smallest scaling dimension of
a relevant operator which is inserted locally at the branch point . For the Ising model
it has been found that, in the case of two intervals, h = 1/2 222]. From the general
CFT arguments in Ref. , we expect the same corrections to be present for Tr(p%)"
because they are only due to the conical singularities. Unfortunately, the corrections to
the scaling in Fig. [1.2] cannot be captured by a single term, because subleading corrections
become more and more important when n increases, as already pointed out in Ref. |136].
Indeed, corrections of the form ¢~™/" for any integer m are know to be present
262]. Thus the most general finite-¢ ansatz is of the form

@) | @) D)
f1/n + 02/n + ¢3/n

R, = RS"T(z) + (4.49)
The variables r,(x) are used as fitting parameters in the extrapolation procedure. The
number of terms that we should keep in order to have a stable fit depends both on n and
on z. For each case we keep a number of terms such that the extrapolated value at ¢ — oo
is stable. The results of this extrapolation procedure for n = 3 and n = 4 are explicitly
reported in Fig.[£.2] In the case of n = 4 the extrapolated points corresponding to the last
two values of x are not shown in the figure because we cannot perform a stable fit with the
available data. Indeed, we should keep a large number of terms in order to have a precise
enough extrapolation and this would require larger intervals size. The agreement of the
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Figure 4.3: The ratio R, between the integer moments of p4 and p? for two disjoint blocks of
length ¢ at distance r embedded in an infinite XX chain at zero field. We report the results for
n = 3,4,5 as function of the four-point ratio z for various values of ¢ (and correspondingly of r).
For large ¢, the data approach the CFT predictions (solid lines). The extrapolations to £ — oo
—done using the scaling form (4.50)— are shown as crosses which perfectly agree with the CFT
curves for n = 3 and 4, while for n = 5 the fits are unstable. The last panel shows explicitly the
extrapolating functions for two values of x and n = 3, 4.

stable extrapolations with the CFT predictions is really excellent, at an unprecedented
precision compared with fully numerical computations [136, |145|. Conversely, we find
that for n = 5 the extrapolations are still unstable for any value of x.

4.5.2 The XX chain

We now move to the study of the powers of pﬁ"’ for the XX model in zero field. There
are no previous numerical studies of this paradigmatic model. We again consider the
ratios R, for n = 2,3,4,5 and we again find that R, is identically equal to 1, as it should
be. In Fig. we report the obtained values of R,, for n = 3,4,5 as function of z for
different values of ¢. It is evident that increasing ¢ the data approach the CFT predictions
(the solid curves). We should however mention a very remarkable property. It has been
observed that Trp” shows oscillating corrections to the scaling 262|, which
for zero magnetic field, are of the form (—1)¢. These oscillations however cancel in the
ratio R, and the corrections to the scaling are monotonous, a property which makes the
extrapolation to infinite ¢ slightly simpler.

Also in this case we can perform an accurate scaling analysis to show how the data
converge to the CFT results when the corrections to the scaling are properly taken into
account. For the XX model, the leading correction to the scaling is governed by an
exponent &, = 2/n, which means that they are less severe than in the case of the Ising
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model as it is also qualitatively clear from the figure. We then use the general finite-¢

ansatz

r%l)(z) ré2)(z) r (x)
02/n + 4/n + ¢6/n

Ry, = RJ"(x) + +oen (4.50)
and, as in the case of the Ising model, we keep a number of fitting parameters which
make stable the extrapolation at £ — oco. The results of this procedure for n = 3 and
4 are explicitly reported in Fig. The agreement of the extrapolations with the CFT
predictions is excellent. Also for the XX chain we find that for n = 5 the fits are unstable.

4.6 Conclusions

We have shown that the partial transpose of the reduced density matrix of two dis-
joint spin blocks in the XY spin chain can be written as a linear combination of four
Gaussian fermionic operators, fully specified by their correlation matrices (denoted as
1:2», i =1,2,3,4 in the text) which have been explicitly calculated in terms of the cor-
relation matrix of the subsystem formed by the two blocks joined with the finite part
between them. This construction allows to calculate the moments of the partial transpose
in generic configurations of the spin chain. In this chapter we focused on the ground state
of Ising and XY chain, but the approach is more general and can be used for arbitrary
excited states, thermal density matrices, non-equilibrium situations etc.

The obtained representations of the moments of the partial transpose allow us to study
in an exact manner infinite chains and very large subsystems, drastically reducing the
systematic errors in the approach to the scaling limit. We found that for the ground state
of the critical models the moments of the partial transpose agree (with high accuracy)
with the recent CFT predictions after the corrections to the scaling are properly taken
into account.

The main open problem left for two disjoint blocks of a spin chain is whether it is
somehow possible to obtain the negativity from the correlation matrix (the problem is
also present for the fermionic degrees of freedom [331]). A similar problem is also open for
the entanglement entropy since integer moments are obtained in a similar fashion [222],
but one has no access to the spectrum of the reduced density matrix and hence to the
entanglement entropy. From the practical point of view, we discussed in Chap. [2| that
if one knows a relative large number of integer moments, rational interpolations provide
accurate estimates of the analytic continuations [152], and hence of the entanglement
entropy. In Ref. [236] the same analysis is performed also for the negativity. However, a
deeper understanding of these analytic continuations would be highly desirable.
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CHAPTER 5

Partial transpose of two disjoint intervals for a
one dimensional free fermion

5.1 Introduction

The goal of this chapter is to investigate the negativity for the one-dimensional CFT of
a free fermionic model. The main result is a close analytical form for the moments of the
partial transpose of two disjoint intervals for the massless free Dirac fermion reported in
Eq. . The explicit form of the moments is exactly the same as for the compactified
boson at the self-dual point obtained in Ref. [135].

The chapter is organised as follows. In Sec. we build the partial transpose of the
fermionic density matrix using coherent state path integral. In Sec. we provide the
analytical form for the moments of the partial transpose of two disjoint intervals and
we analyse it. The method used to compute Eq. is tested in Sec. where we
recover the known results for the modular invariant Dirac fermion and the Ising model.
Finally in Sec. we draw our conclusions and discuss some open problems. In a series
of appendices we report a number of technical details.

5.2 Partial transpose of the reduced density matrix for the free
fermion

In this section we provide a path integral formula for the partial transpose of the density
matrix for a free fermionic field theory, after a brief review of the result of Eisler and
Zimboras [331] for the partial transpose of the reduced density matrix of two disjoint
blocks on the lattice.

5.2.1 Review of the lattice results
We start from the the tight binding model with Hamiltonian

1
H=-

'[\Eﬂ“

[c;rci_,_l —|—c;r+lc7v}, (5.1)
=1
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where periodic boundary conditions are assumed. We only consider the model at half
filling kp = m/2. Since (5.1) is quadratic in the fermionic operators, it can be diagonalized
in momentum space. The scaling limit of this model is the massless free Dirac fermion
which is a CFT with ¢ = 1. The local Hilbert space H; of a single site is two dimensional
and we can choose a basis made by the two vectors corresponding to whether the fermion
occurs (|1)) or not (|0)). In this basis the operators c¢; and c;f act as the creation and
annihilation operators, ¢; |0) = c} [1) = 0, while c} |0) = |1) and ¢; 1) = |0). The tight-
binding model can be mapped by a Jordan-Wigner transformation into the XX spin chain
(discussed in Chap.

L
Hxx =Y |o505 +olal,,). (5.2)
j=1

Although these models are mapped one into the other, since the Jordan-Wigner trans-
formation between them is not local, the entanglement (both entropy and negativity) of
two disjoint blocks are not equal, as pointed out already in the literature [220, [243] and
in Chap. [

We always consider the entire system to be in the ground state |¥) with density matrix
p=|T)(¥|. Asin Chap. |4} we introduce the following Majorana fermions [245], |328]

aj =c;j + c;f», al =1i(c; — ;), (5.3)
which satisfy the anticommutation relations {a2,a?} = 20,56,

We briefly review the results of Eisler and Zimboras [331] for the partial transpose
of such fermionic Gaussian problem. With the same notations of Chap. [ we can write
the reduced density matrix as in Eq. E Since we are now interested directly in the
fermionic variables, and not in the spins, there is no string in B; connecting the two
blocks (cf. Eq. (£.12)). Given the reduced density matrix (4.9), it is still convenient to
distinguish the terms having an even or odd number of fermionic operators in Ay (we
recall that the parity of operator in A is the same of the operators in A;) by introducing

1 1
Peven = e Z w12 0102, Podd = 6+l Z w12 0104. (5.4)

even odd

Thus p4 = pPeven + pPoad- The partial transposition with respect to As in (4.35) acts
differently on the two operators in (5.4)). In particular [331]

1 1 B
Paven = 9l +bs Z(—l)“2/2w12 010, Poda = il Z(—l)(‘” V2015 010,.

even odd
(5.5)

The definition of p4 (which is Gaussian, but it is not a density matrix, being not hermitian)

is the same as in Sec. L4
_ 1 )
pA = PRE E i"2w12 0103. (5.6)

We also naturally introduce feven and podd, as done in (5.4) for p4. The partial transpose
of ps becomes

Pzz = [)even - i[)odd- (57)

n this chapter we remove the superscript 1, since ps = p}‘.
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The matrices Peven and poaq in (5.7)) can be written through the string P4, of the Majorana
operator along A,. Using Eq. (4.19)), one finds

(Pa + PaypaPa,), fodd = 5 (Pa — PaypaPa,). (5.8)

Peven =

DN | =
N =

Thus, plugging 1} into di the final expression for p? is obtained [331]
1—1 1+

- 1 - 1 A iz ~
Pr == pA+TPA2pAPA2:ﬁ(€ 1pat+ et Paypala,). (5:9)

The only difference with the formulas of Chap. []is the absence of the string of Majo-
rana operators in B;. Thus Eq. can be obtained from Eq. by discarding
the string of Majorana operators, i.e. by replacing Pp, with 1. Performing this replace-
ment, many simplifications occur in the formulas found in Sec. [£.3] and Sec. [£.4] Making
the replacement Pp, — 1 in Egs. and , the reduced density matrix of the
two disjoint blocks becomes ps = pPeven + Podd, With peven and pyaq given in Eq. El
Moreover, p4' defined in Eq. is replaced as p5' — p} and therefore we conclude
that pa = py = pi. In the same way, we can recover the result for the partial
transpose. Omnce again, Tr(p:"f)” in the fermionic variables is obtained by replacing Pp,
with 1 in the formulas reported in Sec. Performing this replacement in Eq. we
get p?;“ =plz + pgéd = p? and in Eq. it gives ﬁﬁl — pX. These observations
together with Eq. lead to Eq. (5.9)

The computation of Tr(p’?)" through provides an expression containing 2" terms
given by all the combinations of gy = p4 and p1 = Pa,paPa,, which can be written as

AT i (n=X7 pi) no
()" = Y " Tr[kl:[lppk} (5.10)

P1,P2;.--Pn=0,1

This formula can be further simplified noticing that the various terms in the sum are
invariant under the exchange p; — 1 — p;. Using this and reorganising the terms in the
sum, we can write

n—1

1 T n—1 R ~
n1 E 21/2 (g {4 <2 E Di — n>] Tr [po H Ppk} (5.11)
p i=1 k=1

where the vector p has n — 1 components equal to 0 or 1 and therefore the sum contains
271 terms.

