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Abstract

In this thesis I present the results I have been developing during my PhD studies at City
University London. The original results are based on D Bianchini et al [I], D Bianchini,
O Castro-Alvaredo and B Doyon [2], D Bianchini and F Ravanini [3], D Bianchini et
al [4] and D Bianchini and O Castro-Alvaredo [5]. In all but one ([4]) publications, we
compute the entanglement [6] of various systems. Using the celebrated “replica trick”
[7, 8] we compute the entanglement entropy of non unitary systems using integrable tools
in continuum ([I, 2]) and discrete ([3]) models. In particular, in [I] we generalise the
method described in [7] in order to take into account non unitary conformal systems. In
[2] we use a form factor expansion [9], [10] to probe a non unitary system outside the critical
point. In [4] we derive the explicit expressions of one dimensional quantum Hamiltonians
which provide a lattice realisation of off critical non unitary minimal models. Using a
Corner Transfer Matrix approach [1T], 12}, 13] we compute the scaling of the entanglement
of such spin chains [3]. In [5] we study the scaling of various twist field correlation functions
in order to compute the entanglement entropy and the logarithmic negativity in free boson

massive theories.
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Chapter 1

Introduction

Since the emergence of Quantum Mechanics at the beginning of the 20" century many
questions have been posed by scientists and philosophers about its intrinsic nature and
how it will affect the deterministic and accepted view of Nature. Among the numerous
quantum features of the Universe, entanglement is maybe the most intriguing and the
most manifestly quantum phenomenon [6]. Quantum entanglement, an intrinsic quantum
correlation, is what makes quantum phenomena really quantum and - for the last hun-
dred years or so - has been unlocking the doors to new possibilities and opportunities
which have no classic counterpart. Like many other physical quantities, the need of an
operative definition of a measure of entanglement arises naturally. The main focus of this
thesis is the evaluation of such measures using one of the most successful tools of modern
physics: quantum field theory. In particular, we will focus on a particular class of mod-
els, the so-called integrable systems. Like the name suggests, integrable systems enjoy
an infinite number of conservation laws which make the model integrable. When dealing
with such systems, various physical quantities, including entanglement, can be computed
exactly. Unfortunately, apart from some free theories and non local models, integrable
systems exist only in two dimensions. These two dimensions can be arranged either as a
240 or 1+1 dimensional systems. While a Wick’s rotation connects the two cases, they
represent quite different situations. In particular, we refer to 2+0 dimensional theories as
classical statistical bi-dimensional systems. On the other hand, 141 systems are unidi-
mensional quantum models with a time evolution. After having introduced the main tools
of integrable quantum field theories, we briefly review the known results in the literature
regarding entanglement in 1+1 dimensional integrable theories. In the second part of the
thesis we present some new results in the evaluation of entanglement in a particular class

of theories, called non unitary. The thesis is structured as follows:

e In Chapter Bl we introduce quantum entanglement and its measures. In particular,

we focus on entanglement entropy and logarithmic negativity, two among the most

15



common measures used in the context of integrable theories.

In Chapter [ we briefly review conformal field theories (CFT) and integrable quan-
tum field theories (IQFT). These theories can be used to successfully describe a
large class of critical and off-critical systems. We describe some objects and tools
we use in the following chapters for the evaluation of entanglement. In particular we
describe the so-called “form factor expansion”, a powerful tool for the evaluation of

correlation functions in massive theories.

In Chapter [ we present some known results on the evaluation of entanglement en-
tropy in (unitary) CFT and IQFT. We introduce the so-called “replica trick”, which
can be used to represent entanglement measures as partition functions on particular
geometries. We discuss how to represent entanglement measures as correlation func-
tions of a special kind of field, called “branch point twist field”. We review how the
“central charge”, a physical quantity related to the universality class of the critical
point, affects the scaling of the entropy when the system can be described using
a CFT. Moreover, we present some known results on the scaling of entanglement
entropy in the massive regime, with a particular focus on the so-called “corrections

to saturation”.

In Chapter [l we present the first original result of this thesis. We compute the
entanglement entropy in non unitary CFT. The main result of this chapter is the
extension of unitary results to the non unitary case. In particular, we show that
the so-called “effective central charge” replaces the central charge in the scaling of
entanglement entropy. Moreover, we present a numerical simulation supporting our
analytical results. Additionally, we compute the entanglement entropy for the so-
called logarithmic CFTs. We will return to this class of models in Chapter 8, when
studying the uncompactified massless free boson. We show also how a new kind
of branch point twist fields can be used to compute entanglement entropy in non

unitary theories.

In Chapter [l we extend the previous result to massive non unitary integrable field
theories. In particular, we use the form factor expansion to probe the entanglement
entropy in the massive Lee-Yang model, the simplest non unitary IQFT. We show
how the non unitarity of the model affects the scaling of entanglement entropy and

we interpret such a difference in terms of anew kind of branch point twist fields.

In Chapter [7 we perform another computation of entanglement entropy in a non
unitary system. While in other chapters we rely on quantum field theory techniques

to study the amount of entanglement in a system, in this chapter we present a lat-

16



tice computation. In particular, we compute the entanglement entropy of some one
dimensional quantum chains associated to the so-called Forrester Baxter Restricted-
Solid-On-Solid (FB RSOS) model. The FB RSOS model is a classical lattice model
which, in the thermodynamic limit and in a particular regime, provides a lattice
realisation of the off critical minimal models, a large class of perturbed CFTs. Using
the “Corner Transfer Matrix” approach, we show how the scaling of the entropy
differs from the unitary case. In particular, we compute both the principal term
and the leading corrections to the scaling of entanglement. Moreover, we extend our
computations to the so-called “off critical logarithmic minimal models”. Addition-
ally, using a tool called “Hamiltonian limit” we compute the quantum Hamiltonian
associated to the FB RSOS model.

In Chapter 8 we consider the entanglement entropy and the logarithmic negativity
of the massive free boson theory. Using the form factor expansion of some correla-
tion functions of branch point twist fields, we study the scaling of entanglement in
such systems. The simple nature of the free boson theory allows very precise form
factor studies. While in many theories only few terms of the form factor expansion
can be computed explicitly, in this case we could sum thousands of contributions
(in some cases even an infinite number). Using form factor expansion, we recover
a number of short distance results derived in CFT. Moreover, we find some very
interesting divergences in some correlation functions associated to entanglement en-
tropy and logarithmic negativity. We interpret these divergences as a signal of extra
double logarithmic terms in the scaling of entanglement. Such double logarithmic
corrections are in agreement with the CF'T prediction of the scaling of entanglement
entropy in logarithmic CFT presented in Chapter Bl Moreover, we compute the
“three point structure constant” of twist field, which, in this context, represents an

important universal constant in the scaling of logarithmic negativity.
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Chapter 2
Measures of Entanglement

In this chapter we introduce quantum entanglement and its properties. In particular, after
having introduced the qualitative features of entanglement, we will discuss some physical

quantities which can be used to measure the amount of entanglement in a physical system.

2.1 Bipartite Quantum Entanglement

Let us start with a very simple example. Consider a two-particle system and two observers,
called Alice and Bob. Alice and Bob share a quantum state made by the two particles. In
particular, both of them have a one-half spin particl. Let us denote by |1) positive —i—%
spin and by |]) the negative —% spin. Let us now consider two different cases, namely ¢

and 1)

o) = IMa® )b (2.1)
Ma®|)p—a®|[NB

) = % (2.2)

Even though both cases might seem similar (for instance, the total spin in the two cases is

zero), they behave quite differently., Consider the ¢ case first. If Alice measures the spin
of the particle A, she finds 1/2 and she does not get any additional piece of information
regarding the other particle. Of course, the same situation happens if Bob measures its
particle. In this case the two particles are not “connected” or entangled and the state
is said separable (or factorisable). The case v is definitely more interesting. As soon as
Alice performs a measure of the spin of her particle, she immediately knows the value of
the spin of Bob’s particle, even if they are far apart. This feature, commonly referred to

as entanglement, is intrinsic in the structure of the quantum state of the two particles. A

!For the purpose of the example, the actual kind of quantum system is not relevant. For instance, it
could be the spin of an electron, the nuclear spin of an atom or even the helicity of a photon.
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2.1. Bipartite Quantum Entanglement

quantum state is separable if it can be written as a single tensor product between single-
particle states, like |¢), while states like |¢) are called entangled (such a decomposition
does not exist). This concept can be extended to systems with larger Hilbert spaces and
more particles, but, of course, it does not make any sense talking about entanglement if
there is only one particle.

Consider now a quantum system composed by N particles and define H; as the single-
particle Hilbert space, the quantum states of the i-th particle. The total Hilbert space
would be given by:

N
Hy = Q) Ha (2.3)
a=1
A generic quantum state | V) € Hy can be represented as

@) = > Ciinlbi)1® - @ iy (2.4)

015 IN

where the C's are complex numbers and |¢;), € H,. In the above expression, each index
iq runs from 1 to dim(H,) (which can be either finite or infinite). Like in the two-particle

examples, states can be factorisable or entangled. For instance, the state

i @ [¢1)2 @ [Yia)3 ® - - @ [thiy )N + [P2)1 @ |1h1)0 @ [hi)3 @ -+ - @ |thiyy ) v

v) 7

(2.5)

is entangled. Interestingly, if we rearrange the above state, it seems now factorisabl

Y11 @ ’¢2>2\‘/“§’¢2>1 2 [91)2 ® [ig)3 @+ @ iy )N

= [®)12 @ [D)ss.n (2.7)

W)

In this case the state does not look entangled, even if it is the very same state as before!
From this example it is clear that a given quantum state can be either entangled or fac-
torisable according to the partition chosen. In particular, a system described by the state
(23) is entangled when considering the partitions A =1 and B=2U3U---UN. On the
other hand, choosing a different partition like A = 1U2 and B =3 U--- U N the state

2Here we define ® and Q as

V1)1 ® [¥h2)2 + [¢h2)1 ® [Y1)2
V2
[sa.n = |Piz)3@ - Q [hiy)N (2.6)

|®)12

19



2.1. Bipartite Quantum Entanglement

is separable. From this example it is clear that entanglement is a feature that does not

depend only on the explicit expression of the state but also on the partition chosen.

2.1.1 A classical analogue

Let us consider a classical analogue of the Alice’s and Bob’s measurements of quantum
states. Suppose Alice (who lives in London) decides to visit her friend Bob in Sidney.
She then prepares her suitcase and takes a plane to Australia. Once she has arrived at
Bob’s place, she opens her luggage and finds out that she has only one red sock and she
immediately realises that the other sock has been left in a drawer in London. In the same
way, if she performs a measure on the particle A of the state (2Z2) and finds "up’, she im-
mediately knows that Bob’s spin is pointing down. Of course, the main difference between
the two cases is that quantum particles “live” in both states as long as a measure has
been performed on them. On the other hand, the second red sock has never left London.
In both cases the result is uncertain before making a measure (‘which is the spin of the
first particle?’ - ‘are there two red socks in my suitcase?’). While in the socks’ case one
of the two possibilities (‘one sock’ or ‘two socks’) is chosen with a classical random dis-
tribution at the time of packing the suitcase, in the quantum case on of the two options
(‘up’ or ‘down’) is selected at the time of the measure. During the last century there have
been some attempts to interpret quantum mechanics using classical models. One of the
most important of these formulations is the theory of hidden vam’ables@. In such theory
there is no quantum superposition and the result of a measure (say ‘up’ or ‘down’ for
a spin system) is already determined at the time of creation of the quantum state. In
particular, quantum particles have some degrees of freedom which are not experimentally
accessible, called hidden variables, which determine the outcome of a measure. To ex-
plain this concept better, we can consider the celebrated Stern-Gerlach experiment [17].
In this experiment a beam of electrons is sent through an nhomogeneous magnetic field
that deflects the trajectory of each electron according to its spin. Each electron of the
beam has its spin pointing up or down. In standard quantum mechanics, we represent
this situation as a superposition using the (not normalised) state | 1) 4+ | ). The state
collapses to one of the two options when a measure is performed. In the hidden variables
interpretation each electron has an hidden variable A uniformly distributed between 0 and
1 such that the electron points up or down according to its value. For instance, it points
up if A € [1,1/2] and down if A € [1/2,1]. In a Stern-Gerlach experiment there is no way

to rule out one of the two interpretations. In particular, we can consider the beam of

3During the last century a number of hidden variable theories has been introduced. Probably the first
attempt to define such a theory was due to Louis de Broglie [16] in 1927.
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2.1. Bipartite Quantum Entanglement

electrons as truly quantum particles or as classical particles whose spin point up or down
according to some classical probability distribution. In order to solve this ambiguity, in
1964 J S Bell proposed an ideal experiment [I8], when an entangled two-particle state is
taken into account. Bell discovered an inequality (the celebrated Bell inequality) which
holds only in the hidden variables set up. On the other hand if the particles are truly
quantum the inequality is not satisfied. Almost twenty years later, in 1981 A Aspect, P
Grangier and G Roger performed an experiment [19] to check whether Bell’s inequalities
are satisfied or not. The experiment found a strong violation of Bell’s inequality and ruled
out any (local) hidden variable theory. Further and more recent experiments [20] ruled

out some possible loopholes [21] which could have affected Aspect’s experiment [19].

From the qualitatively point of view we can then say that there is entanglement between
two parts A and B of a system if the state is not completely factorisable. While this
definition is intuitive and gives a good grasp of the quantum nature of this feature, it is
hardly quantifiable and does not distinguish between different levels of entanglement. For

instance, the state

V0.001| 1) — v/0.999| 1) (2.8)

is almost separable, but, according to our definition, it is entangled exactly as %

In order to differentiate between those states, we need to introduce some quantitative
measures of entanglement. Before that we would like to illustrate a celebrated quantum

protocol which intrinsically exploits the entangled nature of certain quantum states.

2.1.2 An application: quantum teleportation

Probably, one of the most interesting protocols which exploit the entanglement of a state
is the so-called quantum teleportation. Using such a protocol [22] it is possible to copy
a given quantum state without knowing its internal structure. Consider the familiar
situation when Alice and Bob share a quantum state of two particles A and B:

1) aB + [ M) aB

|¢shared>AB = \/5 (29)

Each of them can perform operations and measures on one particle. Moreover, suppose

Alice has an additional unknown quantum state |punknown)r = @o|1)r +aa|l)nl. The total

“In the following we will use a more compact notation for states: [1/¢) = |1)1 ® |¢)a.
5For unknown state we mean that neither Alice or Bob know the value of the constants «;.
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2.1. Bipartite Quantum Entanglement

state describing the system (shared4+unknown) is then

aol ) + ao| W) + x| I + ax | W)

[Wiotal) = |Punknown) ® |Pshared) = 7
(2.10)
This state can be rearranged in the following way:
Wialian = 5 A ool + Ll

b A I o g 1) 4 a4

LI i) 1)+ el )

b AT o2 )y 4 aul 2.11)

Y 5
e

where ¢% are Pauli’s matrices.

The above state is nothing but a rearrangement of the three particle state Alice and
Bob share (one each from ¢ghared plus the unknown state Alice has). Alice now performs
a measure on her side of the quantum state (i.e. on the first two sites of the above
equation - denoted by ‘Alice’). Before performing the measure, the quantum system
is in a superposition of different states. When performing the measure, Alice simply
make the system collapse to one state. This measure (called projective measure) can be
performed in a number of ways. For instance, Alice can check whether her two spins are
both pointing up. In this set up, it is more convenient to Alice to perform a bit more
complicated measure. In particular, she measures in which of the four states of (2Z.I1]) the
systems collapses after the measure. In this way, there are four possible results for Alice’s
measure: the state can collapse in one of the four lines of (ZI1). After the measure she
communicates the result (classically - even with a normal phone call) to Bob. Once Bob
receives the result of Alice’s measure, he can perform a simple operation on its side of
the quantum state to recover the original unknown state. For instance, if Alice measures
that the system has collapsed onto the first state, Bob’s state is identical to the unknown
state |dunknown). On the other hand, if Alice finds out that the system has collapsed
onto the state on the second line of (Z.I1]), Bob’s state is equal to the unknown state
multiplied by o®. To recover the unknown state |punknown), Bob must simply perform a
o” operation - that is, a flipping of the spin - on his state. Of course, this argument can be
extended to the third and fourth lines of (2.11]). Such a protocol has been experimentally
implemented at the end of the last century [23 24] with successful results. It should
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2.2. Measures of Entanglement

be noticed that the shared state |pspared) used in such protocol is entangled (and, as we
will see in next sections is maximally entangled). Entanglement is then a very important
feature of quantum protocols and it really adds some intrinsic advantages with respect to
classical protocols. Moreover, it is possible to show that if a state like (2.8) - an almost
separable state- has been used to implement the teleportation protocol, the results, i.e.
the transmission of the unknown quantum state from Alice to Bob, would have been less
precise. In particular, the scalar product (called fidelity) between the initial unknown
state and the final Bob state is equal to one (perfect transmission) if the state (2.9)) is
used, while it is close to zero (bad transmission) if (Z8]) is used. This protocol shows not
only how entanglement is very important in making a system truly quantum but also it
is clear that a quantitative measure of it is important to discriminate states with different

amounts of entanglement.

2.2 Measures of Entanglement

In order to quantify entanglement and to distinguish between differently entangled states
we have to define a way to measure it. Before discussing the possible options to define en-
tanglement measures, we would like to introduce the density matrix, a useful mathematical

object to study quantum states.

2.2.1 Density matrix

States like (2.5]) are usually called pure states. Pure states can describe only a fraction of all
possible quantum states. Pure states are enough to describe a system at zero temperature
(since the system is in the ground state of the Hamiltonian), but they cannot describe
systems at finite temperature, in which a complete mixture of states with different energies
play a role. An isolated system at equilibrium at temperature 7' can be described using

the so-called density matriz p:
1 E,
P = g Yoo | el (212)

where |1,,) is the n-th eigenvector of the Hamiltonian of the system, E,, is the correspond-
ing eigenvalue, Z = > e~ 7 is the partition function and & is the Boltzmann constant
(which will be set to one in the following).

Quantum states like ([2I2)) are called mized since they take into account more than one

vector of the Hilbert space. Thermal systems are just an example: a density matrix is
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2.2. Measures of Entanglement

defined by a convex combination of projectors |1;)(1;|. The operator
po= > pilti) il (2.13)

is a density matrix if p; > 0 and >, p; = 1. Notice that the coefficients p; play here the
role of classic probabilistic weights. Of course, density matrices can also describe pure
states. For instance, if a quantum system is in the quantum state |¢) its density matrix

is simply given by

p = W)Y (2.14)

As we have just seen, density matrices can describe a wider variety of quantum states
than simple vectors in the Hilbert space. Moreover, they can be used to define expectation

values of operators, since
(0), = tr[pO] (2.15)

From its definition, it is easy to show that the following properties hold for a density

matrix:
p = pf (2.16)
trp = 1 (2.17)
(Blolg) > 0 VoeH (2.18)

Density matrices can be used also to define thermodinamic and statistical properties of
many-body quantum systems. In particular the von Neumann Entropy S of a quantum

state described by a density matrix p is given by [25]
S(p) = —Trlplogp] = =Y pilogp; (2.19)
7

von Neumann Entropy is positive-definite, it vanishes for pure states (p = |¢)(¢|) and has

its maximum when the ps are all equal (all states are equally probable).
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2.2. Measures of Entanglement

Rényi entropy

Since the definition (ZI9) involves the logarithm of an operator, its computation could be

challenging. Using the density matrix, it is possible to define another Entropy:

1
S, = log trp™ 2.20
n(p) T, logtrp (2.20)
which is called Rényi Entropy [26]. In some circumstances (like in the majority of systems
studied in this thesis), this quantity is easier to compute than (ZI9). The two entropies

are also related by

S(p) = lim Sy(p) (2.21)

n—1

2.2.2 Reduced density matrix

Consider now a system divided into two parts A and B. As we have just seen, we can use
a density matrix p to define the state of the system. This density matrix is an operator
acting on the Hilbert space H = Ha ® Hp of the whole system, while a generic vector
U € H can be written as (¢; € Ha and x; € Hp)

v) = Z%‘\(ﬁi)(ﬁ (2.22)

If {x;}; form a basis of Hp, we can define a partial trace over Hp of an operator
O € End(H) by

O4 = trg0 = > (\|0h;) (2.23)

J

This new operator O4 € End(#H 4) can be used to focus only on the susbsystem A and to
consider B just an environment.

Of course we can reproduce this procedure of tracing over some degrees of freedom of a
system for any operator in H. In particular, if we consider the density matrix p, the new

operator py is the so-called reduced density matriz:

pA = trgp (2.24)

This new object is a density matrix of the subsystem A: properties (ZI6]) hold and the
expectation values of operators Q4 defined on the subsystem A ([2.23]) are given by

(O4) = tra(paOa) (2.25)
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2.2. Measures of Entanglement

The reduced density matrix is then a very useful tool to focus only on a part of a system
and regard the rest as an environment or a thermal bath. Notice that the reduced density
matrix of a subsystem can be mixed even if the state of the whole system was pure.

2.2.3 What is a good measure of entanglement?

Before looking for a good measure of entanglement, we should define which properties
such a measure must satisfy [27]. In the following we will refer to a quantum state using

its density matrix p.

1. Normalisation. Separable states are not entangled:
E(p)=0 (2.26)

if p represents a separable (not entangled) state.

2. Not increasing under LOCC. Entanglement is a genuine quantum phenomenon
and its amount cannot be increased by any classical operation (or classical com-
munication CC). Additionally, since entanglement is also a feature of the partition
chosen, the action of local operator should not change the value of entanglement. Let
U = Uy ® Up an operator associated with a local operation (LO) on the quantum

state, its action leaves the entanglement unaffected:

Bt = E(p) (2.27)
We can incorporate both non increasing properties under LOCC:

E(©(p)) < E(p) (2.28)

where © is a map associated with a LOCC transformation.

3. Convexity. Entanglement cannot be created by classically mizing two quantum
states. Consider two states (mixed or pure) described by density matrices p; and
p2. A mixture of these two states can be simply obtained by p142 = ap; + (1 —a)p2.
Of course, we should not expect the entanglement to increase under this operation.

Entanglement must then be convex:
E(apy + (1 — a)p2) < aE(p1) + (1 — a)E(p2) (2.29)

4. Sub-additivity. Suppose we have two different quantum systems, each of them

defined by a density matrix, say p and p/. Entanglement should not increase by
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joining these two systems together:
E(pe p') < Ep) + B(p) (2.30)

Note: difference between convexity and sub-additivity

In the above requirements for a quantity to be a good measure of entanglement the last
two properties might seem equivalent. In fact they describe two quite different situations.
The third property regards the classical mixture of two quantum states. The two density
matrices are defined on the same Hilbert space H and their sum implies a mixture. For
instance, consider a quantum system with inverse temperature 8 and two energy levels
F; and Es. The two density matrices relative to the two energy levels are respectively
p1 = |1) (1] and pa = |1h2) (1h2]. The thermal state (a classical mixture) is then given by
p=27 *1(6*5151 pi1+e BE p2). In this case the convexity property implies that entanglement

should not increase under classical (thermal) correlations:
E(p) < Z7'ePPE(p) + 27 PP B(py) (2.31)

On the other hand, the sub-additivity property takes into account quite a different situ-
ation. Consider two quantum systems and their Hilbert spaces H; and Ho. Let p; and
po identify two quantum states, one for each system. Of course, the two systems can be
joint together. The new Hilbert space is given by H1 ® He and the new density matrix by
p = p1 ® pa. Since the operation of joining the two systems together does not create any

quantum interaction between the two systems, entanglement must not increase:
E(p1®p2) < E(p1)+ E(p2) (2.32)

2.2.4 Entanglement entropy

As seen in the previous section 2.1.2] the more entangled a state is, the more quantum in-
formation can be compressed into it, in the same way a classical message is less compressed
the more entropic it is. For this reason, entropy can be a good measure for entanglement.
If a system is described by a density matrix p, the entanglement between two subsections

A and B can be represented as the von Neumann Entropy of the reduced density matrix

PA:
Eaup(p) = S(pa)=—Trlpalogpa] (2.33)

Moreover it satisfies almost all the 2.2.3] requirements to be a good measure of entangle-

ment.
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1. Normalisation. Consider the state |¥U) = |¢)4 ® |x)B. It is separable (not en-
tangled) for the partition A U B and its reduced density matrix is simply given by
pA = |d)a a(P|. Since py represents a pure state, its von Neumann entropy vanishes.

Thus S(pa) = 0 if p is separable.

2. Not increasing under LOCC. In the previous section we represented a LO as
a unitary operator U = Us ® Up. Thanks to the cyclic property of the trace, von

Neumann entropy is invariant under such transformations:
Eaup(UpUT) = S(UapalU}) = S(p) = Eauslp) (2.34)
3. Concavity. An explicit computation shows thatH

S(apr+ (1 —a)p2) = aS(p1)+ (1 —a)S(p2) —log o (1 — )]
= aS(p1) + (1 —a)S(p2) (2.35)

Such a simple argument makes it clear that the von Neumann entropy cannot be
a good measure of entanglement for generic states. On the other hand, the above
inequality becomes an equality in the a = 0,1 case, i.e. when pure states are
considered. Fortunately the ground state of a system can be represented by a pure
state, and then the von Neumann entropy can be used as a measure of entanglement

in such a case.

4. Sub-additivity. Suppose to have a quantum system A U B with density matrix p.
The entropy of the entire system is less than the sum of the entropy of the two parts
of the system:

S(p) < S(pa) + S(ps) (2.36)

When comparing these properties with the requirements (2.2.3]) for a good measure of en-
tanglement it is clear that the von Neumann entropy measures properly the entanglement
of a pure state. Even though it can sound very restrictive, it covers a large number of
physically interesting cases, like ground states. In following chapters we will refer to such

measure as von Neumann entropy or as entanglement entropy (EE)

5Tt can be easily proved by considering the diagonalised version of the matrices pi 2

p1= Z a;lP;
p2 = Z b;P;
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As we said in Section 1.2 different states provide different levels of precision in the
teleportation protocol. Truly entangled states, like
1) = 1 49)

) = RV (2.37)

allow a perfect transmission of a unknown state, On the other hand, almost separable

states, like:

l¢) = V0.001|1) — +/0.999] 1) (2.38)

makes the teleportation less precise. The amount of entanglement reflects this difference:

E(lY)(@]) = log2 = 0.693147...
E(|¢)(¢]) = 0.007907... (2.39)

The von Neumann entropy distinguishes the two states and clearly represents the amount

of entanglement encapsulated in them.

As we have just seen, the von Neumann entropy cannot be used to measure entan-
glement in thermal systems (described by mixed states) or, as we will see in the next
section, the entanglement between two subsystems embedded in a larger environmentﬂ. In
addition to these features, von Neumann entropy encapsulates also another import prop-
erty of bipartite entanglement. Since entanglement is related to the amount of quantum
correlations between two parts of a system, the measure of entanglement must not depend
on the order in which we perform the traces. In other words, considering A as a system
and B as an environment must be the same as considering B the system and A the en-

vironment. For bipartite systems, von Neumann entropy guarantees this symmetry, since

S(pa) = S(pp)-

2.3 Logarithmic Negativity

As we said in previous sections, the entanglement can be measured using the von Neumann
entropy only if two conditions are satisfied. First of all, the system (as a whole) has to be
in a pure state. Moreover, the entropy is a good measure of entanglement only for bipartite

systems. Whenever one of these two conditions is not satisfied, the von Neumann entropy

"From a mathematical point of view, the two cases are similar. Suppose to have a tripartite system
AU BUC. To compute the entanglement between A and B we need to trace over the degrees of freedom
of C (to create a bipartite system). Such a procedure will create (in most of the cases) a mixed states,
even if the initial state papc was pure.
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does not satisfy all the necessary conditions for being a good measure of entanglement
(see Section 2.2.3]). Since the entanglement measures the genuine quantum correlations
between two subsystems, any thermal noise has to be factored out. As soon as the system
becomes mixed, both quantum and classical effect contribute to the von Neumann entropy
and the actual amount of quantum entanglement cannot be isolated. As we said before, a
tripartite system in a pure state can be seen as a mixed state of a bipartite system, once
the degrees of freedom of the third subsystem have been traced over. For these reasons
a new measure of entanglement has to be introduced, the so-called logarithmic negativity
(LN) [28, 29] 30].

Logarithmic negativity measures the amount of entanglement even in the particular sit-
uations when the von Neumann entropy fails. Let AU B U C be a quantum system in a
pure state p = |¥)(¥|. As usual, we can define a reduced density matrix tracing over only

degrees of freedom belonging to C.

pAUB = trgp (2.40)

Once we have traced the degrees of freedom of C'; we have an object which focuses only
on the regions A and B. Of course, we cannot compute the entanglement by simply
tracing over also the degrees of freedom of B, otherwise we will end up with the very same
difficulties of the von Neumann entropy discussed in the previous paragraph. In order to
study the quantum correlations between A and B, we should find a way to “distinguish”
them. In other words, we need to perform some operations on one side of the system
without loosing degrees of freedom. One way to do so is to perform the so-called partial
transposition, when only some degrees of freedom are transposed. For instance, consider

an operator O which acts on the Hilbert space Ha ® Hp. Its matrix elements are given

by

(i47510liajn) (2.41)

When partially transposing on Hpg’s degrees of freedom, only the jp indexes will be ex-

changed. We denote the partial transposition of the B’s degrees of freedom by O75:
(14iplO"liajp) = (iajBlOliajp) (242)

The resulting operator OTB is still acting on Ha ® Hp but the two sets of degrees of
freedom are somehow “marked”. Omnce the partial transposition has been performed on

the reduced density matrix, the logarithmic negativity £ can be defined in a very similar
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way to the von Neumann entropy:

£ = logTr‘pgﬁB‘ = log <Z|)‘Z|> (2.43)

where \; are the eigenvalues of p£6 B

Like entanglement entropy, it is possible to define logarithmic negativity as a limit [31]:

Ne
& = limllogtrAug (p5ﬁ3> (2.44)

Ne—>

Apart from the partial transposition, one of the main differences between the logarithmic
negativity and the entanglement entropy is that the above limit has to be performed once
the function log traup (p£6 B)ne has been analytically continued for the even values of n.
While in the entanglement entropy case there is no intrinsic difference between the even and
the odd n series, in the negativity case there is a substantial difference. In particular, while
any density matrix is positive definite, this is no more the case once a partial transposition
has been performed. For this reason, while the even series of trayp <P£ﬁ B) " is simply
given by series of positive elements, thus it is no more the case for the odd series.

Like the von Neumann entropy, it is possible to show [28] that logarithmic negativity
satisfies all the requirements for being a good measure of entanglement.

Even though logarithmic negativity has been defined for tripartite systems, it perfectly
describes also the bipartite thermal case. In particular, consider a quantum system with
Hilbert space H in a mixed state described by a density matrix p. This density matrix
can be interpreted as a reduced density matrix relative to H of a larger Hilbert space

H @ Hextra:
p o= e U (Y] (2.45)

In this way LN is a good measure of entanglement also for the bipartite mixed case.

2.4 Why Entanglement?

Apart from its unique properties of describing truly quantum phenomena, entanglement is
a very important resource also in the study of many-body quantum systems. The scaling
of entanglement entropy can be used also to probe the critical and off critical properties
of quantum systems which can be described by a quantum field theory. One of the most
important features of entanglement is its scaling in one dimensional quantum systems.
Consider a critical one dimensional quantum system of length R with periodic boundary

conditions. Suppose we are interested in evaluating the entanglement entropy between
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two parts of the system A and B of length » and R — r, respectively. It has been shown
[7, 8] that it scales as

S(pa) = < log <E sin 70—7T> + const. (2.46)
3 7'(' R
where ¢ is the central charge of the system (a number associated with the universality
class of the critical point - see Chapter B]). Suppose now we study the problem from a
different prespective. Consider some quantum system, like a spin chain with a very large
number of sites. Suppose we know that the system is critical but we would like to find
out which is the underlying universality class (which depend on the central charge c). If
we perform some kind of numerical analysis of the spin chain, like a DMRG simulation
[32], it is possible to estimate the value of the entanglement entropy at various sizes of
the subsystem. Fitting these data with the theoretical prediction (2.46), it is possible to
extract the value of the central charge with very good precision.

This kind of analysis and identification of the central charge using the scaling of some
physical quantity is not limited to entanglement. It has been known for a long time that
the ground state energy Ej scales with the size R of the system (with periodic boundary
conditions) [33] B34]:

e
Ey ~ Reg—v— 2.47
0 0~ Vep (2.47)

where ¢g is the energy density and v is the sound velocity.
Of course, a similar numerical analysis can be performed to compute the value of the
central charge from the scaling of the ground state energy. Unfortunately, to isolate the
central charge ¢ we need to know the sound velocity 1. On the other hand, once the

entanglement scaling has been evaluated, the central charge can be directly extracted

using (2.40)).

2.5 Conclusions

In this chapter we introduced the basic notions of entanglement and its features. We
showed how entanglement clearly reflects the truly quantum nature of some systems. In
order to quantify the amount of entanglement, we introduced two measures of entangle-
ment: entanglement entropy and logarithmic negativity. Even though there are many
more suitable measures for entanglement (like the entanglement of formation [36]), these
two aforementioned measures are the most suitable for the study of many-body one di-

mensional quantum systems. In the following Chapters we will study the scaling of the

8For instance, the speed of the sound can be computed performing a Bethe ansatz [35].

32



2.5. Conclusions

entanglement entropy in a variety of quantum systems (Chapters [ [B], [ and [7]), while in

the last chapter we will investigate the scaling of logarithmic negativity in free theories.
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Chapter 3

Conformal and Integrable
Quantum Field Theory

In this chapter we review some known results of conformal field theory (CFT) [37, 38, 39,
40] and Integrable Quantum Field Theory (IQFT) [41], [42] 43 [44], [45], [46]. In particular,
we set up the framework for some of the CFT ideas we will use in the following chapters.
Additionally, we will briefly introduce the form factor program, a very useful tool for the
evaluation of correlation functions in massive field theories. This chapter is not intended
to be a complete review of CFT and IQFT. Our aim is to give some physical grasp of

ideas, formulee and concepts which will be used in the following chapters.

3.1 Ciritical Systems

A typical feature of second order phase transitions is the absence of a length scale. If a sys-
tem is scale invariant it looks the same at every scale. It means that all the (quasi)particles
interact with each other and the system is completely “connected”. From the correlation
functions point of view, it means that the decay is no more exponential, like G(r) ~ ™",
but algebraic, G(r) ~ r~%, where m is the lightest mass of the system and r is the distance
between two points. In particular, non critical correlators decay exponentially, and each
particle is affected only by other particles inside a ball of radius ~ & = m™!'. At the
critical point the parameter m will vanish, the “ball of influence” will diverge and all parts
of the system will become connected. Furthermore, the majority of systems are Poicaré
invariant (invariance under rotations, translations and Lorentz boost). With the exception
of some rare cases [47], most scale and Poincaré invariant systems are also conformally

invariant. Conformal transformations can be defined as maps which act as dilations of
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the metric:

Guv ($) - g;u/ (ml) = A(m) Guv (m) (3'1)

Conformal invariance encapsulate not only Poincaré and scale invariance, but also the
so-called special conformal invam’anc.

In the following chapters we will make large use of conformal invariance in the study of
critical systems. In particular, since we are interested in 1+1 dimensional systems, we

specialise our introduction to two dimensional conformal field theories.

3.1.1 Two dimensional CFT

When specialising to the two dimensional case it is useful to replace the two real coordi-

nates (2, ') with a complex variable z and its conjugate Z:

z = xo—l—ixl

z = 20—zt (3.2)

Fundamental objects in CFT are the so-called primary fields, which transform as:

o = (L) (L) o) 53)

where 2/ = f(z) and f is an arbitrary conformal transformation and the constants A
and A are called conformal weights or conformal dimensions. One of the most peculiar
features of conformal invariance in two dimensions is that conformal transformations are
represented by holomorphic and anti-holomorphic functions [37]. The above condition for
primary fields can be slightly relaxed. We can define quasi primary fields as objects which
transform like ([B.3)) under global conformal transformationsd. Conformal weights affect
also the scaling of two point functions and (for spinless fields) the two components are

equal (A = A) and they coincide with the scaling dimension:

(02, D)d(w, @) = ——— (3.4)

|z — w|*A

LA special conformal transformation is nothing but a translation preceded and followed by an inversion
zh — " /| 3.

From an intuitive point of view, global conformal transformations are conformal transformations whose
parameters are fixed and do not depend on the point z they are transforming. On the other hand,
local conformal transformations (which include global transformations) are conformal transformations that
depend on the point z.
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Let us now consider a conformal theory with lagrangian density £. Of course, it is possible
to define a stress energy tensor 7T),,(x). As we said before, in two dimensional CFT it
comes natural to use a single complex coordinate instead of two real ones. In these new

coordinates, it is convenient to rearrange the stress energy tensor in the following way:

1 .
T = Z(TOO — T+ 22T01)
_ 1 )
T = Z(TQO — T11 — 22T01)
e = T[f = Too+ 111 (3.5)

In complex coordinates, the familiar Noether conservation law 0#T),,, = 0 becomes:

1

(3ZT+Z(92® - 0
agT+iaz@ ~ 0 (3.6)

Since at the critical point ©® = 0, the above conservation laws become holomorphicity

conditions for the stress-energy tensor:
0,T =0 = 9:T (3.7)

Another important property of the stress energy tensor is how it transforms under con-

formal transformations z — 2’ = f(2)

T() = (‘fl—) ()~ £ {/:2)] (33)

where the symbol {-,-} is the so-called Schwarzian derivative:

PN AN
e = & 2|2 (39)

dz dz

The constant ¢ appearing in ([8.8) is called central charge and it is a number which depends
on the universality class of the CFT. From an intuitive point of view, the central charge
measures the number of degrees of freedom in the system. For instance, the central charge
of a free boson is equal to one, while the one of a free fermion is one half. Of course,
both field theories have infinite degrees of freedom, but, from a very naive point of view,
two (Majorana) fermions create a boson. Additionally, the stress energy tensor has a very

precise action on fields when inserted in correlators. Let X be a string of n primary fields:

X = ¢1(21,21)  bn(zn, Zn) (3.10)
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The action of T on X is given by the Conformal Ward identity:

(T()X) =

=1

[ S (3.11)

(z—2z)? z—2z

After this very short review of some important properties of two dimensional CFT, let

us discuss the Hilbert space structure in such theories.