Te(pj)" =

5.2.2 Fermionic coherent states for a single site

In this subsection, we briefly review the features of the fermionic coherent states [337]
which are needed to build the path integral of p4 and p4. Here we focus on a single site
(indeed, the site index will be dropped in this subsection) and in the next subsection the
natural extension to many sites will be considered.

The coherent states for fermions are defined through the Grassmann anticommuting
variables. If ; and 6 are real Grassmann variables, we have that 07 = 0 for i € {1,2}
and 610y = —0260;1. Since #? = 0, a function f(0) of the real Grassman variable can be

2To compare our notation with the one used in [331], set (o4 )there = (Peven)here and (P—)there =
(podd)here~
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written as f(0) = fo + f10. Given two real Grassmann variables one can build a complex
Grassmann variable ( as follows

_ L _ b
V2 V2

The integration over a complex Grassmann variable acts as a derivation; indeed

¢ (01 +1i62), ¢ (61 —162). (5.12)

[acac =0 [acacc=o. [acace =0 [acacce =1 1)
The coherent states are defined as follows

€)= 10) =¢[1), (¢l =(0]+¢ (1] (5.14)

Since ¢ commutes with |0) and anticommutes with ¢, ¢’ and |1), it is straightforward to
check that ¢|¢) = ¢ [¢) and (¢|cf = (¢| ¢*. Notice that the coherent states do not provide
an orthonormal basis. A completeness relation and a formula for the trace of an operator
O read respectively

1= / dcrd¢ eI (¢, Tro = / dcde eSS (—¢lo)). (5.15)

Given the above rules, the matrix elements of the identity and of the operators in (4.5)
on the coherent states ([5.14) can be computed, finding that

m=1+Cn=0"-¢C), (5.16a)
(Cla®ln) = ¢ +n=n"la"|C7), (5.16b)
(Cla¥Im) = —i(¢* —n) = — (n"[a¥|C"), (5.16¢)
(Clia"a¥|n) =1 —("n = (n*lia"a?| — (7)), (5.16d)

where the second rewriting will be useful in the following subsection. Since ia®a¥ |() =

|—C), we can bring (5.16b]) and (5.16¢) in the same form of (5.16a]) and (5.16d):
(Clalm) = (nlia?| = ¢*) = =i (| U 0" UL, | = ¢*) (5.172)
(Cla¥lny = (*lia®| = ¢*) = i (n*|UY) ,a? UG, | = ¢7). (5.17b)

Notice that the insertion of UT(rZ/)2 and its hermitian conjugate in 1' and (5.16d) has
no effect.

5.2.3 Partial transpose of the reduced density matrix

The coherent state |¢(z)) for a lattice is the tensor product of single site coherent states,
with z runnig along the whole system or the corresponding subsystem. In the following we
consider a lattice system but the final formulas can be extended to a continuous spatial
dimension in a straightforward way by interpreting the discrete sums as integrals and
integrations over a discrete set of variables as path integrals.

The density matrix of the whole system in the ground state is p = |¥) (¥| and its
matrix element between two generic coherent states reads

p(¢(x),n(z)) = e (C(@) W) (Tln(a)), (5.18)
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where ¢*n = 3 ¢*(z) n(z), with = labelling the whole system and e~¢"" is the normal-
ization factor (see (5.16a))). To obtain the reduced density matrix in A, one first separates
the degrees of freedom in A and the ones in B and then traces over the latter ones. De-
noting by [Ca(x4)) and |[(g(zp)) the coherent states on A and B respectively, we have
that [¢(2)) = [Ca(z4)) ®[¢B(2p)). Adopting the notation [((z)) = [Ca(z4), CB(zB)), the
matrix element of p,4 is given by

pa(Ca(za),ma(za)) = e Cama / DX Dxp e XBX5 (Ca, —xp| W) (¥|na, x5), (5.19)

where Dx3 Dxs = [1,, dx3(25) dxs(25) and the minus sign comes from the trace over
B, according to . In the continuum limit, the braket (¥|na, xp) is the fermionic
path integral on the upper half plane where the boundary conditions n4(x4) and xp(zp)
are imposed in A and B respectively, just above the real axis. Analogously, (C4, —x5|¥)
is the path integral on the lower half plane. The trace over B is performed by setting the
fields along B equal (but with opposite sign) and summing over all the configurations.
The resulting path integral is over the whole plane with two open slits along A; and A,
where the boundary conditions n4 and (4 are imposed respectively along the lower and
the upper edge of A (left panel of Fig. [5.1).

Let us consider the partial transpose pg"’ with respect to As. Remembering that the
partial transposition acts only on operators in As, from we can write its matrix
elements as follows

(@) In(x)) = ﬁzwu (G@)|O1 ] (@1)) (Ca(2)[OF 2 (22)) (5.20)

where z; € A;, with j € {1,2}.
Focussing on the term corresponding to Ay in (5.20)), from (4.35), (5.16a)—(5.17b) one
finds

(Co(2) OF Ima(2)) = (—1)702) #45 (n3 ()| U) , 02U | = Gi(a2)) . (5.21)

where the unitary map U (_2 /2 acts on all sites. When the number po of Majorana operators
in Ay is even, from (4.34) we have that (—1)7(#2) = i#2 and therefore

(G2(22)[(0F )even|m2(w2)) = (=1)"% (03 (22)| UZ) ., (On)even ULy | — G (w2))

. . (5.22)
= (15 (22)| U U, (02)even UL UP) | = G5 (x2))

where in ((5.22)) the factor (—1)”g has been removed through a second unitary transforma-
tion which sends aj — —aj leaving the a";’s unchanged (we recall that Uiz /2 exchanges

the a’s with the a}’s). The expression (5.22) suggests us to introduce the following
unitary operator acting on A,

V= U0, = Hexp< ) [T exp [-15 (el +eFe )]

JEA2 JEA
(5.23)
whose net effect is to send af — fa and a — —aj, for j € As.

In a similar way, we can treat the case of odd pig, for which (—1)7(#2) = i#2=1 (see
(4.34). Again, from (4.35), (5.16)-(5.17a]) one gets

(Co(22)1(0F) ygalma(2)) = =i (—=1)"% (n3(22)| UL (02)0aa Uy | = G5 (w2))
= —i (03 (22)| V2 (O2)0da V§ | = G5 (2)) -

(5.24)
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¢ ¢ ¢ 75
pa(C,n) = : ’ pa(C,n) = : :
T T2 T 7@‘

Figure 5.1: Path integral representation of p4 and p4 in the coherent state basis.

Introducing the operator 0- through its matrix elements as follows

(Co(@2)[Oala(w2)) = (15 (w2)| V2 O2 Vil | = (5 (w2)) (5.25)
the expression (5.20)) can be written as follows

C@IoEn) = s ( S wiz (G (20|01l (1)) (Cal2)] Ozl (2)

even

. (5.26)
—1Y wiz (G1(21)[O1]m(x1)) <C2(932)|02|772($2)>)>

odd

where in the first (second) sum the terms have an even (odd) number of fermionic operators
in As. In 1) the structure p? = Poven — 1Podd (see li can be recognised and this
observation leads us to identify the matrix element of p4 on the coherent states

(C@)paln(@)) = (i), m3(@2)| Vo pa Vi I (1), =G (x2)) , (5.27)
and analogously
(C(@)PaypaPagln(a)) = (G (21), =3 (@2)| Vo pa Vil I (1), G5 (w2)) (5.28)

where from we can read that the action of P4, is to change the sign of (5. A
graphical representation of this path integral representation for g4 is given in the right
panel of Fig. Hence, the final expression for the the partial transpose in the coherent
state basis can be written exactly like the lattice counterpart i.e.

P (¢C,m) = \% [eii%ﬁA(Cla@;Thﬂh) + €% pa(Cr,—Cosm, *772)}, (5.29)

where the notation is such that n;,(; € A;. This explicit form of the partial transpose in
the coherent state basis is the final and main result of this section.

In App. we employ the formalism of this section to check the identity Tr(,ofzz)2 =
Tr p% (which holds for any quantum system 134} [135]) for the free fermion.

5.3 Traces of the partial transpose for the free fermion

In this section we consider the moments Tr(p’?)" for the free fermion. Using the path
integral approach of the previous section, in Sec. we derive the analytic formula for
Tr(p’2)™ given by which is the main result of this manuscript. All the needed CFT
results can be found in Sec. [[4l In Sec. we show that the moments for the free
fermion are equal to the ones for the compact boson at the self-dual radius. Finally, in
Sec. we give some numerical checks of our results.
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5.3.1 Moments of the partial transpose for the free fermionic field theory

The path integral for p% is given by which is a sum of two different operators.
The moments are then given by the sum of 2" terms that come from the expansion of
the binomial. Actually, since there is a double degeneration of these terms, the sum is
only on 2"~ ! terms. Introducing, in analogy with the lattice computation, the notation

po(¢,n) = pa(¢.m) and p1(¢,n) = pa(Cr, —C2;m1, —n2), the 2"~ terms in the sum for the
moment of order n can be written as

/HDXkDXkPO —Xns X1) H o (XEs Xkt1),5 (5.30)

k=1 k=1

with p; = 0,1. Each of these 27! terms is a partition function of a free fermion on a
Riemann surface of genus n — 1 in which antiperiodic or periodic boundary condition are
imposed along the basis cycles. B

It is not difficult to realize that this surface is exactly R,,, whose main properties have
been described in Sec. (see the right panel of Fig. [[.1)). Let us recall here that the

period matrix 7(z) of R,, for z € (0,1) is given by [135]
1
F(z) =7(z/(x — 1)) = R+iZ, R= §Q’ (5.31)

where the elements of 7 have been defined in ((1.58). Here we observe that the real part
R of the period matrix has a simple form. In we defined the matrix @, which is
a very simple symmetric integer matrix: it has 2 along the principal diagonal, —1 along
the secondary diagonals and 0 for the remaining elements. In App. we report the
detailed derivation of this result. The cycles of R,, providing the canonical homology basis
{a,, IN)T; 1 <r <n—1} which gives the period matrix , have also been discussed in
Sec. [I.4.3] and depicted in Fig. [I.3] We recall here that a, is the same as a, on R,,, while
the generic cycle b, is obtained by deforming the cycle b,..

An important ingredient at this point is the operator P4,. For an arbitrary interval

C we can write ‘ B
Py = (_1)JC dep(@)v(@) = (_1)Fe, (5.32)

where F¢ is the fermionic number operator in the interval C' which was already introduced
long ago |200|. This operator is located along the interval C' and it changes the fermionic
boundary conditions (from antiperiodic to periodic or viceversa) on a cycle whenever it
crosses the curve C. In for pﬁ?, we have that P4, occurs both before and after p4.
This corresponds to the insertion of the operators (—1)f42 above and below the cut along
As. B

Each term is a partition function on R,, with some specific boundary conditions
along the a and b cycles and it can be expressed in terms of Riemann theta functions.

Explicitly, we have
odreIf (%), G

[m H p“] - (1&_6; )A 07 ()

where O is the vector made by n — 1 zeros. While ¢,, is not universal, its value for the
tight-binding model at half-filling is known exactly and it is given by [325]

en =275 %) exp { m/o:o dz log (M) [tanh (72) — tanh (mz)]}. (5.34)
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In the formula we have still to fix the vector 6 in terms of p, which is done as
follows. Eq. is evaluated on the n-sheeted Riemann surface ﬁn where the i-th
sheet is associated to the j,,. On the sheets associated to p1, two operators (—1)#42 must
be placed above and below As. Then, the spin structure e can be read off by counting
how many times the cycles of the basis cross the curves As. Since the cycles @; do not
intersect A, at all, we have that € = 0, i.e. the boundary conditions for the fermion
along all the cycles a, are antiperiodic. Instead, for b, this analysis is non trivial because
it intersects Ao on the r-th sheet and on the (r + 1)-th sheet, as one can see from the
right panel of Fig. If b, crosses these curves an even number of times, then 4, = 0,
otherwise ¢, = 1/2. It is not difficult to conclude that

20; = (pi + pi+1) mod 2, (5.35)

whose inverse reads

n—1 2571 s,

1— (-1 =i 9
i = <225j> mod 2 = L= )2 S (5.36)
j=i

The simplest example of (5.33) is the term TrjJ' (namely p = 0). This spin structure has
antiperiodic boundary conditions along all the cycles, i.e. e = § = 0.
Thus, Tr (p’?)" can be written as a sum over all the allowed spin structures:

Tr (p%)" — 2 (ZZ:)M in_l %:rn(a) ’@ée(]g) 2, e= (g). (5.37)

The coefficient r,(9) is

r(8) = 22 cos [Z (1 + S 5)} | (5.38)
=1

It can be seen that r,(8) € {—2"/2,0,2"/2} for even n and r,(8) € {—2(»~1)/2 2(n=1)/2}
for odd n.

The analytic expression given by and is the main result of this chapter.
When the size of the intervals is very small with respect to their distance (¢1,43 < d. i.e.
x < 1), it is possible to expand in powers of x, as shown in App. where we
find the first non trivial term of this expansion.

There is also a very interesting by-product of our analysis which is given by
providing a very deep technical insight. Indeed Eq. shows also that each of the
271 terms in the sum over p in has a well defined continuwum limit which is the
partition function of the free fermion on ﬁn with a particular assignment of fermionic
boundary conditions, i.e. always antiperiodic along all the a cycles, while the b.c. along
the b cycles are specified by & (we recall, antiperiodic for §; = 0 and periodic otherwise).

Dihedral symmetry

The Riemann surfaces R,, and ﬁn enjoy a dihedral symmetry Z,, X Zo, as already noticed
in [228] and discussed also in Chap. The symmetry Z, comes from the invariance
under cyclic permutation of the n sheets and the symmetry Zs corresponds to take the
sheets in the reversed order and to reflect all of them with respect to the real axis. The
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former symmetry comes from the fact that R,, and 75,” are obtained through the replica
construction and the latter one occurs because the endpoints of the intervals are on the
real axis. Indeed, the complex equations and (L.76), which define the Riemann
surfaces R,, and R, are invariant under complex conjugation.

In [228] and in App. of Chap. [2| the symplectic matrices which implement the
dihedral symmetry of R,, have been written explicitly and in App. [5.B.3] this analysis has
been extended to R, as well (the symmetry Z, is different in the two cases). These trans-
formations act_on the period matrix and reshuffle the characteristics, but the functions
and Q,[e] in remain invariant. Moreover, both the transformations associated to
the dihedral symmetry leave the coefficient r,(d) in invariant. Thus, the terms in
the sum whose characteristics are related by one of these modular transformations
are equal and the sum can be written in a simpler form by choosing a representative term
for each equivalence class, whose coefficient is given by multiplied by the number
of terms of the equivalence class.

Exploiting these symmetries, one can write the explicit expressions given in Eq.
for 2 < n < 5. Beside the goal of having more compact analytic expressions, the dihedral
symmetry is very helpful also from the numerical point of view because it allows to reduce
the exponentially large (in n) number of terms in (5.37).

Looking at Eq. on the lattice, the Z,, symmetry corresponds to the cyclic per-
mutation of the n factors within each trace. Instead, the Z, symmetry comes from the
fact that pyp and p; are not separately hermitian but the hermitian conjugation exchange
them, so that p£2 is hermitian. However, as already noticed, such exchange leaves any
term of the sum unchanged. As for the continuous case, exploiting these symmetries one
can simplify the formulas, and for 2 < n < 5 one obtains the expressions ((5.47]).

5.3.2 Self-dual boson

In this subsection we show that the expression for Tr (piz)n of the free Dirac
fermion is equal to the one for the compactified boson at its self-dual radius.

The analytic formula for Tr (p’?)" of the compactified boson for a generic value of
the compactification radius has been derived in [135] by studying the partition function
of the model on the Riemann surface R, and it has been reviewed in Sec. (L.4.3), see
Eq. . At the self-dual radius n = 1, it becomes

m\" o 1=\ e (i R
w(ot) =a (o) e To(® oz) 6w

where the matrices occurring in this expression have been recalled in (5.31). The Riemann
theta function ©(T) in the numerator can be written as follows

(% 5)- ol

where in the first step we have used (3.6b) of [214] and in the second one —27* = 27 —2Q.
Then, by specialising the addition formula reported in [215] (pag. 4) to our case, we find

@< i S) = o ;:(—1)45'5 e%w@'s@[g} (7 = oy ;mn(é)@[g} (7)?,

(5.41)

T Y ermiee e[g} (27)2, (5.40)
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where _ _ o
ma(8) = Y (~1)ied riee = N plin(efrered), (5.42)

€

In App.[5.C]we show that m,, () can be written as the partition function of a classical Ising
spin system, where € play the role of the spin variables and the § are the local magnetic
fields. In the same appendix we also employ standard transfer matrix techniques to prove

that m,,(8) = r,(8) (see (5.38)) and ([5.42)).

5.3.3 Numerical checks

In order to evaluate numerically the moments of the partial transpose, we employ the
techniques first developed in [222] for Tr p” and used in Chap.to compute Tr(p’?)" for
spin systems. Indeed, being the tight-binding Hamiltonian quadratic in the fermionic
operators, the ground state reduced density matrix p4 is Gaussian. Moreover, p4 in
is Gaussian as well and, since the string operator Po can be written as the exponential
of a quadratic operator, the density matrix Pa,paPa, is also Gaussian. Nevertheless,
the sum of these two matrices in is not Gaussian (this is indeed the main difficulty
compared to bosonic models in which the partial transpose is itself Gaussian [126) [147,
150, 151]). By exploiting the fact that for Gaussian states all the information of the
system is encoded in the correlation matrices, the computations can be performed in a
polynomial time in terms of the total size of the subsystem. In particular, in our case
the correlation matrices of pa4 and Pa,paPa, can be obtained from the one of pg4, as
described in [331] and discussed in Chap.

As already noticed in Sec. [5.2.] the only difference with the formulas of Chap. []is
the absence of the string of Majorana operators in By. Thus, the formulas for the
moment of the partial transpose in terms of correlation matrices can be computed both
from Eq. as well as from the formulas derived in Chap. ] by discarding the string of
Majorana operators, i.e. by replacing Pp, with 1, in the same manner as what was done
at the end of Sec. for the reduced density matrix and its partial transpose.

At the level of the correlation matrices I'; discussed in Chap. |4} since pfl — pi, it is
obvious that I's — I'y and I'y — I';. We conclude that the fermionic Tr p’; is found by
making in Eq. the following replacements

531 — 1, F3 — Fl, F4 — FQ. (543)

Performing these substitutions in the explicit examples given in Sec. f:3|for 2 < n < 5, it
is straightforward to find
Trp = {T'T}. (5.44)

which is just the obvious result that the fermionic density matrix is the Gaussian operator
with correlation matrix given by I'y. We numerically calculated Tr p’} using Eq.
(as was already done in Ref. [333]), obtaining that on the critical lines in the scaling limit
it converges to

2
Cn

[6162(1 — J))} 28n

that corresponds to F,,(z) = 1 identically in the general CFT formula ([1.56)). Indeed this
result was already proven in the continuum free fermion theory [46].
We can proceed in the same way for the partial transpose. Given that ﬁﬁl — pi, it

n

Trp —

(5.45)

follows that we should perform the replacements fg — fl and f4 — fg in order to get
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Figure 5.2: The ratio R, between the integer moments of p4 and p? for two disjoint intervals
of length ¢ at distance r for the tight-binding model at half-filling. We report the results for
n = 3,4,5 as function of the four-point ratio x for various values of ¢ (and correspondingly of r).
For large ¢, the data approach the CFT predictions (solid lines). The extrapolations to £ — oo
—done using the scaling form 7 are shown as crosses and they perfectly agree with the CFT
curves for n = 3,4,5. The last panel shows explicitly the extrapolating functions for one value
of x and n = 3,4,5.

the moments of the partial transpose in terms of the correlation matrices. Summarising,
the fermionic Tr(p’?)™ are given by the formulas in Sec. performing the replacements

531 — 1, fg — fl, f4 — fg. (546)
Performing the replacements in the formulas for 2 < n < 5 given in Eqs. (4-44), (4.45),

(4.46) and (4.47), and exploiting the symmetries described at the end of Sec. [5.3.1, we
find

Ty = 2{T'1, Ty}, (5.47a)
Ty = —2{T3} + 6 {I'?, T2}, (5.47b)
Ty = —4{T}} +4{T1, T2, Ty, To} + 8{I3,T3}, (5.47c)
Ts = —4{T3} — 20 {T',T,} + 20 {T%, T3} + 20 {T2,T,, T, T}, (5.47d)

where T, is defined in Eq. (#.43). Notice that the final expressions are very compact
compared to the much more cumbersome spin counterparts.