3.1.2 Conformal families

The structure of the Hilbert space in two dimensional CFT is very simple and elegant.
In order to quantise the system, it is worth moving from the complex plane to a cylinder
geometry. Consider then a one dimensional quantum system with periodic boundary
condition and size R. The time evolution of this system can be chosen along the vertical
direction of the cylinder. The actual map from the complex plane to the cylinder is given
by

27 (t4ix)

z = e R (3.12)

where = and t are the space and time coordinates, respectively. We can now quantise the
system with the time flowing from the bottom to the top of the cylinder.
The asymptotic past (t — —o0) is then associated with the point z = 0 while the asymp-
totic future with the point z = co. Asymptotic states can then be represented as the
action of primary fields on the conformal vacuum:

6 = 1A = lm 620 (313)
where |0) is the conformal vacuum.
Of course, it is possible to define asymptotic future states as hermitian conjugates of
asymptotic past states. Using equation ([3.12) it is clear that the maps ¢t — —t is equivalent,
in complex coordinates, to z — z~!. In order to avoid ill defined norms, we can define the

hermitian conjugation of a (quasi primary) field as:
A 11
oAl = (1.2 (3.14)

z z

Like other fields, also the stress energy tensor can be interpreted as a quantum operator.

37



3.1. Critical Systems

The Laurent expansion of the operator T is then given by

(e}

T(z) = Z 2" 2L,
T(z) = i z " 2L, (3.15)

The stress energy tensor can be seen as the Noether current associated with conformal
invariance. For this reason, its coefficients L,, are the actual generators of local conformal
transformations. In particular, Ly + Ly generates the dilations z — Az. Since, according
to the map ([B12]), dilations are nothing but time translations, the quantum Hamiltonian
is given by 2%(Lo + Lp). On the other hand, operators L_; and L; generate translations
and special conformal transformations, respectively. While three operators (and their
antiholomorphic counterparts) are enough to generate global conformal transformations,
in order to generate local transformations all the generators must be taken into account.

The explicit expressions of the operators L, can be obtained inverting the above Laurent

expansion:
L, = = dz 2" (2)
" 2mi
_ 1 _
Ln = o— dz 2" 7T (2) (3.16)

These operators, also-called Virasoro generators, satisfy the celebrated Virasoro algebra

Yiv:

C
[Ly, L] = (m—m)Lyym + T3 (n3 _ n) Ontm,0
[Ln, L] = 0
_ _ = C
[Ln; Lm] = (TL — m)Ln+m —|— E (n?’ . n) 5n+m,0

(3.17)

The study of the representations of such algebra can then be used to understand the

Hilbert space structure of systems enjoying conformal symmetry.

Conformal towers

Let us start from the conformal vacuum |()). Since it should be invariant under global

conformal transformations, it should be annihilated by the three operators responsible for
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such transformations:
L,j0) = 0 for n =0,+1 (3.18)

Moreover, in order to have a well defined action of the stress energy tensor on the vacuum
(T'(2)|0)), the above condition can be extended to all n greater or equal to —1. Sinc

(D) Ly, = (L—,|0))T, the vacuum expectation value of the stress energy tensor vanishes:
OTz)0)y = 0 (3.19)

Having discussed the properties of the conformal vacuum, we can now study the features of
the other states of the Hilbert space. Let us consider a primary state |A, A). It is possible
to show that it is also an eigenstate of the operators Ly and Lg, thus of the Hamiltonian

as well:

LO‘A7A> = A‘A7A>
I_/O‘A7A> - A’A7A>

(3.20)
Moreover, these primary states are annihilated by L, with n > 0:
LolAA) =0
Lo|AJA) = 0 (3.21)

These two conditions ([B.20) and ([B.2I)) can also be used as an alternative definition of
primary states (and primary fields). Primary states can then be considered as the highest
weight states of the Virasoro algebra. In the same way, the highest weight states of the s,
algebra are annihilated by J™ and they are eigenvectors of J? at the same time. In the sus
case, the operator J~ creates a collection of states starting from the highest weight state.
In the same way the operators L_,, (with n positive) create a family of states starting from
a highest weight state of the Virasoro algebra Uir. These states are called descendants
and the family of all descendants from a single primary state is called a conformal tower

or Verma module. We will denote it by V' (¢, A). For instance, the state

L_oL _1]AA) (3.22)

3The explanation of such conjugation relation can be found in the definition of asymptotic states. In
particular, since conjugation maps states from the asymptotic past to the asymptotic future and vice versa,
it is equivalent to the exchange z <> z~!, which, according to the expansion B8, maps L, into L_,.
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is a descendant of |A, A).
Thanks to this elegant structure, the study of the representations of the Virasoro algebra

is enough to probe the Hilbert space of the states in a CFT.

3.1.3 Minimal models

As we saw in the previous section, the Hilbert space of a CFT is formed by all the conformal
towers of its primary fields. In principle there is no upper bound to the number of primary
fields a CF'T can have. However, there is a particular class of models, called minimal models
in which the number of primary fields is finite. The most peculiar feature of minimal
models is the presence of primary-like states among the descendants. These states, which
are orthogonal to the entire Verma module, are called singular or null vectors and they
have zero norm. For instance, consider a CFT with central charge ¢ and a primary state
|A, A) with conformal weight (A, A). To simplify the example we can assume a spinless
theory, where the holomorphic and anti-holomorphic parts have the same propertied]. Let
|x) be a descendant of |A):

X) = [Loa+nL%]|A) (3.23)
It is a null vector if
I
g 2020 + 1)
1
= = [5 et /le—1)(c— 25)} (3.24)

Such a choice makes y a primary state at level two:
Lyx) = 0 forn>0 (3.25)

Such a state is then a primary and a descendant at the same time. Additionally, it is clear

that x has zero norm:

xlx) = 0 (3.26)

*In spinless theories we can use a shorter notation for states |A, A) = |A, A) = |A).
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Moreover, x is orthogonal to any state 1)) = L_p, L_j, -+ L_g, |A>H in the Verma module:

XY) = Lk Ly LogylA) = = ((AlLpy - Ly Li, [x))* = 0
(3.27)

For this reason, null vectors and their descendant can be safely removed from the Verma
module V(c,A). Let M(c,A) be the Verma module V (¢, A) once all null vectors have
been removed. The module M(c, A) is then irreducible and it can be used to construct

irreducible representations of the Virasoro algebra.

We can now investigate which are the conditions such that null states appear inside
a Verma module. Among the various regions of values the central charge can have, we
specialise to the ¢ < 1 case. When the central charge is less then one and there exist some
Verma modules containing null vectors, the CFT is called a Minimal Model. In particular,
the central charge can be parametrised by two integer numbers m and m’ (with m and m/
coprime and 2 < m < m/):

(m —m')?

c = 1-6 : (3.28)

mm

Of course, the existence condition of null states does not rely only on the value of the
central charge, but also on the conformal weight. In order to have some null state among

its descendant, a primary state must have a conformal weight of the form (when the value
of ¢ is given by (B:2])):

(mr —m/s)? — (m —m/)?
Aps = A/ (329)
with
1<r<m 1<s<m (3.30)

Sometimes it is useful to denote the set {(s,r) € N?s. t. 1 <r <m/and 1 < s < m} as
J. Such models are also-called rational models thanks to the rational expressions which
define their central charges and conformal weights.

One of the main consequences of the presence of null vectors is the finite number of

®A generic descendant of |A) can be represented as a linear combinations of states like
L_y L g, L_jy|A) where {ki,k2,...,kn} is a collection of N positive integers.
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conformal families which constitute the Hilbert space:

H o= P MA@ Me,A) (3.31)
(s,m)eT

where the M refers to the antiholomorphic part of the module. In CFT it is very common
to denote a minimal model by M,,,,,» which indicates all the conformal families (once the

null states have been removed) associated with a particular choice of m and m/'.

Moreover, minimal models describe a variety of common physical phenomena. For
instance, the universality class of the critical Ising model is realised by the Mg minimal
model and that of the three-state Potts model by Msg.

3.1.4 Modular transformations and conformal characters

In previous sections we described the Hilbert space of the conformal states obtained by
quantising a CFT on the cylinder. Another natural geometry to quantise a two dimensional
fields theory on is the torus, i.e. a space with periodic boundary conditions on both
directions. Consider, for example, a cylinder with height L and circumference R. A torus
can be simply obtained by joining together the two sides of the cylinder. It is possible
to choose any of the two directions (R or L) to quantise the system. Of course, the
partition functions computed with the different choice of quantisations must be the same.
This property is guaranteed by quite an elegant symmetry of the torus, called modular
invariance [48]. From an intuitive point of view, a torus is modular invariant because
there are many equivalent ways to represent it on a complex plane. The simplest one
is to consider a rectangle of size L x R on the complex plane and identify the opposite
edges to recover the torus’ geometry. Without any loss of generality, we can set one vertex
to one and the other to it with ¢ > 0. Our rectangle can then be identified by its four
vertices at (anticlockwise order) 0, 1, 1+ 4t and ¢t. Since conformal systems are invariant
under rotations and dilations, the rectangle can be rotated and dilated without affecting
the partition function. Let 7 be such that Im7 = ¢, we can deform our rectangle into a
parallelogram with vertices 0, 1, 1+ 7 and 7. All the transformations of the parallelogram
which leave the partition function unchanged are called modular transformations and can

be represented by the operations T and S. The action of these operations is given by:

T : 7T7—71+1

1
S T —= (3.32)
T
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The partition function on the torus defined by the parameter 7 is then given by
Z(r,7) = Trexp[-Im7H — iRerP] (3.33)

where H and P are the Hamiltonian and the momentum operator, respectively. The
Hamiltonian operator on a cylinder of circumference R has already been computed in

previous sections and is given by

21

H = 2 <L0 4 Lo— %) (3.34)

where the radius R is equal to one in the present case. On the other hand, the momentum

operator is proportional to Lo — Lo (see e.g. [42]):
P="(Ly—-L 3.35

Putting everything together, the partition function is then given by:

Z(r,7) = Trexp [qL“_iqio_i (3.36)
with
g = 627riT
g = " (3.37)

The partition function can also be written as a sum over all primary fields of the theory:

Z(r,7) = > Naaxa(e)xa(@ (3.38)
AA

where the coefficients N are integer numbers and the functions x are called conformal

characters (or Virasoro characters):
xale) = Trg™ = (3.39)

Of course, the above trace is restricted to the conformal family of the primary state A.

For minimal models it is possible to compute the conformal characters using the Rocha-

Caridi formula:

1 c > ’ ’ /
er(q) _ (q) q—ﬂ—I—Ars Z qmm k |:qk(rm —sm) qk(rm +sm) (3.40)
00

k=—00
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where (¢)oo is the g-Pochhammer symbol [49]:

o0

@ = JJO-¢) (3.41)

j=1

Modular transformations have a very simple action on conformal characters in minimal

models. The action of T is given by (not only for minimal models, but for a generic CFT):
Txa(q) = (475 xa(g) (3.42)

The action of the modular transformation & is a bit more complicated. For minimal

models, the conformal character transforms under S as

Xes(@) = Y Sixws () (3.43)

(r's"eJ
271 rol . .
where ¢ = e~ "+ and the modular matrix §7,° is given by:

/ /

’ ot 8 iy . Trr . TSS
S = —,(—1)(T+8)(T +) sin —— sin
mm m

(3.44)

m/
3.1.5 Non unitary CFT

In this section we discuss some features of so-called non unitary CFT [50].

For instance, all minimal models M,, ,,, with m # n 4 1 are non-unitary. In the context
of CFT, non-unitarity means that there could be some states with negative norm. For
instance, setting the norm of all primary states to one ((A|A) = 1), the state |[¢)) = L_,|A)

has negative norm:
1 2
(Yly) = 2nA+Ecn (n*=1) <0 (3.45)

for negative ¢ and n sufficiently large.

Non unitary systems have also another very interesting feature: some conformal weights
can be negative. For instance, in the Lee-Yang minimal model M5 the conformal dimen-
sion Ag of the field @ is equal to —1/5.

Even though negative conformal dimensions and non positive-definite norms could make
non unitary systems seem a bit unphysical, with the right precautions these CFTs can be
used to describe a number of physical phenomena. For example, some excitations in the
fractional quantum Hall systems with filling v = 2/5 are described by the non unitary

minimal model M35 [51].
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3.1.6 The Casimir effect

From a many-body physics point of view, one of the most interesting features of CFT is
the relation between the energy of the lowest quantum states of a critical Hamiltonian and
the conformal dimensions of the conformal theory describing the critical point. Consider,
for instance, a spin chain with periodic boundary conditions and with large number R
of sites and its quantum Hamiltonian Hgin. With a suitable choice of parameters, the
Hamiltonian describes a quantum critical point in the thermodynamic limit R — oo. We

can now assume that, at least for the lowest energy spectrum, the spin chain Hamiltonian
can be described by the CFT Hamiltonian H (3.34]):

Hypin ~ vH (3.46)

where v (called sound velocity) is a non universal numerical parameter which depends on
the actual implementation of the quantum Hamiltonian@. The above, together with the
CFT Hamiltonian ([3.34), gives immediately the scaling of the energy of the ground state

and of the first excited states:

EQ) ~ =

2;@ <

c
24 - ) 3.47
where, for simplicity, we have considered a spinless theory (A=A).

From the above equation it is clear that, if the system is unitary, the ground state, i.e.

the state with the lowest energy, is associated with the identity field (A = 0) [33, [34]:

Ve

By ~ ——¢
0 6R

(3.48)

such a scaling is sometimes referred to as Casimir eﬁecﬁ.

On the other hand, if the system is non unitary, there is a conformal dimension A, < 0.
From equation (B.47) it is clear that the ground state is no more associated with the
identify field. In fact, its scaling is associated with the primary field with the smallest

conformal dimension Ay, [50]:

TUCeff

By~
0 6R

(3.49)

5For instance, in the XXZ spin—% chain in the critical region (central charge c=1) the sound velocity is
equal to [52] %ﬂ?/@
cosyo*o®).

"The name is linked with the celebrated Casimir effect in 3+1 dimension [53]. The vacuum energy
(associated with the quantised electromagnetic field) of two infinite parallel metallic plates at distance R

scales with R™3.

where cos 7 represent the anisotropy of the model (Hgpin = —(1/2) > 0%0® +0¥0¥ —
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where ceg = ¢ — 24Anin is the effective central charge. Notice that in the unitary case
Amin = 0 and then c.g = c.

While the standard central charge ¢ is directly associated with the CFT describing a
particular universality class, its effective counterpart is linked with the scaling of the
ground state energy. It is then possible to argue that, in non unitary CF'T, the effective
central charge has a more physical role than its standard version, which is associated

with the symmetry underlying the critical point.

3.2 Integrable Quantum Field Theory

We have just seen that 2D systems enjoying conformal invariance have an infinite number
of integrals of motion thanks to invariance under the Virasoro algebra. In such a case,
there are enough integrals of motion to match all the degrees of freedom of the system. In
this case the model is called integrable, i.e. it can (in principle) be solved exactly.

The conformal invariance is not the only symmetry which gives rise to an infinite number
of integrals of motion. There are also some other non critical theories whose underlying
symmetry is enough to solve exactly the model and to make it integrable. By solving
exactly we mean a computing all correlation functions of local fields, even if it is technically
challenging.

An object we are particularly interested in is the evaluation of correlation functions outside
the critical point in massive integrable models. Such a computation can be done using
the so-called form factor (FF) programme [9, 10], which allows us to expand correlation
functions as an infinite sum over form factors. Before introducing the form factor program,

we will discuss the main features of scattering in integrable QFT (IQFT).

3.2.1 S-matrix

While the S-matrix is an object widely used in QFT, we restrict our analysis to the
systems which happen to be integrable. In QFT by S-matrix we mean the probability
amplitude that a particle state in the asymptotic past (¢ — —oc) evolves into another
particle state in the asymptotic future (¢ — o0). In a generic QFT a number of quantum
charges are conserved through a scattering process. A Poincaré invariant scattering process
preserves the energy and all the spatial and angular momenta [ but not the number
of particles. For instance, a quark down decays into a quark up, an electron and an
antineutrino (beta decay) [54]. An integrable scattering process must satisfy many more

constraints than a standard relativistic process [55, 56l 57, 58, (59]. In particular, it is

80f course, only the total charges are conserved. The momentum of a particle can vary during the
process as long as the total one does not change.
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3.2. Integrable Quantum Field Theory

known that a 1+1 dimensional elastic scattering process is integrable if and only if it
satisfies certain conditions. Firstly it must be completely elastic. A scattering process
is completely elastic if the final state is kinematically identical to the initial state: while
the mass and the momenta of each particle do not change during the proces&@, other
charges can be reassigned. Additionally, the scattering process must be factorisable. The
scattering matrix of an ¢ — ¢ scattering process factorises into (¢ — 1)/2 two-particle
matrices. In particular, there are two ways to factorise a three-particle scattering, as it is

possible to choose two different orders for the individual two-particle processes (see Figure

B1).

3 2 1' > 2
3 r
~ |~
1 3
3 1
1 - 3
1 2 3 2 2

Figure 3.1: The three-particle scattering (first diagram) can be factorised into three two-
particle processes (second and third diagrams). The only difference between the two

factorisations is the order of the individual scattering processes.

Since the amplitude of the three-particle scattering has to be the same regardless
of the order of the individual processes, the two-particle S-matrix is constrained by the
Yang-Baxter equation [60), 61], 11]

S12513523 = 523513512 (3.50)

In addition to these properties, S-matrices satisfy several general physical constraint. Ev-
ery physical scattering process must be um’tamﬁj and it must satisfy crossing symmetry.
While unitarity is associated with the conservation of probability in the scattering, cross-
ing symmetry implies that the process is the same in the three channels s, ¢ and .

In the 141 dimensional case it is useful to introduce new variables in order to represent the

energy and the momentum of the various particles. Relativistic invariance m? = E? — p?

9The individual linear momenta can be inverted.

ONotice that the unitarity of a scattering processes of a massive IQFT and of a CFT are two distinct
properties. In the context of scattering unitarity is associated with invariance under time reversal and
conservation of probability through the process. On the other hand, unitarity in CF'T is associated with
the absence of states of negative norm.
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suggests a new parametrisation of the energy and momentum of a particle:

E = p = mecoshp
p = pt = msinhp (3.51)

The momentum p = (F,p) can then be expressed using a single coordinate 3, called
rapidity.

Let us then denote the two-particle S-matrix as

Seb(6) (3.52)

where a and b denote the incoming and ¢ and d the outgoing particles. Notice that, since
we are considering elastic scattering, the final particles must be equal to the initial ones
(up to a reassignment of the charges).

In the new variables it is easy to write down the explicit constraints given by unitarity

and crossing invariance. The unitarity condition translates to:
Z 521{(5)52?(_5) = 6a05bd (3.53)
ef

On the other hand, crossing invariance imposes the following constraint to the S-matrix:

S&H(B) = S¥ (im—p) (3.54)

where a denotes the antiparticle of a.
From a diagrammatic point of view, the above equation implies that the scattering does

not change when rotating the space-time frame.

Bound states and pole structure

In some theories, the scattering S-matrix presents some purely imaginary poles. If the
two-particle S-matrix Sg,(5) has a pole in ¢, (with u$, €]0,7[) such a pole is called
bound state pole and it is associated to the creation of a bound state. By a bound state
we mean a one-particle state ¢ that can be created by the scattering of two other particles
a and b. In particular, if two particles a and b create a bound state ¢, the S-matrix Sg,

has a simple pole at iug,:

Res Su(8) = (I')’ (3.55)

B=iul,
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where I'? is the relative residue, or three point coupling.
Once we have briefly reviewed the properties of the S-matrix in integrable systems, we can
address the study of the form factor program, which will be largely used in the following

chapters.

3.2.2 Form factors

Before addressing the actual study of form factors, it is useful to shortly discuss the
structure of the Hilbert space. For simplicity we focus on diagonal scattering processes

with non-degenerate mass spectrum.

Faddeev-Zamolodchikov operators

In order to describe the operators responsible for the creation of particles, it is useful
to compare these operators with the familiar creation/annihilation operators of fermionic

and bosonic systems:

[C(ﬁﬁ,c(ﬁz)q .= 2m6(Br — Pa)
cB)eBa) | =[B! B)]_ = 0 (3.56)
¥ -

where the sign F refers to either boson (-) or fermion operators (+.

These operators can be used to explore the Hilbert space of particles obeying the Bose-
Einstein or the Fermi-Dirac statistics. In practice, the two statistics differ only by the
parity of the commutator. In order to describe more complicate statistics (also-called
anyonic statistics) the above relations should be generalised.

We can then introduce the so-called Faddeev-Zamolodchikov (FZ) operators, a generalisa-
tion of the usual creation/annihilation operators. In particular the operator V() anni-
hilates a particle of type « with rapidity 8, while VOJZ (B) creates the same particle. The

exchange relations of these operators are given by the so-called Faddeev-Zamolodchikov

algebra:
Vai (ﬁZ) Vaj (ﬁ]) - Soziaj (/81]) Vaj (ﬁ]) Vai (ﬁZ)
Vd, (B VA (B)) = Saua, (Bis) Vi, (85) Vd, (8:)
Vai (B:) V(;rj (B;) = Soziaj (Bis) V(;rj (85) Va, (Bi) + 27T5ai04j5 (5U) (3.57)

In particular, it is clear that the boson/fermion commutations relations are recovered from

the Faddeev-Zamolodchikov algebra once their S-matrices have been taken into account,

"a,b]- = [a,b] = ab — ba; [a,b]+ = {a,b} = ab + ba.
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since the S-matrix of free bosonic(fermionic) system is equal to (minus) one.

Quantum states can then be described as the action of V' operators on the vacuum:

Vi (B VY, (B2) -V (B 10) = 181,82, .-, Bedaras-—ar (3.58)

while V,,(8) acts as annihilator:
Va(B)I0) = 0 (3.59)

Since the FZ operators depend explicitly on the rapidities, Poincaré transformations act

in a very simple way:

Va(B) — Va(B+e) Lorentz boost
Va(B) — PV, (B) Translations (3.60)

Of course, these simple properties are reflected on the states created by FZ operators.
The last equation of (3.57)) gives also an explicit expression for the inner product between

states. For example:
a1 (B1lB2)as = 2M0ayas0 (B12) (3.61)

where /Bij = 52 — ,8]‘.
We can now try to assemble a vector basis for the Hilbert space. Let us consider the

following two-particle state:

181, B2)aras = Vi, (B1) Vi, (B2) [0) (3.62)

Using the second relation of ([B.57)) it is equal to

Saras (/812) Vonrg (/82) V(;fl (51) |®> = Sajas (/812) |52751>0201 (3'63)

181, B2)aras and |52, 51)asa, are then clearly linearly dependent. In order to select a basis
of linearly independent vectors, we add an additional requirement on the basis vectors: by
convention, we arrange rapidities in decreasing order for incoming states and in increasing

order for outgoing states:

B1 > P >--- > [y incoming state
(3.64)
b1 < By <--- < B¢ outgoing state
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3.2. Integrable Quantum Field Theory

Selecting this order for incoming (outgoing) states, we can build up a basis for the Hilbert
space of incoming (outgoing) particles.

We can now address the definition and the properties of form factors.

Form factors

Let us consider the following matrix elemen of an operator O between an {-particle

(incoming) and a k-particle (outgoing) state:

Qg1 </8€+1’ s ’5K+k|0(x)|51, ce aﬁ€>a1---ag (3.65)

The operator O can be translated to x = 0 via
O(x) = Pt O(0)e Put" (3.66)

The action of p onto states is simply given by:

)4
ﬁu‘ﬂla--- 7/8Z>041~~~ag = <Zpu(5z)> ’/817--- 7ﬂé>a1---o¢g (367)
i=1
Equation (B.65]) can be then written as

( S pulB)- m(ﬁj))w
e \* j=1 Q- <ﬂg+1, o ,,Bngk‘O(O)’,Bl, o ,,8@>a1...a[ (3.68)

Let us now define the ¢-particle form factor FF of the operator O as
Olay -
FAovee g B = 00081, Bedaray (3.69)

If the theory is local and Poincaré invariant, form factors of scalar fields will depend only

on the differences of rapidities:

Fgo\oq"'af (51’ o ,ﬁg) = Fg@\al---ag (,812, ,813, R 7/8jk7 .. ) for j < k (370)

A graphical representation of a form factor can be found in Figure B3l

21n the following, we will consider all matrix elements between out (left) and in (right) states.
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B, ... B, B

Figure 3.2: Form factors of the operator O with £ incoming particles

3.3 Form Factor Equations

Similarly to the S-matrix, form factors must satisfy some constraints based on physical

requirements. For simplicity, we consider theories with diagonal scattering only.

Watson equations

From the definitions (3.58) and (3.69) and the Faddevv-Zamolodchikov algebra ([B.57) form

factors must satisfy two conditions, known as Watson Equatz’ons

Fprei e By By Bigts - -+ Be)
= SonOéi-H (5i7i+1)FZal it (/817 cee 7/8i+17ﬂi7 s 7/85) (371)

FKQIQQ.HO{Z (51 + 271'27/827 CCI 7/8Z) = FKO{Q.“QZQI (/827 e 75@7 51)

¢
= (H Sa;an (ﬁi,l)) F (B, ..., Be)
i—2

(3.72)

The first equation simply follows from the second identity of (B.57) and can be interpreted
with the help of the graphical representation:

131n the following, we will omit the operator @ in the form factor in order to have a more compact
notation.
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% %
B, b
[5- Bm ﬁt ﬁi B"i Bt

Figure 3.3: Graphical representation of the first Watson equation. In the form factor on

the right the two particles ¢ and ¢ + 1 have been exchanged. Since these particles live in

a two-dimensional space-time, the scattering is unavoidable.

The first Watson equation simply describes the exchange of two particles. To restore
the original order, the two particles exchanged must scatter and this process is represented
by the S-matrix. If the particles were in a higher dimensional space, they could have been
exchanged without any scattering. The second Watson equation (8.72)) is given by the fact
that the first particle becomes the last when rotated around the operator O. The second
equality is a simple consequence of the first Watson equation (B.71]).

At A

Figure 3. 4 Graphlcal representation of the second Watson equatlon A shift by 27i in
the first rapidity implies a complete rotation of the particle around the operator O. The
initial order of particles can be restored by making the first particle scatter with all others.

Watson equations are not sufficient to entirely determine the form factors expressions.
However, additional constraints exist which follow from the pole structure of the form
factors.

Poles structure

There can only be two kinds of poles appearing in the form factors’ expressions: the

kinematic and the bound state poles. Each pole gives rise to an associated residue equation.
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The kinematic residue equation is given by:

¢

BRGE Fg}‘_);oal---az(go +im, Bo, b1y -, Pe) = @ (1 — H Saoay (515)> EPve(By,. .., By)
0=p0 =1

(3.73)

where ag denotes the antiparticle of ay.

Shifting a rapidity of a particle by i7 is equivalent to inverting the direction of the motio,
transforming the particle from incoming to outgoing. Since the scattering amplitude di-
verges when an incoming and an outgoing particle have the same rapidit, form factors
preserve these poles at f3;; = im (kinematic poles).

Moreover, when the scattering matrix has a pole itself, the corresponding form factor

preserves the same pole (bound state pole):

ﬁljfgl Fﬁféla?“ae (/80 + iugoal’ﬁl’ s ,5f) = FgoangaOQmae (/81’ s ,5f)

(3.74)
where iug, ,, and I'y ,, are one pole of the S-matrix and its residue.
Once we have introduced all the relevant physical properties of form factors, we can
describe the tool to compute their explicit expressions. Firstly, we will define minimal
form factors, which are the building blocks of form factors with any number of particles.
The second step will be the implementation of recursive equations to build up high particle

form factors using Watson equations and the knowledge of their pole structure.

Minimal form factors

In order to construct high particle form factors (i.e. with more than two particles) we start
from the so-called minimal form factors, denoted by Fi.in, which satisfy Watson equations
B for ¢ = 2 but are free from kinematic poles

Fr?ﬁlr?g (/8) = Soz1a2(5)Frii2nal(_/8) (3'75)

Faim () = Foin*(@2mi—p) (3.76)
While minimal form factors have no kinematic poles, they may have bound state poles if
the S-matrix has any. For instance, form factors used in Chapter [6l have bound state poles
while the ones of Chapter [§ do not.

The minimal form factors can be derived using an integral representation of the S-matrix.

MSince pu (B + im) = —pu(B), the particle becomes an anti-particle travelling backwards in time.
15The scattering amplitude depends explicitly on a delta function 5(2)(1)1 —p2).
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3.3. Form Factor Equations

Representing the S-matrix as:

e dt t
SOZICVQ (/8) = €exp |:/ _Salag (t) Sinh _ﬂ:| (377)
0 t 1T
the minimal form factor is then given by
© dt Saqas(t) . tr(im — )
o1 a2 _ St oajaz 2
Fain®(B) = Nexp [/0 t sinht S ( 27 (3.78)

where the normalisation factor A includes also the bound state poles (if any).
Once the explicit expressions of minimal form factors have been derived, higher particle

form factors can be written as:

Foin’ (B
Féxl X (,81,...,,8@) = ?1 X (1‘1,...,.%'3) M (379)
1<) v J
where z; = €%. Kinematic poles are encapsuled in the denominator 1/(z; + CC]'.

The function @ is a pole free, completely symmetric function on the physical sheet
Imp;; € 10, 2n[. This is because all the physical features of form factors (poles and Watson
conditions) are satisfied by Fin/(x; + ;). The explicit expressions of the polynomial Q
can be derived recursively exploiting the pole structure of form factors.

Using the tool we have just introduced it is then possible to construct all possible form
factors with arbitrary number of particles. Of course, even though there is no upper limit in
the number of particles in a form factor, in an actual computation usually the expressions
of many particles form factors become too complicated to be handled. Fortunately, in the
majority of cases few particles are enough to describe faithfully a correlation function (see,
for instance, [62] (63, 64]).

Kernel solutions

If we have a closer look at the procedure to construct the explicit expressions of form
factors, we should notice that it does not depend explicitly on the field O. Additionally,
when we compute the £ 4 2-th form factor from the ¢-th and the £+ 1-th ones, there is no
guarantee that the solution is unique. In general, all local operators have form factors that
satisfy the same equations. As we showed before, using the kinematic residue equation,

we can relate form factors with £ and £ + 2 particles:

FP = C[F3,) (3.80)

16 efitim 4 efi = —ePi 4 efi =0 for B; = ;.
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3.3. Form Factor Equations

On the other hand, bound state poles connect the ¢-th and the ¢41-th form factors:
FP = B[F2,] (3.81)

The functions € and B simply indicate the residue operation relative to, respectively, the
kinematic and the bound state poles.

Since we do not know a priori if € and B are injective, it is possible to generate different
solutions every time we increase ¢ [65]. In particular, the above equations have some kernel

solutions R:

(3.82)

1 These kernel solutions give no contributions to the residue equations because they do
not have any poles. Since higher particle form factors can be obtained by inverting the
residue equations, kernel solutions must be taken into account. A solution of the above

kinematic residue equation will then have the generic form:
FRy = Fgs+ R0 (3.83)

where FﬁQ is a particular solution of equation (3.80).

The richness of the space of form factors can be associated with the multitude of local
fields they are associated with (see e.g. [66, 65 [67), [68]). Moreover, it has been noticed
n [69], that the two-particle form factor of a modified twist field (see Chapter [f]) arises
naturally from a kernel solution. For this reason, every time the form factor program is
used to evaluate a correlator (see next section), it is important to check that the series of

form factors is the right one for the correlation function under consideration.

3.3.1 Correlation functions

Once the explicit expressions of form factors have been computed, they can be used to
evaluate correlation functions.

Consider the following correlator:

Ga(x) = (00(x)0'(0)[0) (3.84)
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3.3. Form Factor Equations

The complete resolution of the identity can be written in terms of the states defined earlier

E):

1 d
1 = ZE > /ﬁwl,...,ﬁ@m___az ar-ap (B, - Bl (3.85)
=0 " a1-ay

Each term of this resolution is nothing but a projector onto the space spanned by an
element of the basis of the Hilbert space. Since the basis chosen is orthogonal, the identit
operator of the relative Hilbert space can be constructed by the sum of such projector

We can then insert the above resolution of the identity between the two fields © and Of:

0o de
GQ(X) = Z% Z /ﬁ«mo(xﬂﬁlw--aﬁ€>a1---az al"'az<51a"'aﬁf|0(0)|®>
=0 " ar-og

4
—im Yy (COSh Bix+sinh Bil"l)

0o 1 dﬁ

- ZE > /ﬁ!<®\O(O)yﬁ1,...,5@@1___%,26 =
=0 ai-ap

(3.86)

In the last step we have used (B.68) and, for simplicity, we assumed that all the particles
have the same mass m; = m. Thanks to Lorentz invariance, whenever the two points x
and O are separated by a time-like interval, we can rotate the frame of reference in order

1

to make the spatial distance z! vanish. After a Wick rotation iz® — r, the correlation

function becomes

I
oo 1 dﬁﬁ g —ercoshﬁi
GQ(X) = Z— /W Ff l(ﬁl,...,ﬂg)FG J=1
e

(3.87)

where r is the Lorentz invariant distance (ml)Q — (560)2 between the two points  and 0.
Thanks to the above equation we can express every correlation function as an infinite sum
of form factor contributions. If the theory is also integrable, we can, in principle, construct

the entire infinite series of form factors and evaluate the correlator exactly.

It has to be noticed that it is generally very difficult to resum the complete series of

form factors, apart from some simple cases, like the twist fields [70] or energy-energy

"In our notation, each term has integration domain R*. It should be noticed that it is in contrast with
the convention used to define basis vectors. To take into account this discrepancy, we divided each term
by ¢!. In other words, we divide by ¢! in order to avoid overcounting states. Such a coefficient is simply
the ratio between the volume of the box [—L, L]* and the volume of the domain {& € [—L, L]’s.t. z; <
To < e < Tp)e
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3.3. Form Factor Equations

[64] correlation functions of the Ising model. Even though the form factor expressions
themselves are known in many theorle@ the main difficulty is usually the (numerical)

integration of all the terms of the series.

3.3.2 Ultraviolet limit

The form factor expansion can be used not only to compute the actual values of correlation
functions, but also some physical constants involved in the scaling of correlators. Since the
term exp (—mr Z§:1 cosh ﬁj> decays very quickly for large mr, the form factor expansion
is very precise in the far-from-criticality region. On the other hand, it would be useful
to extract some short distance scaling information. In order to probe this regime, we can
rearrange the expansion in a more convenient way to study the ultraviolet scaling [74) [75].
Instead of computing the form factor expansion of a correlation function, we can compute

its logarithm, using a different series:

4
—mr Y cosh B;

O(x dfﬁ Fee 2=t
g CT0) ZE,Z/ (Bro...b)e

gy

(3.88)

where the new functions H; must be chosen in order to match the two expansions (B.85)
and log of (B.87). For instance, the first three Hs are give by

I ohe
H{ () = % (3.89)
e ) = B ) g ) (3.90)
H§é10¢2o¢3 (,81,52,,83) _ |F3 <((9/8>12’ 52,53” _ Hixl (51)[_[{12 (/Bz)Hlozg (53)

—  H3' (B, 82) HY® (B3)
—  H3' (B1,83) HY* (B2)
— H3*% (B2, B3) HY" (B1) (3.91)

The H, terms can be seen as the connected part of the |Fg|2 terms. From an intuitive
QFT point of view, ’Fg’Q is to the partition function as Hy is to the free energy.

The short distance scaling is given by

(O(r)0(0))

e ~ Ko xr%o (3.92)

18Like, for instance, the sinh-Gordon model [63], the Lee-Yang model [62] or the Ising model in a
magnetic field |71, [72], [73] .
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3.3. Form Factor Equations

where the coefficients Kp and xp are constants depending on the particular field O.
Comparing such short distance scaling with (3.88)) we can extract Ko and zo from the
form factor expansion. In other words, we can write an explicit form factor expansion for
the two constants.

Thanks to Poincaré invariance, we can shift all the rapidities by Si:

4
—mr Y cosh f;

0g OBZO S0 S [l 0= b - e
(0) yrd (2m)

ooy
(3.93)
Performing a change of variables
pi — t
ﬂj — tj + 1t (3.94)
the integral becomes
4
/ (;lﬂ_];g Hzoq---ozg (0, to,... ,tg) efmr[cosht1+cosh(t1+t2)+---+cosh(t1+t[)} (395)
dto -+ - dty gy —mpr[cosh ¢1+cosh(t1+¢2)+--+cosh(t1+¢,)]
= WHZ (O,tz,...,tg) dtie
(3.96)

The exponent can be rearranged in the following way:

coshty + cosh (t1 + t2) + - - - + cosh (t1 + t¢)
= cosht; + coshty coshty + sinh ¢q sinhty + - - - + cosh ¢1 cosh ¢y + sinh ¢1 sinh ¢,
= cosht; (14 coshty + -+ + cosht;) + sinht; (sinhtg + - - - + sinh ¢y) (3.97)
Then, the last integral of (3.95) can be performed exactly:
o
/ dtle—mr[cosh t1+cosh(t1+t2)+--+cosh(¢141tp)]
—0oQ
_ /OO dtle—mr[cosht1(1+cosht2+~~~+coshtg)+sinht1(sinhtg—i—---—f—sinhte)}

—00

= 2K0 (m?“dg) (3.98)
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3.3. Form Factor Equations

where K is the modified Bessel function of the second kind [49] and d; is given by
d? = (1+coshty+---+coshty)? — (sinhty+ - - - + sinht)? (3.99)

Putting everything together, (8.88) becomes

(0 0
10g% Zgl Z /d 1tHo‘1 (0,11, 1) Ko(mrdy)

Qo

(3.100)

In order to study the short-distance scaling, we can expand the Bessel function around

mr = 0:
Ko(mrdy)) = (log2— g —logr —log(mdy)) + O ((mrd,)?) (3.101)

n
where v = lim <Z —log n> = 0.5772156649. .. is the Fuler-Mascheroni constant.