The lattice computations have been performed in an infinite chain, as in Chap.
Again, the disjoint blocks A; and As have been taken with the same size ¢; = {5 = ¢, while
the size of the block B; separating them is d. Thus, the four point ratio z becomes .
and configurations with the same value of £/d correspond to the same z. The numerical
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results for the ratios R,, = Tr(p’?)"/(Trp7) are reported in Fig. as function of the
four-point ratio x for different ¢ and for n = 3,4,5 (we checked that Ry = 1 identically,
as it should). The CFT formulas for R, are computed through Egs. and (5.45).
The explicit formulas for 2 < n < 5 are given at the end of this section in Eq. t
is evident from Fig. [5.2] that the lattice numerical results approach the CFT predictions
depicted as solid lines for all n.

In order to deal with the finite size effects, we perform an accurate scaling analysis,
as in the spin case of Sec. We recall that from general CFT arguments it has been
shown that these quantities display some unusual corrections to the scaling in ¢ described
by a power law term with exponent §,, = 2h/n, being h the smallest scaling dimension
of a relevant operator inserted at the branch points [260-263, 327, 334-336]. For the
Dirac fermion h = 1 and terms of the form ¢£~2™/" are present, for any positive integer
m. Because of the slow convergence of these terms (which becomes slower and slower for
increasing n), typically it is necessary to include in the scaling function many of them.
The finite ¢ ansatz is then given by Eq. . As for the spin case, fitting the data with
, the more terms we include, the more precise the fit could be. Nevertheless, since
we have access to limited values of ¢, by using too many terms overfitting problems may
be encountered, which lead to very unstable results. The number of terms to be included
in has been chosen in order to get stable fits. The results of this extrapolation
procedure for n = 3,4,5 are explicitly reported in Fig. (red crosses). The agreement
of the extrapolations with the CFT predictions is excellent also for n = 5 as a difference
compared to the spin counterpart (see Figs. and .

We can perform some other checks. Indeed, we have given a set of more stringent rela-
tions between each term in the sum for Tr(p’?)" appearing both in CFT and on the
lattice. We can provide explicit numerical evidence of this term-by-term correspondence
for n = 2,3,4. Referring to Eq. , let us introduce the following lattice quantities

n—1

i i _ 1 =y

Tt =Trpg, Qe = o T [Po 11 ppk]- (5.48)
'Po k=1

We also introduce their CFT continuum limit:

A ci(le:g:)mn, ﬁn[e]z’W‘. (5.49)

These CFT values are again approached by taking configurations with increasing ¢, keep-
ing the ratio £/d fixed. As discussed at the end of Sec. many terms in the sum
(5.11)) are equal because of the properties of the trace (in the continuum, this degeneracy
is due to the dihedral symmetry of the Riemann surface).

In order to compare the lattice data with their continuum counterpart, we again need
to perform a scaling analysis, exactly as was done for the ratio R,. The most general
finite-¢ ansatz for €2, takes the following form

wfll)(x) wﬁf)(az) w7(13)(17)
02/n + 04/n + ¢6/n

QP [p? = Q2 e] + - (5.50)
where p and e are related through (5.35) and (5.36)). As for the prefactor, the ratio J2t/.J,,
has been considered in order to eliminate the trivial dependence on ¢ which survives in
the continuum limit. For this ratio a scaling function similar to (5.50) can be studied.
Again, to have an accurate description of the data we keep a number of fitting parameters
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Figure 5.3: The terms occurring in Tr(p’2)" for the free fermion (see (5.37)), according to the
correspondence (5.33). Here we show n = 2 (top panels) and n = 3 (bottom panels). For each
group of identical terms, only one representative has been plotted. In the left panels, the term
with p = 0 has been divided by its CFT counterpart (§ = 0), in order to simplify the residual
dependence on ¢; and f2. The extrapolated points (red crosses) are obtained through a fit of
the data according to the scaling function and they agree with the CFT predictions (solid
lines).

in which make stable the extrapolation at £ — co. We find that every term Qn [e]
follows the scaling and the extrapolated value agrees with the corresponding CFT
result. Our numerical results are shown in Fig. for n = 2 (top panels) and n = 3
(bottom panels), while Fig. is about the n = 4 case. The solid lines are the CFT
predictions, which are given by (5.33).

We conclude this section by giving explicit formulas for the ratio R,, in the continuum
limit in terms of the quantities defined in Eq. (5.49).

% =202 [1(/)2} , (5.51a)
RN ff‘;@ _ o602 [g f/)z], (5.51b)
% — 44802 [8 1(/)2 8] a2 [1(/)2 1(;2 192] , (5.51¢)
% = —4+200 {8 8 1(/)2 8} +2000% [8 1(;2 1(/)2 1(;2] —200; {8 8 8 1(;2} :

(5.51d)
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5.4 Ising model and modular invariant Dirac fermion

In this section we apply the technique developed for the free fermion in Sec. [5.3] to the
Ising model and to the modular invariant Dirac fermion. The CFT formulas for Tr p’;
and Tr(p’2)" for these models are known [135, 145, 196 and they are written as modular
invariant expressions given by a sum over all the poss1ble spln structures. For Trp; the
explicit form of F,(z) for the two models is (see Eqs and (1.60)),

Flsing () = oo Z’ ) ‘ (5.52a)

D () T(g;”)) ’ (5.52b)

while for Tr(p’?)" we simply need to replace z — x/(z — 1) (see Eq. (T.80))
(o) - 5 | D] o
PRI (/2 = 1)) = 2 > ’ z 9”)” (5.53b)

Although the scaling functions for the two models are already known, both for the mo-
ments of the reduced density matrix and its partial transpose, it is instructive to rederive
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them with the method of Sec. Moreover, going through this procedure we can iden-
tify the quantities on the lattice whose continuum limit is characterised by a specific spin
structure.

5.4.1 Hamiltonians on the lattice

The Ising model and the modular invariant Dirac model are the scaling limit of the Ising
spin chain and the XX spin chain respectively, which are both particular cases of the XY
spin chain, discussed in Chap. 4} The Hamiltonian depends on two parameters: the
transverse magnetic field h and the anisotropy parameter v [332]. In this manuscript we
focus on two special cases: the critical XX spin chain (y = h = 0) and the critical Ising
model (y=h=1)

1 L

(oo, + aé—’aé-/ﬂ) ; Higing = -5 Z (o0, + 0F). (5.54)
Jj=1 j=1

M:

Hxx = ~1

It is possible to diagonalize both operators in (5.54) via the Jordan-Wigner transforma-
tion (4.2) which maps the spin variables into anti-commuting fermionic variables (i.e.
{es, c;r} = 0;;). The Hamiltonians in (5.54) can be written as

L
1
Hxx = B} Z (CIQH + C:-r+10i) 5 (5.55a)
i=1
L
1
Higing = Z <2 [CZCI+1 + Cita6 + C;rci+1 + Cjﬂcl} - cjci> , (5.55D)
i=1

where boundary and additive terms have been discarded. Then, the Hamiltonians in (5.55)
can be easily diagonalised in momentum space by means of a Bogoliubov transformation.

5.4.2 Moments of the reduced density matrix and its partial transpose on
the lattice

The moments Trp7 of two disjoint blocks for the XY model (4.3) have been studied
in [222]| and Tr (p%)n in Chap. |l In order to describe the reduced density matrix py of
two disjoint blocks separated by the block By for the model (£.3), beside the string Pa,
largely discussed in Sec.[5.2] we also need to consider the string of Majorana operators Pg,
along B; (see @D) It is also important to introduce the auxiliary density matrix (4.18]).

In Sec. [£.3] we showed that Trp% = Tr(peven + Podd)”, Where peven and poaq have
been defined in (4.21)). Thus, peven + poad can be written as a linear combination of the
following four fermionic Gaussian operatorﬂ

pPLEpL p2=PaypiPa,  ps=(Pp)pk'  pa=—(Pp) Pa,p3 Pa, (5.56)

We recall that for the free fermion p4 = p} and this result can be obtained by taking
and setting Pp, = 1.

Thus, Trp'; is an algebraic sum of 4™ terms and each of them is specified by a string g
made by n elements ¢; € {1,2,3,4}. The terms with an odd number of 4’s in g will occur

3In this section we reintroduce the superscript 1 to distinguish between the spin density matrix p4
and the fermionic density matrix p}.
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in Tr p”} with a minus sign. Moreover, by using the cyclic property of the trace and the
fact that PjZ =1, it is straightforward to observe that a term characterised by q is equal
to the one relative to ¢’ obtained by exchanging 1 <+ 2 and 3 <+ 4. A term characterised
by a q with an odd number of 3’s and 4’s will have opposite sign with respect to the
one characterised by ¢q’. Hence, the terms with an odd total number of p3’s and p4’s will
cancel out, while the other ones simplify and a factor 2 can be collected. Thus, we have

that
1 n
Trph = 5oy D Tr [ 11 qu] : (5.57)
q k=1

where the sum must be intended over all g with an even total number of 3’s and 4’s and
modulo the exchange 1 <+ 2 and 3 <> 4. It is not difficult to realize that the sum contains
22(n=1) terms. The terms in with an odd number of p4’s occurs with a minus sign.
Explicit expressions of for 2 < n < 5 have been written in Egs. (£.27)-(4.30) in
terms of the correlators.