Collecting all the log r and the r-independent contributions from (B.I00) we have

OOt (0 d 't Jrra
10g< (<29>2( ) = —logr [22 i Z/ (0,t1,...,te— 1)]

e REe7)

_ [ Z . Z /dz Hp (0,1, ... t—1) (longdz—vEﬂ

Qo

(3.102)

Comparing the above expansion with ([8.92]) we obtain a form factor expansion for z¢» and
Ko:

dz* a1
- 477251 Z / o)~ 1H 0, tee) (3.103)

e REe7)

j ey | d=1t o0 mdy
o [~ Y )

(3.104)

This ultraviolet scaling can be compared with the conformal scaling, since (at short dis-

tance)

(O(r)01(0)) ~ Colyr 22ho=Ar) (A (3.105)
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3.3. Form Factor Equations

where Ay, is the field with the smallest conformal dimension arising from the OPE between
O and OF (see the end of this chapter). Since in ordinary unitary theories Ay = 1 and
C(})(’) = 1, we can use the form factor expansion of K¢y to compute the vacuum expectation

value of O. Combining ([8.92) and (3.105) we obtain
(0) = ——— (3.106)

Notice that the vacuum expectation value of a field in the massive regime is not always
easy to evaluate. The form factor programme gives a powerful tool which can be applied
in a multitude of cases.

The study of the ultraviolet regime can also be used to test (or identify) the form factors.
A direct comparison between o and Ap (or something slightly more complicated for the
non unitary cases) is a strong check and can be used to test whether the right form factors

have been used.

3.3.3 Non unitary case

The form factor program can be used also when studying non unitary systems, even if
some modifications need to be put in place. Since form factors can be derived directly
from the S—matri and from its pole structure, the procedure is similar to the one for
unitary systems. The main difference appears when evaluating correlation functions using
form factors. The formula (B.87) has been derived from the tacit assumption that bra

states can be mapped onto ket states by a simple Hermitian conjugation:

(Brs- ., B|OT0) = (B|O|Br,- -, Br)" (3.107)

While this relation holds for unitary theories, it is no more valid in non unitary models. In
the Lee-Yang model it is possible to show explicitly that bra and ket states are connected

via a slightly different relation (¢ is the fundamental Lee-Yang field):

Broo Bl o (16081 B
@ = ( @) > (3.108)

In unitary theories, the bound state residue I'? is always positive. On the other hand, a
signal of non unitarity of a theory is the wrong sign of the residue I'> < 0, even though
the associate S-matrix satisfies the unitarity condition S(8)S(—3) = 1. For instance, in

the Lee-Yang theory (see Chapter [)), the residue is —2v/3. When a theory is non unitary,

9Note that even though the theory is called non unitary, the S-matrix describing the process satisfies
the unitarity condition.
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3.3. Form Factor Equations

it is possible to define a charge conjugate operator C [76]:
CpC = —9¢ (3.109)

Moreover, the associate quantum Hamiltonians H (see [77] and Chapter [7) is not hermi-

tian, even though has real eigenvalues and satisfies a “relaxed” hermiticity condition:
CHC = H' (3.110)

Since the Hamiltonian is not hermitian, left and right eigenvectors are not related by a
simple hermitian conjugation. The operator C provides a “generalised hermitian conju-
gation”, i.e. it maps asymptotic past states into asymptotic future states. Since a generic
state is generated by the iterate action of the field ¢ on the vacuum state, using ([B.109)) it
is possible to show that asymptotic states are eigenvectors of the operator C with eigen-
values (—1)¢ (with £ being the number of particles). Since the two matrix elements of
(BI08) are related one to the other by a “generalised hermitian conjugation” the (—1)*
appears.

For non unitary models, the formula ([B.87) is then modified to

¢
Féll-“az (B1,...,0Be) 2 e—mrjgl cosh 3;
(0)

(0(r)01(0) _ (=1
((9)2 o EZ; yAl Z/

e SRENe7)

(3.111)

For the very same reason, formulas (3.88)), (8.103) and (B.104) will be affected in a similar

way:

log

(0)2 17

(OE)O0) _ (=
B g (2m)

14
dz o —mr Z cosh 3;
Z / /8£H€1 e(ﬁl""’ﬁﬁ)e =t
£

o

(3.112)

1 e ( dg lt S
ro = 47TZ gl Z 2m)- o=t He (0,81, te—1) (3.113)
=0

a1y

~

e

Ko log [

oo df 1t oy
Z E‘ Z /(27T)€ CHJ (0,1, s te) <log%—’yE>]
=0 ’

a0y

(3.114)
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3.4. Operator Product Expansion

Since the model studied in Chapter [6] will be non unitary, we will use these last formulae,
which include the (—1)* factor. On the other hand, the analysis performed in Chapter §

will look at unitary theories and we will then refer to the unitary expansion (3.87]).

Even though the nature of the (—1)¢ sign is quite strange, this factor gives a strong
benefit to numerical computations: alternate series usually converge at a much faster rate

than series with elements all of the same sign.

3.4 Operator Product Expansion

In Quantum Field Theory the Operator Product Expansion (OPE) define the product of
two fields as a sum of all possible fields in the theory. Consider the product of two operators
04 and Op at two different points x and y. The OPE between the two operators gives

rise to a (possibly infinite) sum of all the operators in the theory:
Oa(@)0p(y) = Y Clhpllz —yNOu(y) (3.115)
k

where Oy, are the various fields in the theory.

The main idea is to express the product of the two operators at different points as a
sum of other operators in one of the two points. Once the operator content {Oy }j of the
theory is known, the OPE can be performed between any two fields once the coefficients
Ck 5(Jz — y|) are known. While OPE is a tool available in any QFT, the form of the

coefficients C' is very simple in CFT. In particular these coefficients become:
Clhp(lz —yl) = Chp - o —y| 2 BatA8720) (3.116)

where Ck, are constants (called OPE structure constants) and A}, are the conformal
dimensions of the theory. Notice that the OPE structure constants are the same constants
appearing in the scaling of three-point conformal correlation functions. On the other
hand, when considering a perturbed CFT (i.e. a system just outside its critical phase) the
coefficients C' can be expanded as a power series in the distance and the coupling constant
of the field responsible for the off-critical perturbation. An actual example of OPE in the

two regimes (critical and off critical) can be found in Section

3.5 Conclusions

In this chapter we reviewed very briefly some fundamental concepts of integrable field the-

ories. In particular we focused on the case when the system is critical and can be described
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by conformal field theory and on massive theories with infinitely many conservation laws.
Moreover, we introduced the form factor programme for the study of correlation functions
in massive QFT. In the next chapters we will largely make use of all the tools we have just
presented in order to evaluate the amount of entanglement in integrable quantum field

theories.
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Chapter 4

Entanglement in Quantum Field

Theory

In previous chapters we discussed quantum entanglement and some of its measures.

In this chapter we will address the evaluation of the entanglement entropy in systems
whose properties can be described by a quantum field theory.

In particular we will focus on one-dimensional systems, such as spin chains. We will
introduce the so-called replica-trick and its application to conformal field theories and
integrable systems [7], [8 [14]. After having explained in some detail the replica trick and
its applications in computing entanglement entropy in CFT, we will discuss some known

generalisations to the massive case.

The main idea behind the replica trick is to compute the trace trp’y as a partition
function of n copies (or replicas) of our original theory. The interaction between these
copies depends on the shape of the subsystem A and it affects the scaling of entanglement.

Once the trace has been computed, it can be used to compute the Rényi entropy:

1
Sy, = - log trp’} (4.1)

Even though the number n of copies is integer, in some cases it is possible to perform an

analytic continuation of the Rényi entropy to compute the actual entanglement entropy:
S = —tr(palogps) = lim S, (4.2)
n—1

In this chapter we will focus on the evaluation of the trace trp’. While the leading
logarithmic term of the scaling of the entropy usually can be easily analytically continued,

the various corrections to such scaling sometimes require some additional effort to be
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4.1. Entanglement Entropy and Partition Functions

computed at n = 1.

4.1 Entanglement Entropy and Partition Functions

As we said, the scope of this chapter is the study of the scaling of entanglement entropy
in one dimensional systems. In our considerations the physical dimension of the system is
represented by the real axis of a complex plane C. On the other hand, the imaginary axis
plays the role of the euclidean time. For simplicity, we consider a finite system [z1, z2] and
we are interested in the entanglement between its subsystems A = [a, b] and the rest of the
system B = [z1,a] U [b, z2]. Following [8], we consider a discrete system in order to give
sense to some notations otherwise ambiguous in a continuum framework. However many
of the definitions and tools we will use in this section are more suitable in a continuum
description of such models. The main idea is to consider a case such that a continuum
limit can be performed. Even though the system is discrete, the number of sites is large
enough (and the lattice spacing is small enough) to let the the system “look” continuous.
In such a limit a field theory description is perfectly suitable to investigate the properties
of the system.

To describe faithfully the system we consider a complete set of commuting local observ-
ables, denoted by {¢(z)} with [{¢(x)}) and {¢(z)} being the respective eigenvectors and
eigenvalues. For instance, when considering a spin system, the local observables could be
the spin operators at each site. Let H be the Hamiltonian underlying the time evolution

of the system. The density matrix p at inverse temperature 8 is given by

1 ~
p = e PH (4.3)

where Z(8) = tre=PH is the partition function.
The matrix elements of the propagator ({¢”}|e P |{¢'}) can be evaluated using an eu-

clidean path integral formulation (S = [ d*z L[¢](x,t) euclidean action):

{o" e T {g'}) = /D Do(z,m) e ] 8(e(x,0) — ¢/ (2)d(d(z, 5) — ¢"(x))

rEsystem

(4.4)

which is a path integra from the state ¢’ at euclidean time 7 = 0 to ¢” at 7 = 3. The
role of the § function inside the integral is to identify the states at the bottom and at the

'The symbol O = [x1,22] x [0, 3] represents the rectangular domain of the path integral. Tt will be
used to represent both the integration domain [z1,z2] x [0, 8] in normal integrals and the domain of fields
on [z1,z2] X [0, 8] when path integrals are taken into account.
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top with the given initial and the final states.

T

'y
B ¢

¢
-
B P SEEE—
system X

Figure 4.1: Propagator using path integrals.

H

The partition function can be obtained in a very similar way. Since Z(8) = tre #H

the partition function is given by:

28) = [ Dotar) e ] d(0(w.0) = o(a.9) (4.5)

rEsystem

This main difference between these two path integrals is given by the boundary conditions:
while in the propagator they are fixed and equal to given configurations ¢’ and ¢”, in the

partition function they have been identified (¢/ = ¢ = ¢”) Let us now focus on the

2N

o'=9"

Figure 4.2: Partition function

evaluation of the reduced density matrix p4. Also in this case we have to “bend” the
propagator (fig. 4.]) into a cylinder, but, if we identify the two edges only for = € B, the
degrees of freedom of A remain free. This process is indeed equivalent to tracing over B’s

degrees of freedom or, in other words, to compute the reduced density matrix p4. Its path
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4.1. Entanglement Entropy and Partition Functions

Figure 4.3: Reduced density matrix.

integral representation is given by:

Whleallohh) = 5755 [ Dotwr) e
x I 0(6(,0) = ¢a(2))6(6(x, B) — ¢4 (x))

€A
<[] 0(=z,0) - ¢(x,8))
¢ A
(4.6)

Once we have computed the reduced density matrix, we can address the evaluation of the
Rényi Entropy using this path integral formulation.

Let us suppose we are interested in evaluating ,0124. Its path integral representation can be
given by two copies of the propagator (A4, i.e. by two rectangles. For each rectangle, all
the points outside A on the top and the bottom edge are identified. Moreover, the points
inside A on the top edge of the first rectangle are identified with the respective points
inside A on the bottom edge of the second rectangle.

In the path-integral formulation these conditions become:

WANAROY = 5 [, Do@r)Doaa.rye | = Entenseleaen)

2

i=1z¢A

X H §(¢1(x, B) — ¢a(w,0))

TEA

X H 8(¢p1(x,0) — ¢/y(x))

€A

x 11 6(e2(x.8) = ¢a(x)) (4.7)

€A

The first set of deltas (2nd line) represent the identification of the points outside A on
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4.1. Entanglement Entropy and Partition Functions

the upper and lower edges of the two rectangles. The following deltas (3rd line) connect
the points inside A on the top edge of the first rectangle with the respective ones on the
bottom edge of the second rectangle. The last two lines identify the lowermost and the
uppermost edges with the states assigned ¢/, and ¢’j. When taking the trace, the last two
lines of the above equations change accordingly: the points inside A on the top edge of
the second rectangle are identified with the respective points on the bottom edge of the

first rectangle:
1
tPA Z(B)? /DQ O1(2,7) D, T)e

2

i=lagA
x ] 6(¢1(x, 8) = ¢a(x,0))

T€EA

X H §(¢1(x,0) — p2(x, B))

T€EA

Of course, this construction can be extend to arbitrary n € N:

1 n [ 3 £li(er)
i = i [ ([Tooien) 0
Z(B)" Jar \ 7

1=1z¢A
X H H 5(¢2($,ﬂ) - ¢i+1(x70))
i=1x€A

<[] 6(1(2,0) = ¢n(, B))

€A

(4.9)

where we have made the identification n + 1 = 1.

From a field theoretical point of view, the evaluation of the trace trp’y can be performed
by computing the partition function of n copies of the original theory. These copies are
“almost” independent of one another but for the points around the subsystem A. Such a
construction, which has been developed for the first time by P Calabrese and J Cardy [§],

provides a very good operative tool to evaluate the Rényi entropy using QFT partition

69



4.1. Entanglement Entropy and Partition Functions

functions@.

The complicated integration region and the intricate set of delta functions can be
encapsulated in the definition of a particular surface M,, (a Riemann surface) whose
geometry is given by the aforementioned constraints. In this notation, the collection of
different fields {¢;}!" ; living on the different copies of O is replaced by a single field
¢ which is defined on the whole surface M,,. The two segments A on the top and the
bottom of each sheet I become branch cuts. This is because of the gluing conditions
between sheets described before. These cuts are analogous to the branch cuts commonly
encountered in the study of complex multivalued functions. For instance, the function
f(2)=2Y™ has a branch cut in [0, +oo[ and a branch point at z=0. When considering
a particular value of such function, say at z=2 + ie (e > 0), this value changes when
performing a rotation around the origin: f(ze2™) # f(z). Such an inequality is given by
the branch cut, which affects the value of a function every time it is crossed. The branch
cut makes the function single-valued and analytic. This example is particularly suitable
for the description of the surface M, not only because it represent n sheets sequentially
connected, but also because the branch cut of 21/ is “periodic”: when it is crossed n
times the value of the function comes back to its original value f(ze?™)=f(z). In the
same way, each time a particle in the sheet 7 crosses the cut A it ends up in the sheet i+ 1,
but it comes back to the original place after crossing the cut n times.

From a mathematical point of view, such a surface cannot be a manifold, since the points
around @ and b cannot be mapped to some R™ smoothly. The mathematical object suitable
to describe such a surface is the orbifold. From an intuitive point of view, an orbifold is a
manifold quotient by some symmetry group. In particular, the surface M,, is equivalent
to R?™® where some points are identified between the copies thanks to the connections of
the sheets (1" through the points in A.

For instance, the n = 3 equivalent surface can be represented as

For generic n the path integrals takes the form
1

noo—= — [ &z Lg](x,7)
trp’y Z7 o, Do(x,T) e (4.10)

The lagrangian density £ depends only on one single field ¢ which “lives” on the entire
surface M,,.

In the zero temperature case (8 — o0) the cylinders of Figure 1] become complex planes.
For instance, the graphical representation of the n = 3 case is given by: As we have just

seen, the computation of the Rényi entropy (and the entanglement entropy) involves the

Different geometrical arguments had already been used [7] to compute the Rényi and von Neumann
entropy in CFT.
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4.2. Branch Point Twist Fields

Figure 4.4: Surface M3 for n = 3.

Figure 4.5: Surface M3 for n = 3 and = oo. Picture taken from [14] with permission
from authors.

evaluation of complicated path integrals, which can be interpreted as partition functions
on particular geometries (A.I0). Alternatively, we can simplify the integration domain by

introducing some special operator to guarantee the equivalence between path integrals.

4.2 Branch Point Twist Fields

Consider the partition function (€3], which is defined on a collection of n rectangular
sheets. The J-functions inside the path integral constraint the values of the fields at some
particular points. In order to get rid of the J-functions, we can restrict the integration
domain from " to C, which is equivalent to (1" once removed all the configurations not
allowed by the ds.

n 1 - [ 3 L))
trpy = Z(ﬁ)”/c (ll_[quﬁl(x,T)) e =1

(4.11)

The main idea is to relax the conditions of the domain C to the much simpler domain

™. If we do so, the various fields ¢;s are now completely free and can take different

71



4.2. Branch Point Twist Fields

values around the subsystem A. Since ¢;(“just below A”) = ¢;11(“just above A”) in the
definition of the trace trp"j, we need to restore this constraint. To do so we introduce
two fields, called branch point twist fields T and T, whose role is to implement the above

constraint on the fields ¢;s.

n - [z 3 Ll (@
trpl} :-—L—/n<[pwmmﬂ>7mﬂwmjm &l

(4.12)

Even though twist fields have been known for a long time in the literature [78], [79], in
[8] the authors associated the branch points of Riemann surfaces to some quantum fields.
Subsequently, [14] such quantum fields were interpreted as twist fields.

The action of the twist fields is to actually create the branch cut. In particular, the field
T (a) creates a cut from a to +oo, while 7(b) creates a “reversed” cut from b to +oc.
For reverse cut we mean a cut which works like a normal branch cut, but with opposite
orientation. If T creates a cut which maps the sheet i to ¢ + 1 when a particle crosses it
from below, the reverse field 7~ performs a mapping from i to i — 1. The combined action
of the two fields creates a finite branch A. In particular, while 7 (a) creates an infinite cut
from a to infinity, 7 (b) annihilates the effect of 7 (a) from b onwards.

From the operators point of view, the action of these fields on an operator ¥; (the ith

copy of some operator ¥ of the original theory) is given by:

Ui(y)T(x) = T(2)Wiply) fora' >y
Ui(y)T(z) = T(x)Wily) fora' <y (4.13)

where z = (2%, 2') and the above relations hold at “equal time”H 20 =Y.

Similar relations hold also for the the conjugate field 7

U(y)T(x) = T(@)Pi_1(y) for z' > y!
\I/Z(y)i'(x) = T(x)¥;(y) for z! < y! (4.14)
The equation 4.12] does not seem a particular improvement to the previous partition func-

tions. The tremendous advantage that such a formulation gives is the fact that it is the

actual definition of the correlation function between the two twist fields 7 and 7!

tmﬁm<ﬂ®f®wmﬁw (4.15)

3The action of twist fields is defined at equal time since they create horizontal branch cuts.
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4.3. Entropy in Conformal Field Theory

where <->|:|7 @ is the expectation value taken on (3 with n copies of the original theory
(with lagrangian £0)[¢1,..., ¢, = 27| L[¢i]). As we will see in the next sections, it is
worth stressing which theory we are referring to when computing correlation functions.
The action of twist fields inside correlation functions can be better understood by looking

at its operative definition [14]:

(T(@T®)¥i())
(T(@TW)

,c0

= (V(x;sheet 7)) vy, r (4.16)

0,20

On both sides of the above definition the operator ¥ appears. On the left hand side W;
is the ith copy of the original field living on 3. On the other side it is the same operator
W, but in this case its domain its given by M,. Since ¥ is multivalued on M,, it is
important to indicate which sheet we are referring to. Apart from the actual domain of
fields, there is a substantial difference also concerning the operator content between the
two sides. Consider, for instance, a simple theory with a single field ¥ living on [ and a
langrangian £, to obtain the left hand side of (A1) we copy the original theory n times
and we add the twist fields. On the right hand side the theory remains the same (from

the lagrangian point of view) but the domain of ¥ becomes M,,.

Since we are interested in the ground state properties of very large systems, the inte-
gration rectangle 3 will be extended to the whole plane C. A particular case when the
scaling of entanglement entropy can be computed is when a method for the evaluation
of the correlation function ([4.I5) is available. In the next sections we will discuss the
scaling of this correlator in some known cases. In particular we will focus on critical and
off critical unitary systems. In the following chapters we will extend these results to some

non unitary cases.

4.3 Entropy in Conformal Field Theory

In the specific case of critical systems enjoying conformal invariance, two-point correlation
functions like (£I5) have a very simple power law scaling (see Chapter [3)):
7 |, pl4AT
<T(a)7'(b)>(c7£(n) la — b (4.17)
where A is the conformal dimension of the field 7.
The study of the scaling of entanglement entropy in one-dimensional conformal systems

is then reduced to the evaluation of the conformal dimension A7 of twist fields. Such

a quantity can be easily computed by implementing the working definition (£I6). In
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4.3. Entropy in Conformal Field Theory

this section we briefly review the procedure proposed in [I4] to compute the conformal
dimension A7.

Consider a certain CFT with lagrangian £ and central charge ¢ defined on the whole
complex plane C. Tts multicopied version £(™ is still a CFT and the new central charge
is given by nc. In particular, the total stress energy T can be simply obtained by

combining the stress energy tensors of the various copies:
n
TM(z) = Y Tj(z) z€C (4.18)
j=1

where T is the stress energy tensor of a single copy.
On the other hand, let T'(w) be the stress energy tensor of the same CFT defined on M,,.
The CFT on M,, has central charge ¢. In order to compare the two sides of equation

(4.16]) we can map M,, to C by performing the conformal transformation:

y = (Z:Z)i (4.19)

The stress energy tensor T'(w) transforms according to (3.8):

9z \? c
e = (52) Teee+ laiw) (4.20
where {-;-} is the Schwarzian derivative:
9z\ 2| 8z 0z 3 [0z\°

Since (T'(z))¢ » vanishes (see equation B.19) the above one-point function becomes:

c(n®—1) (a —b)?

(T(W)pm, e = 242 (w—a)2(w—b)? (4.22)
On the other hand, applying (£I6), (7'(w)) becomes:
(T@T®TW)_
: = (T(W)pm, £ for any value of j (4.23)
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4.3. Entropy in Conformal Field Theory

Combining @E22)), @23) with the definition [@IS) of the stress energy tensor of L™ we

have:

<T(a)ﬂb)T(n) (w)><c,g(n> (=1 (a—b) (4.24)

<T(a)7-(b)>(c’£(n) 24n (w _ a)2(w _ b)2

Since T (z) is the stress energy tensor, we can apply conformal Ward’s identity (BII)
on the left hand side of (£.24):

O O R R e Bk s R

—ada Tz b ob * (w—a)? * (w— b)2><7-(a)7-(b)>
(4.25)

Since 7 and T are conjugate to each other (7'T:7'), they should have the same conformal
dimension.

Inserting the scaling ([@I7) in equations ([@24]) and (A25) we can extract the conformal
dimension A7 of twist fields [8, [14], [80]

c 1
s S ) - sy (120

n

The scaling dimension of twist fields then depends on two parameters: the central charge
¢ of the underlying system and the number n of copies involved.

In the single copy case (n = 1), the conformal dimension of the twist field vanishes. Of
course, this fact should not surprise, since in the n = 1 case the twist field acts trivially

and then it is equal to the identity.

4.3.1 Entanglement entropy

Once we have computed the conformal dimension of twist fields, we can immediately
study the scaling of entanglement. From equation (AIH) we can directly estimate the
Rényi entropy:

1 1 -
Sullb—al) = ———logtrply ~ ——log(T(a)T(0))

en+1 |b — al
— log
6 n €

C,Lm)

(4.27)

where € is some ultraviolet cut-off which restores the correct dimensionality of the scaling.

Of course this simple logarithmic scaling is perfectly suitable for an n — 1 limit. The
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4.3. Entropy in Conformal Field Theory

entanglement entropy is then given by:

€ 10g 1= (4.28)
€

S(lb—al) ~
which is the celebrated result of Holzhey, Larsen and Wilczek [7].
Thanks to the twist field interpretation, it is very easy to study also the scaling of entan-
glement in different geometries. The above result has been derived for a very large system,
represented by a complex plane, without taking into account boundary conditions. In or-
der to study a finite system with periodic boundary conditions, we can simply map the

plane into a cylinder:

f:C — S'xR
> o B,y (4.29)
w w—zﬂogw .

where R denotes the size of the system.
Inverting the above map and using the transformation law (B.3)), it is possible to compute

the twist field correlation function in a cylindrical geometry:

N\ —4AT
(sin M) (4.30)

(T()T ) =

cyl
Such a correlator can be used to compute directly the Rényi and von Neumann entangle-

ment entropy a periodic system [8]:

c R . 7w|b—a
S(b—al) ~ =log|—sin ——— 4.31
R e (4.31)
Such results have been derived for unitary systems at the critical points. In Chapter [B we
will study how the scaling is affected when the system becomes non unitary and (Chapter
[6) when the conformal invariance is broken. Before addressing these problems, it is useful

to recap some known results about entanglement in systems outside their critical points.

4.3.2 Beyond criticality

From the physical point of view, the massive regime and the conformal case are quali-

tatively similar. It is known that when the system is far enough from its critical point,

1

i.e. its correlation lengths £ = m™" is smaller than the size r = |b — a| of the subsystem

studied, entanglement scales like (.28 with r replaced by & [8, 8]

S ~ glogé for r > ¢ (4.32)

76
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The physical interpretation of this scaling is very intuitive. The correlation length (which
diverges at the critical point) is the actual size a system can physically “see”. In other
words, when the correlation length is finite, the interaction is no more long range and two
points of the system affect each other if their distance is comparable to the correlation

length.

The formulation of the entropy using correlators of twist fields makes also possible
the study of entanglement in an intermediate regime r ~ £. Such a situation, which lies
between the ultraviolet conformal scale and the “highly massive” infrared regime, can be
probed by expanding the correlator using the so-called form factors program (see Chapter
[B). While this approach will be explained in detail in Chapter [ (for non unitary theories),
here we can simply summarise some of the results already known in the literature [14]. In

this intermediate regime, entanglement scales in the following way:
NP
C §1 1 2r _3r
Stre) = Slogl U =S KoL 0(5) 4.33
re) = FlafU-gd s (F)vo (e (4.39)

where K is the modified Bessel’s function of second kind [49] and U is a numerical constant
which depends on the system.

The above equation describes the entanglement in a theory with N, particles types. While
there is a K contribution for each particle type, the logarithmic term depends only on
the lightest mass m; = & ! While the logarithmic term and the constant U depend on
the theory studied, the K corrections are universal. No matter what kind of theory is
taken into account (as long as it is unitary) the K corrections have always the same form

and the coefficient is always equal to 1/8.

4.4 Conclusions

In this chapter we quickly reviewed the main known results about the scaling of entangle-
ment entropy of one-dimensional quantum systems. We introduced the replica trick for
the computation of the entropy and how to represent the trace of reduced density matrix
using partition functions on Riemann surfaces. Additionally, we reviewed the role of twist
field correlation functions in the evaluation of such partition functions. We showed how
the central charge ¢ affects the scaling of entropy in various (conformal and not) regimes.
Moreover we reported some known results about the saturation of entanglement in the
massive regime. In particular, we showed that entanglement tends to its saturation value
as a Bessel function and that this behaviour is universal and does not depend on the par-

ticular features of the (unitary) theory taken into account. In the next chapters (B [6 and
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4.4. Conclusions

[7) we generalise these results to non unitary systems. We will see how the non unitary

features of these systems will affect the scaling of the entanglement entropy.
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Chapter 5

Entanglement in Non Unitary
Conformal Field Theory

Even though entanglement has been widely studied in unitary models, less is known about
the non unitary case. While such models have always been branded as non physical, they
can be used to described particular systems, like the fractional quantum Hall effect in some
configurations [51]. In the context of quantum mechanics, these models have given rise to
active areas of research [82] [83], [84], [R5, [86]. In this chapter we will discuss the scaling of
entanglement of non unitary critical systems through the development of a CFT tool to
study such a quantity in systems without a mass gap. In Chapter [0l we will extend the
critical results to the massive, non critical regime. Examples of lattice systems enjoying

such a non-unitary behaviour will be introduced in Section and Chapter [1

As we have seen in Chapter Bl in non unitary CFT the physical ground state and the
conformal vacuum are not the same state. As the most important physical information
come from the ground state structure, such systems behave quite differently from their
unitary counterpart. In unitary systems, the confomal vacuum |(}) (i.e. the state anni-
hilated by all L,, with n > —1) is also the ground state |gs) (i.e. the eigenstate of the
Hamiltonian with the smallest eigenvalue). In the non unitary regime these two states
are different: since there exist a primary field ¢ with negative (and smallest) conformal

dimension A < 0, the relative primary state is the ground state

lgs) = ¢(0)|0) (5.1)

In this chapter we will show how non unitarity affects the scaling of entanglement entropy.

In the following, all the expectation values (-) will be taken with respect to the con-
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5.1. Entanglement Entropy in Non Unitary CFT

formal vacuum |().

5.1 Entanglement Entropy in Non Unitary CFT

In this section we will discuss a new method for the evaluation of the bipartite entangle-
ment entropy in non unitary CFT.

Let us then consider an infinite system and suppose we would like to evaluate the entangle-
ment between the subsystem A = [a, b] and the rest of the system (B = [—o0, a] U [b, 00]).

In the following we will use 7 to denote the length of the interval [a, b]:
r=|b—al (5.2)

In the same spirit of Chapter Ml when evaluating Z,, we have to consider n different fields

time

Figure 5.1: Space-time representation of the system.

living on R x R ~ C. Such fields interact only around the branch cut: a particle ¢ becomes
the particle i + 1 when it crosses [a, b] from below (or i—1 if it is approaching from above)
while it remains unaffected if it crosses at any point x ¢ [a,b]. In the following we will
refer to this situation as orbifold

Since in the unitary case the ground state is an excitation-free state, the reduced density
matrix obtained as a partition function on the manifold M,, is automatically normalised
(up to the expectation value of the vacuum (@|()) - which can be set to one). On the other
hand, in non unitary system the ground state is an excited state. For this reason, in order
to have a normalised reduced density matrix, we should take care of the normalisation of
the ground state. Such a normalisation can be obtained by dividing the partition function
Z, on the manifold M, by the partition function of n disconnected theories Z'. The
trace of the n-th power of the reduced density matrix is then given by

Zn

'Roughly speaking, an orbifold is a manifold - in this case C™ - modulo some symmetry group.
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5.1. Entanglement Entropy in Non Unitary CFT

The Z7 partition function - called replica case in the following - is calculated on C (as Z,,)
without any branch cut.

In other words, both Z,, and Z7 are partition functions of n fields on C. The only difference
is that in the former there is a branch cut between a and b.

We can map the complex plane to a cylinder using the map

zZ—a

z—0b

z—=w = ilog (5.4)

Around the singularities z = a and z = b the system is no more scale invariant and then
we introduce an ultraviolet cut-off 0 < € < r to take care of possible divergences. After
the conformal transformation, the plane with the cut becomes a cylinder with the cut
running from Im w = log £ to Im w = —log £ (the length of the cylinder is then 2log 7).

Thanks to modular invariance, we can choose to quantise with the time running along the

(o

Figure 5.2: The system mapped to a cylinder

cut. The two partition functions will then be given by

Z, = <ef2log EHOTb>

zp = (e2eatihe) (5.5)

The continuity boundary conditions in the replica and the orbifold cases are different. In
the replica case, when a particle ¢ performs a complete rotation of 27 around the cylinder it
will remain the particle 7. In the orbifold case, if a particle ¢ performs a complete rotation,
it will become the particle ¢ + 1 (the sign depends on the orientation of the rotation). In
order to extrapolate the scaling of the partition functions (5.5), we need to investigate the
ground state structure of the two Hamiltonians H,,, and H,p,. Since the Hamiltonian of
a critical conformal system can be written in terms of Virasoro modes, we can derive the

energy spectrum from the property of the stress-energy tensor in these theories.
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TN TN
-_— N

i i i i+1
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~1 ~—1

Replica Orbifold

Figure 5.3: Different cylinders.

5.1.1 Two Virasoro algebras

The difference in the boundary conditions is reflected also in the continuity conditions of
the stress-energy tensor. Let T be the holomorphic part of the stress-energy tensor of

the jth copy. In the replica case we have
T (w+27) = TV (w) (5.6)
while in the orbifold case we have
T (w+21) = TUT(w) (5.7)

The two different stress energy tensors give rise to two different Virasoro Algebras. In the

two cases the total stress-energy tensor is given by the sum of the single components:
n
T(w) =Y T (w)
j=1

Replica case

Let us focus first with the replica case (periodic boundary conditions). There are n
completely non-interacting theories giving rise to n orthogonal Virasoro algebras Vir;
with modes Lg ), each of them with central charge c. The total Virasoro modes are then
given by

Ly = Sy (5.8)

J=1
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n
which give rise to the total Virasoro Algebra Vir,, = Vir; with central charge nc.
.:1

J

Orbifold case

The cyclical boundary conditions of the orbifold case make the underlying conformal
algebra more complicated. Let us start by constructing a continuous version of the stress

energy tensor:

Rew

Torp(w) = THLE]) (w) (5.9)

This stress energy tensor is, by construction, continuous around the cylinder and the
underlying Virasoro algebra Uit has central charge ¢ and Virasoro modes L. The total
Virasoro algebra Vir,,, is a subalgebra of 2it, with central charge nc and it is generated
by Lk [80), 87]:

L
Ly T"’“ + 6ko AT (5.10)
where A7 = o (n — %) is the conformal dimension of the twist field 7 introduced in
Chapter @4

5.1.2 Partition functions

Using the explicit expressions for the Virasoro modes (0.8) and (5.10), we can now evaluate
the partition functions
The Quantum Hamiltonian of a CFT on a cylinder is given by [37]:

Ca

Ho = Li+ 1L - 1

(5.11)
where a = rep, orb refers to the replica or the orbifold case.

Notice that this derivation is completely general and it includes also the unitary case. It
provides a slightly more general approach than [7] in order to take into account also the
non unitary case.

The leading terms of the partition functions (5.0 are given by the lowest eigenvalues of
the Hamiltonians (B.IT]). If A is the lowest eigenvalue of L(()j ) and Ly, the smallest and the

most relevant eigenvalues of Ly™ and L§™ are respectively nA and £ + A7. In the limit
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r/€ — oo the two partition functions diverge like

Zp ~ ctlontloangg) - (1))
€
ne A

T nc 415 —A
Dy ~ 6_410g2(%+AT_E) = <Z> (35— -47) (5.12)
€

The extra factors 2 in the exponent are due to the contributions of both the holomorphic
and antiholomorphic parts of the Hamiltonians.

Putting together the two partition functions [5.12] we have

4A
Zn T>4AT_4nA+T

Trph = —N(—

5.13
AL € ( )

The exponent can be rearranged in the following way:

A A
Ar—nA+— = —(n——)—nA—i——
n n n

— 24A 1 1
_ ¢ P R (5.14)
24 n) 24 n

and the Rényi Entropy becomes

1 c
S, = log T ~— log — 5.15
n T, logTrpl ~ og (5.15)
From the above expression, we can see that the Rényi entanglement entropy for non uni-
tary CFT diverges logarithmically and the coefficient is given by the effective central charge
in a similar fashion to the scaling of the ground state energy (3.49).
As we have discussed in Chapter [3] the effective central charge cog = ¢ — 244,y is the

physical central charge, i.e. the one which determines the physics of a system.

A similar computation can be performed for a half-infinite system in presence of a
boundary [I]. The Entropy between the subsystem A = [0, 7] and the subsystem B = [r, oo[
(we consider the whole system AU B as a half-infinite line [0, o) is given by

Ceg+ 1 r

1
S = log Tr p% ~ - log — 5.16
n T logTrply ~ o ——log - (5.16)

which differs from BI85 only by a factor two. As in the unitary case [§], the Entropy is
proportional to the area of the boundary between the two subsystems.

A more general formula is then given by

1
log Tr p'} ~ .Acle—;n + log g (5.17)

1
Sn:.A1

—n
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where A = 1,2 is the number of boundary points between A and B.

Of course, our results are still valid in the unitary case: if the CFT is unitary, the
smallest conformal dimension is zero and the effective central charge is equal to the usual

central charge.

5.1.3 Interpretation in terms of twist fields

As we have seen in Chapter @] the partition functions used to evaluate the Rényi Entropy
can be interpreted as correlation functions of T'wist Fields 7. This construction “as it is”
seems to fail in the non unitary case, since their conformal dimensions involve the central
charge ¢ only and they do not depend on the smallest conformal dimension A. In order
to interpret our results in terms of correlation functions of twist fields, we introduced a
modified version of the these fields. Let T be the standard twist field, as introduced in @]
and let ¢; be the j-th copy of the primary field with the smallest conformal dimension A.