The analysis just sketched for Tr p; can be performed also for Tr (pgz)n. In this case,
considering Eqs. (4.32)), (#.37) and (4.39), it is convenient to define the following four
Gaussian operators

~B1

1=p4  P2=PapiPa,  pa=—1(Pp,)pa ps =1(Pp,) Pa,ps' Pa, (5.58)

=}

where ,6}1 and ﬁfl have been defined in (4.38). We recall that all these fermionic op-
erators are Gaussian. Since Tr (p?;"‘)n = Tr(plz, + poTjd)”, where plz =~ and pfé q are
defined in (4.36), and can be written as linear combinations of the operators in ([5.58)
(see Eq. then one finds that Tr(p’?)" is a linear combination of 4" terms and
each one of them is again specified by a string ¢ made by n elements ¢; € {1,2,3,4}. An
important difference between and is the occurrence of the imaginary unit
in the latter set of definitions. In this case the analysis is very similar to the previous
one performed for Trp’. In particular, a term characterised by some q is equal to the
one specified by the ¢’ obtained by exchanging 1 <+ 2 and 3 < 4 in §. As in the case
of the Rényi entropies, the terms with an odd total number of p3’s and p,s’s cancel out.
The latter simplification guarantees that all the non vanishing coefficients in Tr (piz)n
are real. Thus, we have that

Tr (p2)" = 2%1 > Tr [ II ﬁqk} (5.59)
q k=1

where again the sum contains 22("~1) terms and must be intended over all g with an
even total number of 3’s and 4’s and modulo the exchange 1 <+ 2 and 3 <> 4. Explicit
expressions for Tr(p’?)™ with 2 < n < 5 can be found in Eqs. ({.44)-(£47). They are
written through the correlators but the identification of the various terms with the ones

in (5.59) is straightforward.

5.4.3 Moments of the reduced density matrix and its partial transpose in the
continuum

In this section we want to identify the quantity on the lattice occurring in (5.57) and ([5.59)
whose continuum limit is a single term in (5.52) and (5.53)) respectively with given char-
acteristic e.
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In Sec. we already identified the coherent state path 1ntegral representation of
p1(¢,m) = phi(¢n) and p1(¢n) = pa(C,m) (see Eqs (.19), (.27 b and Fig. [5.1) and the
effect of the operator P4, in pa((,n) and p2(¢,n) (see Eq (5.28)). The latter changes
the sign of the fermion above and below the cut along As, and in the continuum must
be identified with the operator (—1)f42, defined in Eq. . When n sheets are sewn
together as in (see also Fig. , the effect of this operator is to change the fermionic
boundary conditions along any homology cycle that crosses the curves along which it is
inserted.

To extend the analysis to the modular invariant Dirac fermion and the Ising model
we also need a path integral representation of p3(¢,n) and p3({,n). As can be seen from
the definition of pfl and ﬁfl in the lattice, Eqgs. and , the main difference
is the presence of the string operator Pp,. In the continuum this corresponds to the
insertion of the operator (—1)fZ1 between the two intervals, along Bj. In the path
integral representation of p3(¢,n) the field above and below B; will appear with the
opposite relative sign with respect to By (compare the expression with the path integral

representation of p1(¢,n) in Eq. -
ps(Ca,na) = e Cama /DX*B Dxp e X2X5 (Ca; X3y, —X8,|¥) (¥na; x5, X8,) - (5.60)

The path integral representation of p3(¢,n) is then obtained from by essentially
exchanging the values of the fields above and below the cut in As with a relative minus
sign, according to Eq. . There is also a factor —i coming from the definition .
When joining n sheets, the fermionic boundary conditions along all the cycles which cross
By on a sheet of the type (5.60), will be changed from antiperiodic to periodic. Finally,
the path integral representation of p4(¢,n) and p4(¢,n) contains the operator (—1)f both
around the interval As and along By. Therefore, its path integral representation of p4 (¢, n)
is given by

p4(<A,77A) = _p3(CA1 y —CA2§77A1a _T]Az) = _e—CZnA X
. o (5.61)
/DXB Dxpe *BXF (Ca,y —Cays XB1s —XB2|Y) (Y[NA, —N4s5 XB1» XBs)

and analogously p4(Ca,na) = —p3(Ca,s —Can;MAy, —NA,)- Summarizing, we can write the
coherent state path integral representation of p ({,7) and pf (¢,n) as a sum of four terms

p(Cm) = 5o (Com) + paCm) + (o) + pa(Cm)] (5.622)
T (o) = 5 [+ 7alCm) + 7slCm) + (o)) (5620)

When computing Tr p? = Trp" and Tr (p?)n = Tr(piz)n, as in the lattice case we get
sums over 4™ terms specified by the same strings g and ¢’ of n integers ¢; € {1,2,3,4}
discussed in Sec. Each of these terms has a form similar to the one of Eq.
for the free fermion,

n

Tr{Hqu} /HDXkDkalh —X1>X2) H (Xk—15 XK)» (5.63a)

k=1 k=1 k=2

n n n

Tr [ Hﬁqk} :/HDXkDkaq1 —X1; X2) H (Xk—15Xx), (5.63b)
k=1

k=1 k=2
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and can therefore be computed from the partition function of the model on R, or ﬁn
respectively, with the correct boundary conditions along the a and b cycles, and it can be
again expressed in terms of Riemann theta functions.

Moments of the reduced density matriz

Let us first focus on Tr p”. In this case we know that any term (5.63a) can be computed
from the partition function on R,, (left panel of Fig.[5.1). For the modular invariant Dirac

fermion we find
2 €
, e= < 5 ), (5.64)

n 2
c
Tr |: H Pq :| = n <
Poe B N V2T C )
where we recall that ¢ = 1 in A,,, and with the expression (5.34) for ¢,. Similarly, for

1—x
Ising we have
n (CIsing)Q < e >
Tr { o ] = n , e= , (5.65)
,El S AT 6

where ¢ = 1/2 in A,, and the expression for ¢! is the one found in [329], i.e.

Ole](r(z))
O(r(x))

Ole](r(x))
O(r(x))

1

clsing — 9= (%) /e (5.66)

being ¢, given by (5.34).

We now need to discuss the relation between the string q and the fermionic boundary
conditions described by the characteristic e. As for the sum (5.57), two terms charac-
terised by q and g’ are equal if they are related by the exchange 1 <> 2 and 3 <> 4. Due
to the relative minus sign in front of p3 and p4, terms with an odd total number of p3’s
and p4’s cancel out in the sum for Tr p’, while terms with an even total number of p3’s
and p4’s survive and are pairwise equal. The final sum has therefore the same structure
of . This implies that in the 2(»~1) surviving terms the operator (—1)F is placed
along non trivial closed curves. These cycles may be either around A, (whenever py or
p4 are present) or along By on two different sheets (whenever a couple of p3’s or ps’s
are present). It is easy to convince oneself that the 2("~1) terms correspond to all the
inequivalent insertions on the different sheets of the operator (—1)¥ around the cut in
Ajg or along Bj. Since the insertions of (—1)% dictate the fermionic boundary conditions
along the basis cycles, there is a bijective relation between the g’s and the set of all char-
acteristics e, which are indeed 22("=1 . The explicit expression of this relation depends
on the basis cycles that are chosen on R,,. For each term, the string q tells us where
the operator (—1)f must be inserted on R,, and, once the homology basis is chosen, the
characteristic e can be read off by counting how many times the basis cycles cross the
curves where (—1) is inserted. Notice that, unlike the case of the moments of the partial
transpose of the free Dirac fermion, since here the operator (—1)f can be placed also
along By, the boundary conditions along the a cycles may be changed too, from antiperi-
odic to periodic. Explicitly, e, = 0 (which means antiperiodic b.c.) if aj crosses By an
even number of times in the presence of (—1)f, and e, = 1/2 (periodic b.c.) otherwise.
Analogously, §; = 0 (antiperiodic b.c.) if by crosses an even number of times any edge of
Ay in the presence of (—1)¥, and 6, = 1/2 (periodic b.c.) otherwise.

This bijection between q and e shows how each term or is the scaling limit
of the term relative to the same q in the sum for Tr p' in the lattice. Recalling that



5.4 Ising model and modular invariant Dirac fermion 159

any Riemann theta function with odd characteristic vanishes identically, an important by-
product of this analysis is that the scaling limit of the terms in associated to odd
characteristics according to the correspondence (5.64), (5.65), is zero identically. These
terms turn out to be the ones with an odd number of p4’s, and hence the ones which
appear in with a global minus sign. We stress that this fact is independent of the
choice of the homology cycles on R,,. Indeed, any two basis are related by a modular
transformation which leaves invariant the parity of the characteristics.

Moments of the partial transpose

The analysis for Tr (p?;?)n is very similar ot the one of Trp”j, but we have to remember
that in this case the main ingredient is p1(¢,n) = 54 (¢, ), thus we have to deal with the

surface R, (right panel of Fig. with period matrix 7(z). For the modular invariant

Dirac fermion we find
v fm] - () (GG o= (B) om

where we recall that ¢ = 1 in A, and with the expression ([5.34) for ¢,,. Similarly, for

Ising we have
O R e N O

where ¢ = 1/2 in A,, and the expression for c* is the one of Eq. .

As for Trp';, there is a bijective relation between ¢ and e, which translates in a
bijective relation among the terms in the sum and the set of all characteristics.
The situation is the same as before: for each term, the string g contains the information
on where the operator (—1)¥ must be inserted on R,,, and the characteristic e is read off
by counting how many times the basis cycles cross it. An important difference with the
case of Tr p’} is that now the cycle b, crosses B, (see Fig. , and therefore the boundary
conditions along the b cycles, which are given by &, are modified by the presence of (—1)%
along Bj, and not only around the cut in As. Since we are dealing with two different
Riemann surfaces with two different homology basis, the relation between e and the two
strings g and g are in principle d1fferent Also in the case of Tr (p’?)" it turns out that the
terms which appear in the sum with a global minus sign correspond through
or to terms with odd characteristic, and therefore they vanish in the scaling limit.
Notice that the presence of the minus sign depends now on both how many p3’s and how
many p,’s are present, due to the imaginary unit in (5.58).

Dihedral symmetry

At the end of Sec. We argued that the dihedral symmetry Z,, X Zs of R, provides some
degeneracies among the terms in the sums for the moment of the partial transpose for
the free fermion. The symmetry Z,, comes from the invariance under cyclic permutation
of the n sheets and the symmetry Z, corresponds to taking the sheets in reverse order
and reflecting all of them with respect to the real axis. The same applies here for the
modular invariant Dirac fermion and the Ising model. Beside the vanishing terms with
odd characteristics in the sums , further degeneracies can be found among the non
vanishing ones by exploiting the dihedral symmetry Z, x Zy on R,. Analogously, in
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the sums many degeneracies are found exploiting the dihedral symmetry on 7~€n
We recall that this symmetry has been investigated in App. of Chap. 2] in terms
of modular transformations acting on R,, and the extension to R, can be found in
App.

As for the expression on the lattice, the Z,, symmetry is the cyclic permutation
of the n factors within each trace The Zs symmetry instead comes from the reality of
each trace and the fact that every factor p,, within the trace is hermitian. Indeed, these
observations imply that each term is equal to the one where all factors are taken in
the reverse order. The dihedral symmetry has also a counterpart on the lattice terms
of (5.59). Again Z,, comes from the cyclic permutation of the factors within each trace,
while the Zy symmetry is related to the reality of each term, but with some extra care.
As already pointed out for the free Dirac fermion in Sec. the four terms in are
not separately hermitian. The hermitian conjugation exchanges p; <+ p2 and p3 <> py4, so
that pf is hermitian. However, as already noticed above Eq. , such exchange leaves
any term of the sum unchanged.