We can then define a fused or composite field:
2T = p?2 1y A0 T ; 5.18
6:(@) = w5 ey @3 o0 (5.18)

This field has already been introduced in a different context [88] and its conformal dimen-

sion is given by:
A
Ay = AT+ o (5.19)

By a simple comparison between the scaling of (5.15]) and the conformal dimension of the
modified twist field : T¢ :, we can interpret the two partition functions as
Zn, (:To:(a): T (b))

7 * T (Gl (5.20)

These correlation functions are taken with respect to the conformal vacuum |@). The
presence of the field ¢ in the correlation function in the numerator comes naturally, since
this fields create the physical ground state |gs) = ¢(0)|0) acting on the conformal vacuum.
In the case with a boundary, where there is only one boundary point between the two
subsystem A and B (A = [0,7] and B = [r,400[), dimensional analysis arguments can be

used to interpret the partition functions as the ratio:

Zy, (T¢:(r)

Z = o 2
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The equation (5:20) can be very useful also for the study of entanglement outside the
critical point. Although it has been derived in CFT, we can assume that it holds also
outside the conformal regime. The study of such a correlation function in the massive

case will be discussed in Chapter [6

5.2 Entanglement Entropy in Logarithmic CFT

The above formulation can be easily adapted to the study of logarithmic conformal field
theory. Logarithmic CFTs are a particular class of CFTs whose Ly (and thus their Hamil-
tonians) operators are not fully diagonalisable, but they can be reduced to a Jordan’s block
form. An example of logarithmic CFT is the ¢ = —2 ghost theory, which can be seen as a
particular limit of a certain series of non unitary minimal models [89]. A particular feature
of logarithmic CFT is the presence of logarithmic terms alongside the power-law decay in

the correlation functions [90].

Let us consider the case when the projection of the operator Ly onto its lowest eigen-

state has triangular form:
Ly = A1+N (5.22)

where 1 is the identity operator and N is some nilpotent operator with N? = 0. Let
p=1,2,...,p—1 be the highest number such that (N”) # 0. Then we have

T

_uN)
(eulo) = 6uA<Z( kll\f)> (5.23)

k=0

In the limit v = AlogZ — oo we can keep just the most relevant term, i.e. u”(NP).
Applying this argument for the two cases L(()j ) and Ly and putting all contributions together
into (5.), the Rényi Entropy becomes

Ceﬂn+1
()g I[‘()nl ~ —
12

1
Sn—.A1

log Ty ploglog r (5.24)
—n € €

The presence of the double log term is not completely surprising, since logarithmic CFT
present such features. An interpretation in term of modified twist fields : 7T ¢ : is still
missing, although it is reasonable to expect a mixture of algebraic and logarithmic scaling

for the correlation functions of such fields.
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5.3 Numerical Checks

In this section we will perform a numerical study of a spin chain in order to test our field
theory results about the scaling of the entanglement entropy.

Let us consider the following spin chain, introduced and studied for the first time by Von
Gehlen [77]:

N
H(\ k) = = [0+ AoTol,, +iro?] (5.25)
j=1
In the thermodynamic limit N — oo, the above Hamiltonian has a critical line in the plane
A — K which is described by the Lee-Yang universality class (¢ = —22/5, Aym = —1/5 and
Coft = 2/5).
Whilst there is no mathematical proof about the universality class of the aforementioned
critical line, it can be easily identified by numerical exact diagonalisation of the above
Hamiltonian and by studying the scaling of the gap between the two lowest eigenenergies.
Such an exact diagonalisation can also be implemented to study the scaling of the entan-
glement entropy. An example of this behaviour is provided the massless free boson theory

(see Chapter B). In particular, we have considered the case A = 0.90 and xk = 0.0065 with

"‘,;';——.—-l“l-):: :‘;\ "
0.6 L | X
I‘ ‘\
,’I \!\
0.5 '!’ ‘!‘
0.4 'i' ‘i‘
0.5 1 1.5

/g

Figure 5.4: Scaling of entanglement entropy in the Lee-Yang chain with N = 24 sites
against the length r of the subsystem A (normalised by the correlation length & - see text).
The blue squares represent the numerical data, while the red dashed line corresponds to

the fit (5.26).

N = 24 sites with periodic boundary conditions. Then we computed the entanglement

entropy for different sizes of the subsystem A. Once interpolated, it can be shown that
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the entropy scales as

N
S = %log <? sin %) + (5.26)

where the interpolating constants v and « are respectively given by 0.4056 and 0.3952.
The constant v is in strong agreement with the theoretical prediction v = cog = 2/5 = 0.4
and its value confirms the previous results.

From Picture [£.4] it is clear that the interpolating curve (red line) and the actual data
(blue squares) do not always agree. In particular, while the squares and the line match
perfectly in the small and large r regimes, the actual data are a bit smaller than the
interpolating prediction around r = £. Such a disagreement has actually a very physical
interpretation. Since the numerical simulation has been performed with a not so large
number of sites (N = 24), the system does not exhibit a properly critical behaviour: the
gap €71 « E; — Ey defined as the difference between the lowest eigenenergies vanishes
only when considering the limit N — oo. As long as the subsystem A is much smaller
than the correlation length (r < &), the physical scale of the system is large enough to
“look” infinite. In such a regime, the induced correlation length is too large to affect the
system and the entanglement scales in a conformal fashion. On the other hand, when the
correlation length has almost the same size of the subsystem A, it plays an important
role and bounds the entanglement from above. While at the critical point entanglement
always scales logarithmically with the size r of the subsystem, it saturates around r ~ £ as
long as the mass gap is non zero. The fact that there is a very good agreement also in the
right hand side of Figure 5.4] (even though r > ¢ in that region) is due to the symmetric
property of entanglement entropy. The entropy of the subsystem A with respect to B has
to be the same as the entropy of B respect with to A, as long as the entire system is just
AUB.

The above picture shows the scaling of entanglement for a specific point of the Lee-Yang
critical line (A = 0.90 and x = 0.0065). We have studied also other points of the critical
line but the larger mass gap of such points makes the system definitely not critical and

affects the entropy too much (see Figure [.5)).

5.4 Comments about Non Hermiticity

One of the first things one can notice is that the Hamiltonian (5.25)) is not hermitian,
ie. H' # H. Moreover, also the Hamiltonians we will introduce in Chapter [7 are not
Hermitian. Nevertheless, all their eigenvalues are real and they almost hermitian: the
so-called PT symmetry [82, 83, 84], [85. [86].

Since these Hamiltonian operators are not hermitian, the left- and right- eigenvalues do
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Figure 5.5: Scaling of entanglement entropy in the Lee-Yang chain with N = 12 sites
against the length r of the subsystem. In this case the finite size gap is too large to
extract meaningful critical information.

not always coincide. For this reason, the correct reduced density matrix should have been

pA:tI‘B‘\IlRM\IIL’ (527)

where |Wg) and |¥) represent respectively the right and left ground states (the left and
right eigenvectors relative to the lowest eigenenergy). However, at least at the critical
point, the conformal invariance and the PT symmetry implies the equality between the

two eigenvectors:
Wr) = |¥r) (5.28)

Consider the conformal field ¢ representing the ground state. Thanks to conformal invari-

ance, it can be factorised into its holomorphic and anti-holomorphic parts:

¢(z,2) = »(2)p(2) (5.29)

Once having set the origin of the 2-y axis on the point (z = €™*7), the parity transfor-
mation £ — —x maps z to zZ. Such a transformation exchanges the roles of ¢ and @ and
preserves ¢. Thus, the ground state is P invariant. Thanks to PT symmetry, it has to be

T invariant as well. Since the T transformation (¢ — —t) maps left eigenvectors to their
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corresponding right versions and vice versa, the two ground states have to coincide.

5.5 Conclusions

In this chapter we extended some well know results (Chapter @) concerning the scaling of
entanglement entropy of critical 141 dimensional systems. In particular, we discussed the
case when the underlying conformal theory is non unitary. The main difference between
unitary and non unitary CF'T is the fact that the physical ground state and the conformal
vacuum coincide in the former while they do not in the latter. One of the most “famous”
effect of such a non unitary feature can be seen in the scaling of the ground state energy
at various sizes of the systems (also known as Casimir effect). In unitary CFT the nu-

I correction is given by the central

merical multiplicative constant in from on the size™
charge, a number associated with the universality class of the underlying conformal field
theory. In non unitary theories such a number is replaced by the effective central charge,
a combination of the central charge and the conformal dimension of the field creating the
ground state from the conformal vacuum.

When studying the scaling of entanglement entropy, we showed that the main difference
with the unitary case is the replacement of the central charge with the effective central
charge. Of course, this is not surprising, since the effective central charge is (like entan-
glement) a physical quantity.

Since logarithmic CFTs are a further generalisation of non unitary CFT, we could also
extend our results for entanglement entropy to such theories. We showed that in logarith-
mic theories a double logarithmic term is present in the scaling of the entropy. We believe
that such a correction can be associated to the logarithmic terms appearing in four-point
correlation functions in logarithmic CFT.

In addition to our CFT derivation, we presented an interpretation of entanglement entropy
of unitary systems in terms of correlation functions involving modified twist fields. Such
an interpretation will be fundamental in the next chapter to study the off-critical scaling

of the entanglement entropy in non unitary quantum field theories.
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Chapter 6

Entanglement in Non Unitary
Quantum Field Theory

In Chapter [fl we have discussed the scaling of entanglement entropy in non unitary con-
formal field theory. The Rényi Entropy between a subsystem A = [a,b] and the rest of
the system can be computed by evaluating partition functions on complicated manifolds
and it is given by:

Zn, cetn+ 1 T

1 1
Sp = logTrph = ——log — log — 6.1
" 1—nog TPA 1—n0gZ{L . 6 n Oge (6.1)

where r = |b — al is the size of the subsystem A.
It has also been suggested that the ratio of the two partition functions can be written in

terms of correlation functions:

Z o (T (@) T )
zp = e Gl (62)

= 1 and € is an ultraviolet

dZ, |
dn In=1

cut-off. It has been shown that this relation reproduces the correct entanglement entropy

where Z,, is some normalisation constant such that

in non unitary CFT and it is natural to assume that the same expression holds also outside
the critical point in the massive regime.

The form factor program (see Chapter [ ) is a successful tool for studying correlation
functions in the massive regime. In this chapter we will study the form factor expansion
of the correlation functions for the Lee-Yang model, the simplest non unitary integrable

quantum field theory in 1 + 1 dimensions.
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6.1. Twist Field Form Factors in the Lee-Yang Model

6.1 Twist Field Form Factors in the Lee-Yang Model

As we have seen before in Chapter Bl it could happen that different fields’ form factors
satisfy the same equations. In this specific case, the equations of both the standard (7)
and the modified (: T¢ :) twist fields are the same. In this section, we let O be either
twist field, 7 or : T¢ :. If not otherwise stated, all form factors refer to both fields.

The Lee-Yang model is one of the simplest integrable quantum field theories in two di-

mensions. It can be seen as a thermal perturbation ¢3 of the minimal model Mo5 with

22
-2
apart from the identity field 1, there is only one other field ¢ = ¢135 = ¢12 with conformal

central charge ¢ = The operator content of this minimal model is very is simple:

dimension A = —é. The two-particle scattering matrix is given by [76]:

tan% (54— %)

S5(8) o (6.3)
tan 3 (8 — %)
which has a bound state pole in the physical sheet at 8 = %
—i Res S(8) = T? = —2V3 (6.4)

__ 27
B=3"

From the sign of the bound state residue we can immediately infer the non unitarity of
the model [76], since I" € R for unitary theories.
In order to construct form factors for the twist fields, we need to define a S-matrix for the

n-copy theory:

S(B) w=v

6.5
1 oty (6.5)

where the index p refers to the p-th copy of the theory. With the definition of the S-matrix
alone, we simply have n non-interacting theories: two given particles have a non trivial
scattering only if they belong to the same copy. Of course, this set-up is not enough to
recreate the complex situation such that particles do interact only around the branch cut.
In order to take into account this property, we introduce the Branch Point Twist Fields
(see Chapter [M)). The peculiar action of twist fields on particles gives rise to a modified
version of Watson and kinematic residue equations. In standard theories, when a particle
performs a rotation around an operator (with a shift of 277 in its rapidity) the type of
particle is not affected. Since a twist field creates a branch cut, when a particle belonging

to the copy u rotates clockwise around it, it ends up in the copy p—1. The second Watson
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6.1. Twist Field Form Factors in the Lee-Yang Model

equation (3.72)) now becomes:

FR(B) 49w By, By) = FER(By L By, Br)

4
- (H Sﬂiﬂl (Bi — 51)> Féﬂl...w(/@h s Be)
=2

(6.6)

where i = — 1.

— — brancheut

branch cut

branch cut

B +2m B B, u

Figure 6.1: Second Watson equation for twist field. The branch cut (red dashed line)

modifies particles when they cross it.

The kinematic residue equation becomes:

ﬁI%EBﬁS Ff_}lféﬂ"'ﬂl (/B‘i’iﬂ',ﬁ(]?ﬁla"'aﬁf) = Z'F;IMMZ (515"'5/8€)
=P0

k
Res FpE 1 (B4 im o, By Be) = =i | [T Sy (Bog) | FL7 (B B0)
j=1
(6.7)

In order to understand the formulation of these residue equations, we should recall which
is the action of twist fields on particles. Branch point twist fields can be defined on a
system in which each theory is copied n times and particles interact only if they belong to
the same copy. Additionally, when a particle belonging to the copy 4 crosses the segment
[a, b] from below it becomes a particle of the i + 1 copy. The role of a twist field T (a) is
to create a half-infinite branch cut from the point a onwards (see Figure ). In order
to create a finite branch cut, we need also a second kind of twist field, denoted by 7.
The role of T(b) is to create another half-infinite branch cut from b to +oo with inverted
orientation. If the branch cut of 7 moves particles from a copy to the following one when

they approach from below, the branch cut of T moves the particles to the previous Copy.
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branch cut

u-1

Figure 6.2: The twist field T creates a branch cut (red dashed line) which moves particles
between adjacent copies.

The second branch cut (7) annihilates the effect of the first cut (7)) from b onwards. The

branch cut

Figure 6.3: The twist field 7 creates a branch cut (green dashed line) which moves par-
ticles between adjacent copies. Notice that the orientation of this branch cut is reversed
compared to 7 (Figure 6.2)).

two twist fields then create a finite branch cut (see Figure [6.4)):

Figure 6.4: When both twist fields are present, a finite branch cut (red dashed line) is
created.

Let us consider the scattering of £ particles onto a twist field 7 in 0. If the first and the
second particle have the same rapidity but shifted by im (aka two particles with the same
momentum, one incoming and the other outgoing), they create a pole in the scattering
amplitude if they can interact. Such an interaction can happen only if the two particles
share the same copy, say . There are two ways such that they belong to the same copy
when they interact: they can be originally in the same copy u (second equation) or they
can belong to neighbour copies (first equation). If they belong to neighbour copies, say u
and p—1, the first particle has to perform a circle around the twist field in order to decrease
its “copy number” by one. On the other hand, if they are already in the same copy, they

can interact (and then create a pole) only if neither of them perform a cycle around the
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6.1. Twist Field Form Factors in the Lee-Yang Model

twist field. For this reason, kinematic residue equations can be of two kinds to include
both possibilities of creating a kinematic pole. The main difference from “ordinary” form
factor kinematic poles is that in the twist field case particles change their properties when
rotating around twist fields. When studying kinematic poles of form factors for other
local operators, particles do not change their nature when performing a rotation around
the operator, so the same two particles can form a kinematic pole depending on whether
one of them rotates or not around the operator.

Of course, since the S-matrix has a pole in the physical strip, there is also a non trivial

bound state residue equation:

Res

s s . rHe—
Res FZH <5+§aﬁo_§’ﬁ1,---,ﬁe—1> = iTF}" (B, By, o)
i

(6.8)

In “usual” form factors problems, the rapidities lie in the strip Im/ € [0, 27|, since a rota-
tion of 2m¢ has no effect on the rapidity of a particle, due to the periodicity of hyperbolic
functions. In this case, when a particle from the copy u rotates by 27 around a twist field,
it ends up in the p £ 1 copy (depending on the sign of the rotation). From a form factors
point of view, such a rotation can be implemented by a 27¢ shift in the rapidity. For this
reason, Twist Fields form factors cannot have periodicity of just 2mi. Since the n—th copy
is connected to the first, it is clear that the correct periodicity of such form factors has
to be 2mni. The relation between rotations of rapidities and the change of a copy can be
exploited to connect form factors of particles belonging to different copies to form factors

of particles all from the same copy (say the first one):

FfB By, ., Be) = FFNB+2mi(un — 1), ..., Be + 2mi(pe — 1)) (6.9)

if g <o < .
Thanks to this relation, we can compute form factors of particles belonging to the same

copy (say the first) and we can recover all the others using ([6.9) together with the S-matrix

©35).

6.1.1 Omne- and two-particle form factors

Let us start from the £ = 0 and ¢ = 1 form factors. The zero-particle form factor is simply
given by the expectation value (O). Since we are considering a spinless theory, thanks to
relativistic invariance, form factors depend only on the difference between rapidities. Spe-

cialising to £ = 1, it implies that one-particle form factors have to be rapidity independent.
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The bound state residue equation connects the one- and two-particle form factors:
omi
Res FJ <ﬁ — o+ ﬂ) — TRV (6.10)
B=Bo 3
The two-particle form factor must also satisfy:
F§H(B) = S(B)F"(=B) = F3"'(2min — B) (6.11)

These two equations, together with the kinematic poles in 5 = 51 — o = +im, in(2n—1),

constrain the form of the two-particle form factor to:

<O> sin ® min(ﬁ)
FI(By, By) = FIM(8 = 81 9) = A n T K
2" (P1, B2) > (B 51’2) 2n sinh <m2;ﬁ) sinh <Z7;:ﬁ) Fruin (i) v

(6.12)

where Fl,in is the solution of (6.I1]) without kinematic poles and K is the kernel solution

of the kinematic residue equation, i.e. it has no kinematic poles (see Chapter [3):
E{_e(s]lC(ﬁ +im) = 0 (6.13)

In order to be compatible with the bound state pole, the kernel solution has to be pro-

portional to the minimal form factor:

K(B) = kFnn(B) (6.14)

The minimal form factor Fi,;, can be split into two components, in a similar fashion to
[62]:

Fuin(8) = a(B)fn(B) (6.15)

where a encapsulates the bound state pole

cosh2 — 1
alf) = —F = (6.16)
cosh 5 —cos gt

and f, can be computed using the integral representation of the S-matrix [91]:

> inh £ sinh £ i
fu(8) = exp(z /0 FBLLLE LLLLY SRR [t<n+§>]> (6.17)

tcosh £ sinh(nt)
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The function f, can also be computed using an infinite product:

fa(B)7

2 2 4 4
~ |T <2n—2w+§+4k) T (2n+2w+§+4k> T (2n—2w+§+4k> T (2n+2w+§+4k>

H 4n 4n 4n 4n

n—w+2k n+w+2k
k=0 F( 2n )F( 2n )
n—w+2k+42 n+w+2k42
) I (o) p (i)
2n—2w+5 +4k 2n+2w+ 5 +4k 2n—2w+ 22 +4k 2n+2w— L 4k
r 1 r r r
n 4n 4an 4n

(6.18)

with w =n+i8/n.
The function f, enjoys the following property, which can be proved using either the integral

or the infinite product representation:

alim) _on sin®g (6.19)
fn (%) /3 sin Z-sin -

Moreover, it can be shown that the following relations hold for minimal form factors:

. . B 2
i i cosh & — cos £&
Fmin <5 + E) Fmin <5 - E) = h% 37? Fmin(ﬁ) (6'20)
cosh = — cos 7
n

sinh <% — ;—Z) sinh <% + 55—;;)

which will be used to compute the higher particle form factors.

sinh % sinh (% + ”)
Fmin(ﬁ + Z.7"-)ijin(ﬁ)

(6.21)

The two functions a and f,, all together satisfy the equation (6I1) and they have no pole
in the physical sheet but the bound state pole at 8 = % Even if f,, has a simple pole
at 8 = 0, the function F,;, as a whole is regular at this point thanks to the choice of the
function a. Furthermore, it can be shown that the minimal form factor tends to one for

18| — oo.
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Fixing the parameter

The parameter x can be fixed using the cluster decomposition property of form factors
[92]:

. 1
lim Fk‘-i—f(ﬁl,"'?ﬁk‘,al+>‘a"'59€+>‘) — —Fk‘(ﬁly"'aﬁk)Ff(aly"'?af)
A—00 <O>
(6.22)
Specialising the above equation to £ = £ = 1 and we have
bm 5040 = e < (6.23)
Aoo 2 ’ 0yt ! (O) )

Since Fiin(8) — 1 for |5| — oo, when taking such a limit of (6.12)), the first term vanishes
and the second tends to k. Thanks to the above equation we can now fix k = (F/' )? /(O).
Fixing F| and distinguish 7 from : T ¢ :

When applying the bound state residue equation to the two-particle form factors, a con-

straint on F; emerges:

1 2
F' — — Res F'* (g _ 2m
1 i ﬁ=eﬁso 2 <ﬂ /80 + 3 )
. 2 2mi
r 3n 3 (O) tan 5 fp(im)
(6.24)
The above second order equation has two different solutions:
L T a2 T
o= 0 PCO& 3, £ 2sin” &~ (6.25)

. P
2nsin 5 fp (%)
The presence of two distinguishable solutions should not be a surprise, since the “normal”
twist field 7 is not the only one we are looking for. The modified twist field : T¢ : has
the very same property of 7, as both of them have the same action on particles. The

two solutions should then correspond to the two different twist fields. In order to identify

correctly the right form factor solution for the right field, we can specialise F} to n = 1:

Ff5 (solution with +)
= (6.26)
0 (solution with —)
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where Fld) is the one-particle form factor for the field ¢ as derived in [62]. Since when
n =1:7T¢: coincides with ¢ itself and T becomes the identity 1, the solution with the
plus sign should correspond to the composite twist field : 7 ¢ : while the other is the form
factor of the twist field 'T

Tl T
F 2 - —1
e bl T (6.27)
<T> 2n sin 3_nf" (T)
Talp
F r
. - . - = . T o (628)

This identification will be confirmed in the following section [6.3] checking the short-distance

scaling of the form factor expansion against perturbative CFT.