In App. some details are given about the numerical analysis for the XX model and the
Ising model. Some plots are shown for the various terms occurring in Tr p and Tr (p}2)"
for n = 2 (Figs. for the modular invariant Dirac theory, and for Ising) and n = 3
(Figs. for the modular invariant Dirac theory, and for Ising). The lattice data
are computed for the XX and the Ising chains , with the same techniques used in
Chap. [4] and in Sec. for the free fermion. After taking into account the finite size
corrections, the extrapolations of the lattice data match very nicely with the corresponding
CFT predictions.

As a further check, in App. we recover the expressions of Tr p”; and Tr(pﬁz)" for
the free fermion from the corresponding ones for the modular invariant Dirac fermion,
in a fashion which resembles what was done in Sec. [5.3.3] to recover the lattice expres-
sions for the tight-binding model from the formulas found in Sec. for the XX
and Ising spin chains.

5.5 Conclusions

In this chapter we studied the moments of the partial transpose of the reduced density
matrix Tr(p )" for two disjoint intervals in the conformal field theory of the massless
Dirac fermion. Our main result is a closed analytic form for these moments of arbitrary
order, i.e. Eq. . The analytic computation of the logarithmic negativity £ through
the replica limit of for even n, — 1 is beyond our knowledge.

It turned out that these moments are identical, for arbitrary order, to those of the
compactified boson at the self-dual point. This equality comes from the explicit computa-
tion and we miss a proper understanding of this fact. It was already noticed that for the
moments of the reduced density matrix of two disjoint intervals Tr p’, the result for the
free fermion [46, 333] and the one for the compactified boson at the self-dual radius [226]
are equal and very easy (they are both given by with F, () = 1). This is not the
case for three or more disjoint intervals, as noticed in [228| and observed also in Chap.
This unexpected equivalence has been investigated in [22§], where also other results have
been found, based on the fact that 7(x) is purely imaginary when x € (0,1). For the
partial transpose, the period matrix 7(x) of R, in has a non vanishing real part.
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Nevertheless, here we have shown that Tr (p%)n for the free fermion is equal to the one
for the self-dual boson, a property that does not follow from the analysis of [228]. The
equality of all the moments obviously implies also the equality of the negativities. Since
the negativity is directly measurable by means of tensor network algorithms (as e.g. done
in [125] [136] for the Ising model), it would be very interesting to check numerically the
identity between the negativity of the tight-binding model and the isotropic Heisenberg
antiferromagnet (whose continuum limit is the self-dual boson). This is a highly non
trivial prediction.

We point out that an interesting technical byproduct of this paper is a one-to-one cor-
respondence between each of the 27! terms appearing in the lattice formulation of the
moments Tr(p’?)" and the partition function of the free fermion on R,, with a particular
assignment of fermionic boundary conditions. This correspondence has been explicitly
checked against lattice numerical computations, as well as the overall sum. The conse-
quence of this correspondence for the moments of both the reduce density matrix and its
partial transpose in spin models with a free fermionic representation has been explored
in Sec. [5.4] and the numerical analysis is reported in App[5.E]
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Appendices
5.A A check for n =2

In this appendix, by employing the formalism described in Sec. [5.2.2] and Sec. [5.2.3] we
check the standard relation between the reduced density matrix of two disjoint intervals
and its partial transpose
2
Tr (p’2)" = Tr (p%) - (5.69)
From li it is immediate to observe that Tr (pZ;?)2 = Tr(paPa,paPa,). Then, by using
(5.15), we can write

Tr (paPa,paPa,) =

= / D¢ D¢ Dy*Dye™S e (—Cr, —Calpalm, m2) (1, 12| PagpaPas|Cr, Co)
- /DC*DCDU*Dn e~ e (—Ch, —Calpalm, m2) (s —m2lpaléy, —Co)
- /DC*DCDH*DW e S e (~Cr, m3lpalm, G (m, —GlpalC, m3)

- /DC*D§ Dy Dye=SiGteemmmEnanz (_ ¢y polpalni, Co) (1, —ColpalC, n2),
(5.70)

where in the last step the change of variables (2 — (3, 172 — 13 has been employed. Then,
by noticing that the relations in (5.15]) can be slightly modified as follows

1= / A (~¢),  ~TrO= / ACd¢ eSS (¢ O1¢) | (5.71)

we can conclude that (5.70) is exactly Tr (p?).

5.B On the Riemann surface ﬁn

In this appendix we derive with all the details some further results about the Riemann
surface R,, and its period matrix 7(z) in that have already been introduced and
discussed in Sec. [L4.3l

While the period matrix 7(z) of R,, is purely imaginary (see (1.58))), the period matrix
7(z) for R, has a non vanishing real part. In Sec. we show that Re[7(z)] has a
very simple form. In Sec. we consider the moments Tr (pﬁz)n in the regime of small
intervals z — 0 and in Sec. [5.B.3| we provide a detailed discussion of the Zy part of the
dihedral symmetry for R,,.

5.B.1 The real and imaginary part of the period matrix 7(z)

In this subsection we want to write explicitly the real and the imaginary part of the period
matrix 7(z) given by (5.31). The real part Re[7(z)] turns out to be a simple tridiagonal
matrix with half-integer entries.

Let us introduce the following ratios of hypergeometric functions, which enter in the

expressions for the period matrices 7(x) and 7(z) (see (L.58) and (5.31)))

_ QFl(’I“, 1-— 5 1, 1-— l‘) 7:7‘(1:) = Tr( ) = dr(;p) + 157‘(11,‘)7 (572)

m(z) =i : °
2F1(7nv 1 - 17$)

r—1
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where 0 < r <1 and x € (0,1). Moreover, we also define

T —-2r) oFy(r,r;2r;1 — )
Arl@) = ra—r)2 oF(r,rlz) (5.732)

r2r—1)

R T =L

2Py (1,15 ) (5.73)

By employing the expressions given in (87) of [135], one finds that
& () = sin(rr)[A,(z) + B (2)], Br(x) = cos(mr) [A(z) — B,(2)]. (5.74)
At this point we need the following identity (see e.g. Eq. (1) at pag. 108 of Ref. [338])

()T (c—a—10)
I'(c—a)T'(c—b)
I'(c)T(a+b—c¢)
[(a)T(0)

2F1(a7b;c;z): 2F1(a7b;a+bfc+l;1fz)
(5.75)

+ (1—2)" " F(c—a,c—bc—a—-b+1;1-2),

which holds for |arg(1 — z)| < 7. By specialising (5.75) to the case of (a,b,c) = (r,7,1)
and z =z € (0,1), from (5.73)) one finds that

An(z) + Bo(z) = 1. (5.76)

From this expression it is clear that the x dependence disappears from the real part of
7r(x) and hence from the period matrix. Indeed, using (5.74) and (5.76) in ((1.58) one
gets (see also [5.31))

1

T(x)i; = %isin(ﬂk/n) Ti/n () cos[2m(k/n)(i —j)] = 3 Q] i i [I(Jc)]m., (5.77)
k=1

where the sum giving the real part can be explicitly performed, finding that the matrix
Q has integer elements which read

[Qi,j =285, — i—j).1, (5.78)

namely Q is a symmetric tridiagonal matrix, with 2 on the main diagonal and —1 on the
first diagonals. On the other hand, the imaginary part can be written as follows,

[I(x)]” = % z_: sin(wk/n) Bk/n(a:) cos2m(k/n)(i — 7)], (5.79)
k=1
with
Br(x) = frl=2) = h-p(1 = 2) cos(mr), fr(x) = L1 —2r) x" o Fy(r,r;2r; ). (5.80)

(1 —x) oF(r,r;1;2) L(l—r)2

This expression for Z(z) can be further simplified. Plugging (5.76)) into the second
expression of ([5.74)), we have

Br(z) = cos(mr) [2A,(z) — 1]. (5.81)
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For 0 < x < 1 we can rewrite A, (z) as follows [338]

_poFi(rr 11 )
oFu(r s Lix) |

1 . .
.AT(ZC) - - |:e—17rr + ™

~ 2cos(7r) (582)

Since A, (x) is real for 0 < z < 1, the vanishing of its imaginary part gives

% [tan(m") Re(W) —&—Im(Wﬂ —tan(rr).  (5.83)

On the other hand, by writing A,.(z) as its real part and plugging the resulting expression

in (5.81)), one finds

By(x) = xi [cos(ﬂ'r) Re(W) _ sin(ar) Im(Wﬂ . (5.84)

Finally, using (5.83) we can write

B(x) = cos(mr) — v’ Im(2F1 (ryr3 1; 1/x)> (5.85)

sin(7r) oy (r,r; 15 2)

The matrix Z(x) can be easily written by plugging (5.85) into (5.79) and noticing that
the sum over the cosine vanishes. The result reads

2N gy (2Fak/ 0k i1 1) -
[I(m)L] = ;x k/ Im(22f17‘1(k/n,k/n; o) ) cos2m(k/n)(i —j)].  (5.86)

The result (5.78) is employed in Sec. and in App.

5.B.2 Short intervals regime

In this appendix we study the Tr (pj"f)n for the free fermion (5.37) in the limit of short
intervals, i.e. when = — 0.
In the expression (5.37), only Riemann theta functions with € = 0 occur, which are
given by
0| . in(m- Q- m+26- —rm-T.
@[6}(7(,@)):14— z;;oe (m-Qm+426:m) —rm-I-m (5.87)
m

where Q is independent of x. Expanding Bk/n(x) in 1} for z — 0, one finds

Bal@) = — 2D [105(0) 1 29 4+ (g) + $(1 - g)] + O(a). (5.89)

s

Plugging this expansion into (5.79) and (5.87)), one gets that the leading term is 2™ < ™.
The exponent m - Q - m for m € Z"~! has been already analyzed in [196], finding that
its minimum is 1, which is obtained for the following vectors

my=(0,...,0,£1,...,+1,0,...,0), my #0, 0<j1 <jo<n—1, (5.89)
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namely my - Q@ - my = 1. Then, by applying again the results of [196] (notice that the
vectors m and m_ give the same contribution) to (5.87), we find

@[g} (7(2)) =1~ 2%7” (125

N sin®(7(j2 — j1)/n)

(5.90)

where the dots denote o(z) terms. Thus, for the generic term occurring in the sum (5.37))

we have )25
_ my 0
Q,le] = . - . 5.91
le] 2n2251n 7(j2 — 41)/n) - € (5> (5:91)

Plugging this result into (5.37)), we get the first term of the © — 0 expansion of Tr (piz)n,
which is

no . 26-m
Tr (o) = Jn{ I Zrn Z SI;(L((];)_ =7 +} (5.92)

5.B.3 The Z, part of the dihedral symmetry of ﬁn

for the Riemann surface R, occurring in the computation of Tr (p A )n (see Secs.
and [5.3.1).

The Riemann surface R,, has a dihedral symmetry Z,, X Zs due to the invariance under
cyclic permutation of the sheets (Z,) and the complex conjugation (Zs). For a genus
g Riemann surface, the modular transformations are given by the symplectic matrices
Sp(2g,7Z) [207-210, [212-214]. The dihedral symmetry can be identified with a subgroup
of the modular transformations acting on R, which has been discussed in [228] and in
Chap. 2| In particular, these peculiar modular transformations map the a cycles among
themselves and the b cycles among themselves, leaving the period matrix 7(z) unchanged.

Also the surface R, has a dihedral symmetry Z, x Zs but, while the cyclic permutation
(Zy,) is exactly the same one discussed above for R,,, the complex conjugation is slightly
different because it mixes a and b cycles. Let us remind that the complex conjugation
corresponds to reverse the order of the sheets and to reflect all of them with respect to
the real axis. Considering the canonical homology basis {a.., bl<r<n— 1} introduced
in Sec. (see the right panel of Fig. and used in Sec. this transformation
acts as follows

a\ _ o (a (T 0 )
(5,)_va <b>, va_<_a E>nl>esp(2(n 1),Z),  (5.93)

where we introduced the notation of the double-headed arrow above a matrix to indicate
that the columns have to be taken in the reversed order (Ij is the k x k identity matrix

and Q is given by (5.78))). Under the symplectic transformation defined in (5.93), the
158

period matrix 7 (|1.58)) changes as follows

In this subsection we briefly discuss the most peculiar aspect of the dihedral symmetr
3.1

g g

>
F=171-Q 1=F-0Q=-R+iT=—-7" (5.94)

while for the characteristics of the Riemann theta functions we have

<§i)=<g %)(g) (5.95)
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Notice that the powers of Mj,, read

<>
e UPRR - P T~ O P (5.96)
—@2k-1)Q I —2kQ

(in particular, notice that M2 # I) so that, by applying (5.94) k times one finds
R =7 ko (5.97)

As for the change of the Riemann theta function under the modular transformation in
, because of the particular form of Q, it is easy to show that for k even it is left
invariant (a part for an overall sign), while for & odd it becomes its complex conjugate,
up to an overall sign. Since in our formulas the modulus of the Riemann theta function
always occurs, the terms occurring in our sums over the characteristics are invariant under
this transformation. Thus, Mj,, can be the modular transformation representing the Zs
of the dihedral symmetry, even if M2 # L.

mv

5.C Details on the computation for the self-dual boson

In this appendix we show the equality m,(d) = r,(d) between the coefficient m,,(9)
in , coming from the self-dual boson approach, and the coefficient r,,(d) in
occurring in the expression obtained through the free fermion analysis.

Considering m,,(8) in (5.42)), the expression in the exponent can be written as follows

n—2 n—1 n—1
Q
r-=:~5'€+€-6:—;s¢€i+1+;€$+;5151. (5.98)

Then, defining the spin variables o; = 4¢; —1 = £1 and the local magnetic fields h; = 44;,
we find that m,,(d) is equal to the partition function Z, of n — 1 Ising spins in a binary
magnetic field h; = 0,2 (a part for the first and last site), which reads

n—1

7, = T (Zihitn) Zexp[l( Zazaﬁ_l—FZUzh + 014 0 1” (5.99)

Given this Ising model representation, we can compute m,,(d) through standard transfer
matrix techniques. Following [339], let us introduce the conditioned partition function
with the last spin set to p, namely

Zo(p) = e F(Zihitn)

(5.100)
xZexp {m( ZUZUZH HOn— 2+th +phn_ 1+01+M>}

i=1

Then, by adding one spin € to the partition function, it becomes

Zn+1(e) =e T (X, hitn) Z Zexp [m( Zalalﬂ WOp_o— [LE

p==%1 o
n—2
+Zaihi+ﬂhn—l+5hn+gl+€>:|~
=1

(5.101)
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After some algebra, one realizes that
Zpir(+) = (0P [Zo(F) = Za(F)], Znsr(=) = Zu(+) + Zn(—). (5.102)

and these relations give the transfer matrix

T() = — <(‘P26 ‘(‘1”25) . se{o1/2). (5.103)

Zy(+) = —eFh, Zy(—) =1. (5.104)

Then, the partition function for n — 1 spins in (5.99) is given by Z,, = Z,(+) + Zn(—),

Zy=28"1(1 1 )k_lj_lf((sk) <_(_11)251) —2"7 (1 1 )k_f[n_lf((sk) (?)

(5.105)
In order to compute the matrix product in (5.105), it is convenient to perform a change
of basis which diagonalises 7'(0), namely

T(5) = U T(5) U, U= % G J_ri _glfii)) . (5.106)

From ([5.103)) and (5.106)) we can explicitly write the transfer matrix in the new basis

T(O):\}i(lari 1(ii>, T(1/2):\}§<13_i 1oi>’ (5.107)

and therefore the partition function ((5.105) can be rewritten as follows

Zy=28"1(1 1)7(0) [[ T(ak)G). (5.108)

k=n—1

Now, it is convenient to move all T'(0)’s in the product of (5.108) to the left of all the
T(1/2)’s. To do this, one observes that T'(0)T(1/2) = T(1/2)T(0)~! and T(1/2)T(0) =
T(0)7'T(1/2). By employing the latter rule, one finds

55 28 _
Zn — 2571 ( 1 1 ) T(0)1+Zl(1725i)(*1) j=i 28 T(1/2)Zq 26; ( 1) (5109)

The factor 1 — 20; within the sum in the exponent of T'(0) selects only the sites where

d; = 0, while the other factor (—1)2;;‘1 2% counts all the T(1/2)’s on the left of site i.
The exponent of T'(0) can be rewritten as

= n=1ag, 1— ()% = nolog;
s(0) =14 3 (1 =20 ()52 = 14 =i ) (S (5.110)
i=1 i=1

Since T'(0) is diagonal, its powers can be easily performed. Moreover, since 7'(1/2)? = I,
every integer power of T'(1/2) is simply I if the exponent is even, and T'(1/2) otherwise.
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Thus, we have

T(0)*® = : (5.111a)

T(1/2)2 >0 — »[1 + (_1)Zi26i]/2 6_%[1 - (_1)Zi26i]/2 ) (5.111b)
eT[l — (—1)X:2%]/2 [14 (—1)2:20]/2

Finally, (5.109) tells us that we just need to multiply this two matrices and to sum the
four elements of the resulting matrix. After some of algebra, we get

mp(8) = 27/2 A= (_;)Ei ” cos (Es(é)) + - )= (Z1)>2 Ccos (% (s(8) — 1)) )

4 2
(5.112)
By inspection of the two cases of ), 24; even or odd, it is clear that (5.112) equals (5.38).

5.D The free fermion from the modular invariant Dirac fermion

The main difference between the free spinless fermion on the lattice, Eq. (5.1)), and the
XX model, Eq. , is the occurrence of the string of Majorana operators Pp, along
the sites of By, which separates the two blocks A; and A,. Thus, by eliminating this
operator from the results of the XX model leads to the corresponding ones for the free
fermion. This procedure has been described in Sec. Something analogous can be
done on the corresponding expressions for the free fermion and the modular invariant
Dirac fermion in the continuum. In this appendix we briefly illustrate this procedure for
Trp% and Tr(p’2)™.

5.D.1 Rényi entropies

Let us consider the expression of F,,(z) given in for the modular invariant Dirac
fermion [196], focusing our attention only on the sum over the characteristics. In the
lattice expressions some terms are negative and their continuum limit corresponds
to terms in with odd characteristics and therefore vanishing. Motivated by this
lattice comparison, let us write the sum over characteristics as follows

S (-1yte @{g} (r)2 (5.113)

e,0

Replacing the string Pp, with the identity operator 1 in each term of the lattice expres-
sions for the XX model (see Egs. and ) corresponds in the continuum to
removing the operator (—1)f21 which changes the boundary conditions from antiperiodic
to periodic along the cycles that intersects By. According to the discussion in Sec.
the vector € is determined by the a cycles and the vector § by the b cycles. Since on R,
all the a cycles intersects By, removing all the operators (—1)¥#1 means that we are fixing
the fermionic boundary conditions along all the a cycles to be antiperiodic. Instead, since
the b cycles do not intersect B; (see left panel of Fig. , the boundary conditions along
them are not modified. This means that removing (—1)¥#1 corresponds to setting e = 0
in each Riemann theta function occurring in (5.113)), which becomes

S (-1 9{3](7)2 = gn1 25:55,0 e[g} (r)2 = 27! @{g] (r2  (5.114)

€,0



5.E Numerical checks from the Ising model and the XX chain 169

Plugging this result into , we recover for the free fermion the result 7, (z) = 1 found
in [46]. Let us stress a peculiar and important point of this procedure. After the operator
(=1)¥1 is removed and e is set to 0, the terms in the sum corresponding to
odd characteristics turn out to have an even characteristic (and therefore they are non
vanishing). For this reason, the choice of the minus sign in front of these terms is crucial
in order to obtain the correct result.

5.D.2 Traces of the partial transpose

Similar considerations can be done for Tr (p%)n. The sum over the characteristics occur-
ring in the CFT formula for the modular invariant Dirac fermion (5.53b)) reads

S (-1yte @{2}(%)2 (5.115)

€,0

where, as in , we have exploited the knowledge of the lattice result to choose the
correct minus sign in front of the terms with odd characteristics.

Since the cycles a, on R,, intersect B; (see right panel of Fig. , removing all the
operators (—1)¥71 leads to € = 0 in each Riemann theta function occurring in (5.115)),
similarly to Sec. . Moreover, differently from Sec. the removal of (—1)51
affects also the boundary conditions along the b cycles of R,,. In particular, § — & =

(0 —Pe) mod 2, where P has 1’s on the main diagonal, —1’s on the lower diagonal and
zeros elsewhere. This procedure brings (5.113) into the following form

S-1ete| 5 |67 = @ rIel Oy - > tald) 0| 5|72,

€,0 €,8’

(5.116)
where in the first step we have changed the summation variable and in the second one we
have introduced

tn(8) =) (—1)HEeoteTe) (5.117)

€

At this point, it is not difficult to observe that € - P -e =€ - Q/2 - €, which leads to the
conclusion that ¢, () is equal to m, () given in (5.42)), and therefore is equal to the 7, (8)
in the formula for the moments of the partial transpose of the free fermion, Eqs. (5.37))
and (5.38). Let us stress again that the choice of the minus sign in front of the terms with
odd characteristics in is crucial to obtain the correct result.

5.E Numerical checks from the Ising model and the XX chain

In this appendix we give some numerical evidence of and for the terms in
Tr p% and of and for the terms in Tr(p’?)™.

The lattice computations are performed on the XX and on the Ising spin chain. For
both models, because of the presence of the Jordan-Wigner string, in both p4 and pz"’
four terms occur that cannot be simultaneously diagonalized (see and respec-
tively). The four correlation matrices corresponding to this four terms can be computed
from the ones relative to subsystems A and By [222] [331] as explained in Secs. [4.3/and
The expressions on the lattice for Tr p”; and Tr (pﬁ"‘)" have been written in Eqs.
(4.30) and (4.44)—(4.47) for 2 < n < 5 as sums of various terms involving these matrices.
Here we consider these terms separately and study their scaling limit. We compute the
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correlation matrices of an infinite system, and the subsystem A is taken to be two blocks
of equal size ¢. The continuum limit is approached by increasing ¢ and the data are
plotted as function of the four-point ratio = (4.48). Because of the dihedral symmetry
discussed in the final part of Sec. many terms are equal and here we show only one
representative for each equivalence class. Despite this symmetry, the number of terms
increases very fast with n, and for this reason we present the results only for n = 2 and
n=3.

In analogy with the definitions (5.49), we find it convenient to introduce a notation
for the following functions

[flfg(l — J))}

which enter in the single terms of the sum over the spin structures in Tr p’;. The prefactors
J, differ in the Ising and in the modular invariant Dirac model for the central charge in
A,, and for the explicit value of the ¢,. In the plots, we show the lattice analog of these
quantities. In analogy to what was done in Eq. @ for the terms in Tr p’; we plot

2
In o

L |elelt@)
Ol ]“ o(r(@)) ' (5.118)

2A,,

1 n
T ="Trpy,  Q¥[g)? = o T {H qu} (5.119)
! k=1
for the XX model, and
1 n
I =Trpl, QMg =—— Tr| ][] ral (5.120)
Trpj k=1

for the Ising model. Analogous quantities can be defined for the terms appearing in the
formula of Tr (p?)". The numerical results for the XX model are showed in Figs. and
[5.6] for n = 2 and n = 3 respectively; while in Figs.[5.7] and [5.8] the same quantities are
plotted for the Ising model for n = 2 and n = 3 respectively. The points computed on
the lattice clearly tend to the CFT formulas as the subsystem size increases.

A finite size scaling analysis has been performed in order to extrapolate the continuum
behaviour. For the moments of the reduced density matrix of the XX chain, the scaling
function is very similar to the one of the free fermion ,

wy(,l) (x) wr(?) (x) o.),(lg) (z)
02/n p4/n + (6/n

Qg2 = D2[e] + +.on, (5.121)
where g and e are related as explained in Sec. A similar expression can be defined
for J12* /], (as was done in Sec. we plot this ratio in order to eliminate the residual
dependence on ¢ in the continuum) and for the analogous terms in the formula of the
moments of the partial transpose. Once this scaling is taken into account, the extrapolated
points for infinite size of the subsystem (red crosses) match with the CE'T curve very nicely.
As for the Ising model, also the Majorana fermion operator with conformal weight
h =1/2 must be take into account [222]. This leads us to modify the scaling function as
follows
wi(@) | wiP(@) | w (@)

lat|~1 _

+..., (5.122)

and analogously for J'3/.J, and the terms in the moments of the partial transpose. From
the analysis of the terms (5.120) for the Ising model, we find a very peculiar and un-
expected feature. It turns out that in the sum (5.57)) the only terms which follow this



5.E Numerical checks from the Ising model and the XX chain 171

scaling are those whose continuum limit corresponds to odd characteristics, and therefore
vanishes. Instead, all the terms whose continuum limit corresponds to even characteristics
follow a milder scaling with the same exponents occurring for the free fermion and the XX
model (see and (5.121))). This feature is present for both the terms in Tr p" and
Tr (piz)n. Indeed, by simple inspection of Figs. and it is possible to notice that
the finite size effects for the terms corresponding to odd characteristics are much more
severe than those of the terms corresponding to even characteristic. In practice, it means
that if we simply ignore the terms which are going to vanish in the continuum limit, we
can extract the CFT result with much more precision. Indeed, with respect to the whole

sums (5.57) and (5.59)), the sum with only the terms corresponding to even characteristics
according to (5.65) and (5.68)), will present milder finite size effects.
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Figure 5.5: The terms occurring in Tr p%
model, according to the correspondence ({5.64).

(left panels) and Tr (p?)2 (right panels) for the XX
For each group of identical terms, only one

representative has been plotted. The extrapolated points (red crosses) are obtained through a
fit of the data according to the scaling function (5.121)) and they agree very well with the CFT
predictions (solid lines).
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model, according to the correspondence ({5.65)).

For each group of identical terms, only one

representative has been plotted. The extrapolated points (red crosses) are obtained through a
fit of the data according to the appropriate scaling function. The expression is used for
the terms corresponding to odd characteristic, while we take the milder exponents of the scaling
function for the terms corresponding to even characteristic. They agree very well with
the CFT predictions (solid lines).
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Conclusions

Entanglement negativity has drawn a lot of attention in the last years as a very useful
tool to quantify entanglement between separated regions or in general mixed states of
quantum many-body systems. The entanglement entropy computed for disjoint regions,
as is done in Chap. only measures the amount of entanglement between the union
of the intervals with the rest of the system. If one needs the entanglement shared by
the disjoint regions, which are in general left in a mixed state after the rest is traced
out, the entanglement entropy is no longer useful, and other measures must be used.
The simplicity of the definition of the negativity makes it a ‘computable measure of
entanglement’ [119], and we saw that it can be computed in QFT, at least in principle,
using the replica trick [134] [135]. Exact analytical computations in QFT are available
only in few simple cases, especially for one-dimensional free massless fields in CFT. The
computational difficulty of the moments of the partial transpose is comparable with the
one of the Rényi entropies for subsystems made of disjoint regions, and it is expressed in
terms of Riemann theta functions. The negativity can also be studied in many situations
numerically.

As for the entanglement entropy, an easy case from the computational viewpoint is
given by the bosonic Gaussian states, whose prototypical example is the ground states
of the harmonic chain. This is due to the fact that the spectrum of the reduced density
matrix and of its partial transpose can be obtained by correlation matrix techniques [147-
151]. This is valid also in more general situations than the ground state, as for example
in thermal states or in out-of-equilibrium configurations. In Chap. [3] we used these tech-
niques in the case of a global quench to study the evolution of the logarithmic negativity
among two intervals in the harmonic chain, and we compared the results with the CFT
predictions, computed from multi-point function of twist fields on the strip. In partic-
ular, we discuss the quasi-particle interpretation for the spreading of entanglement and
correlations. However, there are still many open problems in the context of evolution of
entanglement. The range of validity of the quasi-particle picture is surely something that
should be addressed in order to settle the questions raised in Ref. [319]. Moreover, some
analytical results on the evolution of the entanglement entropy and negativity in the har-
monic chain would be extremely important. Unfortunately, at the moment no results are
available for the entanglement entropy of bosonic models, not even in the ground state.

We saw in Chap. [ that the situation is more complicated for fermionic Gaussian
states [331], such as the ground state of the tight-binding model. Here the spectrum of
the partial transpose is not directly computable, still one can obtain its moments from
the correlation matrices relative to some auxiliary Gaussian reduced density matrices. It
is however still an open problem to find the full negativity for two disjoint blocks of sites.
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We also discussed how the same problem arises for disjoint blocks of a spin chain: the
moments of the partial transpose can be computed, but the negativity is out of reach.
The situation is reminiscent of the one of the Rényi entropies for disjoint regions in a spin
chain [222], which is also reviewed in Chap.

From the structure of the the partial transpose on the fermionic lattice it is possible to
compute its path integral representation. This allows for the computation of the moments
of the partial transpose in the continuum theory of a free massless Dirac fermion, which
has been done in Chap. o} Thanks to the similarity with the case of the entanglement of
disjoint intervals in spin chains, the same approach was also able to reproduce the already
known formulas for the Rényi entropies of the modular invariant Dirac fermion and the
critical Ising model.

Many of the available CFT formulas for the moments of the partial transpose, as well
as for the Rényi entropies for disjoint intervals, are expressed in terms of Riemann theta
functions, which in turn are function of a period matrix of size (n — 1) x (n — 1) (for
two intervals). This makes the analytic continuation to n — 1 technically very difficult,
even for very simple CFT. In Chap. 2] we discussed a numerical method based on the
interpolation of the known values for integer n > 1 with a rational function, which was
first used in this context in Ref. [152]. The resulting approximate analytic continuation is
found by extrapolating to n = 1. In Sec. we showed some of the results obtained for
the mutual information, where we found that even if the Rényi entropies are available for
few values of n, the analytic continuation can be obtained with high accuracy. Moreover,
in App. 2.E] we discussed some technical details and some drawbacks of the method. In
Ref. [236] a similar analysis is performed also for the entanglement negativity, and it is
found that in general many more values of the moments are needed in order to obtain
sensible results. Moreover, the replica space for the negativity is more complicated, since
there are different analytic continuations for even and odd integer values of n. To obtain
the negativity one should continue the even series to n — 1, and this means that high
values of n are needed to get an accurate numerical extrapolation. In certain cases the
computational cost of the moments of the partial transpose grows exponentially with n,
and this is a serious obstacle to obtaining their values for arbitrarily high order, and
therefore a precise approximation of the negativity. The analytic continuation is still an
open problem, and a deeper understanding would be highly desirable.

An important open problem is the study of negativity in higher dimensions, where few
results are available [141] [142]. In particular not much has been investigated in higher
dimensional QFT [340], unlike for the entanglement entropy, the Rényi entropies and the
mutual information where some important results have been found [51H54]. Finally, let us
mention that a holographic description of negativity is still lacking, even if some steps have
been made in that direction 232, |233]. A deeper analysis of this issue would open new
interesting perspectives on the connections between entanglement and the holographic
principle.
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