6.1.2 Higher particle form factors

Using bound state and kinematic pole recursive equations, we can construct higher particle
form factors from the zero-, one- and two-particle ones. Thanks to the special relations
between form factors of particles belonging to different copies (Equation [6.9]), we can focus
on computing form factors of particles all belonging to the first copy. We can construct a

generic form factor using the following ansatz:

k Fmin (%)
Fy(z1,...,20) = Qé(ﬂcb---,xz)H -

ios (@i —awy) (2 — aw;)

(6.29)

where new variables x; = e% and o = e% have been introduced for convenience. In the
above equation, )y is a completely symmetric polynomial. This ansatz, used for the first
time in [93], resembles the usual ansatz used for the evaluation of form factors of local
operators [62, [63]. In the above equations, all the kinematic poles have been made explicit

in the denominator.

Kinematic poles

The kinematic pole residue equation applied to ([6.29) gives the first constraint on the
polynomials Q:

Qui2(awo, x0, 21, ..., x0) = xqPr(x0,21,...,20)Qe(1,. .., T0) (6.30)

'Since (B|1]¢) # 0 iff |1b) = |0), all form factors of the identity but the zero-particle form factor vanish.
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The polynomial P, is given by

¢
Py(xo,z1,...,2¢) = Cy(n) H [(xb — o?x0)(zp — o Lag) (zy, — yao) (2 — a’yflxo)]
b=1
(6.31)
where v = e~ and
2sin 7 2(£+1) 2
p— 7” = . 2
Cy(n) nFmin(iW)a Co(n)a (6.32)

Since, by definition, the polynomials @), are completely symmetric, the above constraint

()

(E30) can be solved using elementary symmetric polynomials o, which can be generated

by the following implicit definition:

o ¢
Z xzfiai(z) (x1,...,mp) = H(az] + ) (6.33)
=0 j=1

()

In other words, o;’(x1,...,x¢) is the completely symmetric homogeneous polynomial of

degree 7 of £ variables. For instance:

o =1 (6.34)
¢

A0 = Y (6.35)
i=1

O’ég) = X1%2 +2X1X3 + T2x3 (6.36)

(6.37)

The polynomial P, can be expressed in terms of elementary symmetric polynomials:

14
Py = Cy(n) Z (—oﬂmo)f—a(—of1x0)f—b(—on—lxo)f—%—ymo)f—dag@a})@ay)a;@
a,b,c,d=0

(6.38)

The kinematic pole residue equation gives already a strong constraint on the polynomials

Q¢, constraints which can be further strengthened using bound state residue equations.

2In the following, we will drop the arguments 1, ..., z, when no confusion is possible.
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Bound state poles

Applying the bound state residue equation to (6.29]) we obtain:

1 1
_1 1 2
Q11 <960’Y 2,072, T1,. - . 796371) = a5Ui(zo, 21, ..., 20-1)Qe(x0, 21, ..., T¢—1)

(6.39)

where Uy is given by:

{—1
U(xo,z1,...,20-1) = Hi(n) H(azz — v 2a0) (z; — ¥?x0) (6.40)
i=1
and the constant Hy is given by
4T sin” (&
Hy(n) (%) () = Hi(n)(~a)"! (6.41)

ntan( ) a(i )f(z’”)

As before, the polynomial U, can be expressed in terms of elementary symmetric polyno-

mials:
Ur = Hp(n) > (= 200) = (—220) " ol Vof (6.42)

Using the kinematic and the bound state pole residue equations we then compute the Q12

polynomial starting from Qi1 and Q.

Three-particle form factors

In order to construct the polynomial Q3 (and thus the three particle form factor), we need
to know @1 and @)2. They can be simply inferred from the explicit expressions of the

relative form factors:
Q = r! (6.43)

on
Qx = (0)Co(n)atoy + % (1+a)’or — ao}). (6.44)
One can immediately check that Qo satisfies the kinematic residue equation (with Qg =
F§ = (0)) and the bound state equation. Q9 is in fact the unique solution of the two
residue equations, once Qg and @1 are given. This couple of residue equations fix uniquely
also higher particle form factors, without any ambiguity regarding possible kernel solutions.

In different theories, when there is no bound state residue equations, higher particle form
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factors are defined up to kernel solutions, as happens in [93].

We can now write down the most general expression for the polynomial Q3:

Qs = Ai0i0s+ Ar0ios + A3010903 + Asoy + Ao + Agoios + Arob

(6.45)

The coefficients A; can be computed exactly using the kinematic and bound state residue
equations. Their values are reported in appendix [Al It can be noted that the n — 1
correspondence of : T¢ : and T with respectively ¢ and 1 holds also at three-particle
level. All the A;s vanish for n =1 and O = T, while for O =: T ¢ : the A;s are given by:

(F)2H, (1) irm?231/4

Al = A4 = A5 = AG = A7 = 0, A2 = —A3 = <¢> = 27/2f1(2'ﬂ.)3/2

(6.46)

reproducing exactly the three-particle form factor for the field ¢ as computed in [62].

Moreover, the clustering property is automatically satisfied, since the identities

lim BB B, B4+ 0) = <—(19>F§°'”(51,52)Ff9'1(ﬁ3) (6.47)
Jim FY B B+ A ) = <—<19>Ff° B0 F M (B2, Bs) (6.48)

can be checked analytically. In this case, clustering properties produce just identities,
while in other cases, like [93], these properties have been used to fix the form factors
expressions to remove the kernel ambiguity.

The agreement in the n = 1 case and the validity of the clustering properties are a strong
hint that these form factor expressions are correct.

In the work [62], Zamolodchikov managed to make an ansatz for generic ¢-particle form
factors. Such a generalisation cannot be done at this point when computing twist field form
factors. This is mainly due to the fact that the number of kinematic poles (z; = a*lz;)
doubles the number of poles in the standard theory (x; + x; = 0). For this reason the
degree of the polynomials (), in the twist field case grows at a much greater rate then the

usual case, leading to much more intricate recursive equations.

Form factor of the fields 7 and : T¢ :

In the previous sections we focused on the computation of form factors for the twist fields
T and : T ¢ :. These fields are not the only ones that enter the correlation functions for
the evaluation of Rényi entanglement entropy: the field 7 and : T¢ : play a role too. As
we have seen in Chapter @, the field 7 acts as the field 7 but it creates a different branch
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cut. If a particle belonging to the copy p performs an anticlockwise rotation around T,
it will end up in the copy p + 1. On the other hand, if this circle is performed around
T, the particle will belong to the copy u — 1. In other words, if 7 is associated to the
cyclic permutation symmetry ¢ — i + 1, 7 implements the opposite symmetry i — i — 1.
Similarly, : T¢ : acts in the same way as : T¢ : but with opposite orientation. Thanks to
this particular relation, the two fields 7 and T can be considered one the conjugate of
the other: 7 transforms to 7 once the direction of time has been inverted (as it could be
easily inferred by comparing Figures and [6.3]).

The relationship between the two twist fields imposes then the following equality:

FJU By, By = BT () (6.49)

In other words, the conjugate twist field 7 “counts” the copies with reversed order.

Moreover, since the theory is non unitary, we would expect the following identity to hold:
[62] [74]

1
< >@|T |ﬁ1""’ﬁf>u1---w = (—1)Z<—7—> ul---uzwla---aﬁdﬂm

(6.50)

The generic matrix element of the form factor expansion of the correlation function

<7'(0)7~'(7°)> is then given by

OIT OB, -+ Bedprpe e (B -+ Bl T(0)]0)
(T) <T>

2
FZ-“H u[(ﬁla s ,5f)

- (-1

(T)?
(6.51)
The same equality holds also for : 7 ¢ :, i.e.
O T6 :(0)1B1. - Bedunoy oo Broo - Bl : T (O)10)
(:To:) <; T :>
Tl 2
_ (_1)€ FéTd)"m M(ﬂl’Q' .., B
((T¢:)
(6.52)
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Now we have the complete explicit expressions of the form factors of 7 and : T¢ : (and
their conjugates) up to the three particle level. We can then study numerically the cor-
relation functions <T(0)7~d(’l“)> and <: Té:(0):To: (r)>: not only we can evaluate these
correlators at different values of the distance r, but we can also extract structural infor-
mations (like the short-distance scaling and the vacuum expectation value of these fields)
using the method illustrated in Section

6.2 Conformal Perturbation Theory

Before addressing the numerical evaluation of the correlation functions, we should analyse
the expected short distance behaviour. Even though the form factor program is expected
to work very well for large mr, it can also be used to probe the short-distance behaviour
once enough particles have been taken into account. The ultraviolet behaviour can also

be studied by another approach: the conformal perturbation theory.

Massive integrable quantum field theory as perturbed conformal field theory

Let us start with the Lee-Yang model, as studied in [62]. The massive theory can be seen

as the Lee-Yang minimal model M(2,5) perturbed by the only non trivial field of the

theory ¢ = ¢13 = 12 with dimension A = —%. The action of the perturbed theory can

be written as
S = Scrr+ ih/de o(x) (6.53)

where Sopr is the unperturbed CFT action and A is some coupling constant, which is
proportional to the mass gap (h oc m?>~%).
A correlation function in the massive regime can be computed as an expansion involving

conformal correlators [94], 95] g

=, (—ih)*
(0a0)0p(@) = DD (@p)
P k=0
y / Py -+ d2y (04(0)08(2)d(1) - - - S(yk) P p(00)) oy
reg

(6.54)

where the first summation is over all fields ® p appearing in the conformal Operator Prod-

uct Expansion (OPE) between O4 and Op. The objects appearing in the above integrals

3In the following integral all the infrared divergences have to be properly regularised.
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6.2. Conformal Perturbation Theory

are defined as

_ o XR)opr
(X®p(c0))opr = wlﬁoo (@p(w)®p(0))cpr

(6.55)

and (X®p(00))~pp can be (in principle) computed using conformal OPEs. Equivalently,
correlation functions can be evaluated using perturbed OPEs, where the conformal struc-

ture constants are now functions of mr that can be evaluated perturbatively in series of

h:
dp Pp
Corog(mr) = Colo, +0(h) (6.56)

This second approach is a consequence of ([6.54]), and the actual perturbative expansion
of the structure constants can be recovered by comparing the two approaches.

Moreover, while vacuum expectation values vanish at the critical point ((¢)~pp = 0), they
are finite outside the critical regime and they play a non trivial role in off-critical OPEs.
A detailed and rigorous derivation of can be found in [96]. Intuitively, it can be

justified by considering the following argument. Consider the conformal OPE:
04(0)05(x) = Chp(z)0p(x) (6.57)
P
Multiplying both sides by ®g(w) and taking the expectation value we have:

(0o (2)Po(w)) CFp(x) = (04(0)0p(x)Pq(w)) (6.58)

since (®p(z)Pg(w)) = 0 if P # (. Such and argument can be used to compute two-point

correlation functions:

(04(0)05(2)) =Y Chp(x) (2p) (6.59)
P

Of course, since the theory is critical, the above sum is non trivial only for P =1 (®; = 1).
Such an argument can then be extended to the massive regime by expanding the path

integral correlation function

<X> x /D¢XeSCFTihfd2lB¢(I)

{(X) ZZ( k},L) / dPy1 - Py (Xo(y) - d(uk)) opr (6.60)
: reg
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Example In the Lee-Yang case, the correlation function of the field ¢ is given by (at

the critical point):

(@03 cpr = 5 (Dopr+-) +Cort (O)epr + ) (6.61)

where the structure constant is

—

Njw
N

o~ ITEITE

T(3)°r(3)

The expansion of the correlator in the massive theory is given by [62]

r
= §1.91131... (6.62)
r

S
wlw

[SISCIIGIN]
INTC

(G(0)(r)) = Chylr) (1) + Coyr) (@) + - (6.63)

alternatively, can also be estimated using (6.54)):

(6.64)

after having performed the limit, we have

N
o
(o))
ot

N~—

(#(0)p(r)1(c0))opr = T
(@(0)p(r)p(00)) cpp = Coyr (6.66)

[S[%]

Comparing (6.63]) and (6.64]) we notice that the first terms of the expansion of the massive

structure constant correspond to their conformal counterparts:

4
Chy(r) = 1xrs+-- (6.67)
2
CoLr) = Coy x5+ (6.68)
Of course, through a complete perturbative expansion further terms can be computed (see

[62]) for more details).

The massive expansion can now be written as

((0)6(r)) = 5 +15(g) Coy+ -+ (6.69)

It has been noticed [62] that the massive expansion does not tend to the ultraviolet scaling
at short-distance! Since (¢) # 0 outside the critical point, the r% term is more relevant
than 5 for small r, thus (p(0)p(r)) ~ r3 at small distance. On the other hand, at
the critical point (¢(0)(r))cpr = ré at any scale. This peculiar feature is due to the
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6.2. Conformal Perturbation Theory

non-unitary nature of the Lee-Yang model, which allows primary fields to have negative

conformal dimensions.

We have just shown that the Lee-Yang model behaves in a quite surprising way in the
short distance regime. We should then expect something similar also for the twist field

case.

6.2.1 Twist field OPEs

In order to address the perturbative expansion of correlators involving twist fields, we
should study their OPEs. When the fields 7 and 7 come close to each other, we would
expect that only non-twist operators arise in the OPE. Non-twisted operators are simple
combinations of fields belonging to different non-interacting copies of the theory which
preserve cyclic symmetry of the model. We would not expect any twist fields arising from
the OPE since the geometric structure will not be globally affected. Even though the field
T creates a branch cut, the geometry is “immediately” restored by 7. Thanks to the
intrinsic permutation symmetry of twist fields, the collection of fields arising from their
OPE has to be symmetric under permutation by construction. A generic field involved in
the OPE has the following form (J =1,2,...,n):

Gk, - - Pr, + cyclic permutations

#kl---/w

(I)lﬂ...k.i (6.70)

where the symbol #j,...;, counts the number of identical permutations and it is needed
to avoid overcounting (each term of (6.70) then appears with coefficient one). In order
to have a more consistent notation, we consider k1 = 1 < kg < --- < kj. Consider, for

instance, the case n = 4. The permutation

@102 + cyclic permutations = @102 + ¢2d3 + P304 + Pa1 (6.71)

does not require any adjustment, since all terms are different and they appear just once
each. On the other hand, the term

¢1¢3 + cyclic permutations = @102 + a3 + @301 + Pada = 2¢1¢3 + 20204
(6.72)
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presents a double degeneracy and the coefficient #13 = 2 has a non trivial normalisation

role. The general expressions for # at J = 1,2 or 3 is given by:

2 neven Nk=7%5+1
#ik = .
1 otherwise
3 k—l=j—k=n+1—j
#iky = .
1 otherwise
4 k—1=j—-—k=p—j=n+1-—p
#Higp = § 2 k—1=p—j#Fj-k=n+1-p
1 otherwise
(6.73)
By construction, the field ®,...,, has conformal dimension JA:
Ok,(0) - D1, (0)pp, (1) - - - di, (1)) 4+ other combinations
s (O (0r)) 90007200, 000, ) 01, 0)
#hyok,
_ (0, (0) g, (1)) - - - (@1, (0) Py, (1)) + other combinations
#il“'k“]
B r4A .. =4 4 other combinations
o
_ rdA 4 othgr combinations (6.74)
2o
We can now write down the OPE of a twist field O =T, : T¢:
O(x1)O(xy) ~ r4ho Cé@(mr)l + Cgé(mr)r2A<1>1(:ﬂ2)
[5]+1
+ ng“ (mr)r*B® . (x2) + ... + C’gg'"(mr)TZ"AQn...n(xg)
k=2
+ Virasoro descendants (6.75)

Since the various fields ¢, are independent, their two-point functions vanish if the two
indices k are different. Above r = |r1 — x2| and m is the mass of the Lee-Yang model.

The first summation stops at L%J + 1 in order to avoid repetitions in the ®q;, fields.

108



6.2. Conformal Perturbation Theory

Short-distance scaling

The first information that can be extracted from (6.70) is its short-distance scaling: at

small mr correlation functions scale as

(0@)O(@)) ~ ridotma (6.76)
Like in the (¢(z1)¢(x2)) case, the leading term does not scale as r—440,
This exponent can be easily checked numerically using form factors and it will be the first

numerical check of the form factor program.

Vacuum expectation value

Moreover, it is also possible to estimate the vacuum expectation value (VEV) of twist fields
by comparing the form factor expansion with the short distance perturbative expansion.
Typically, the form factor program is able to compute the coefficient Ko in the short
distance expansion of local operators (3.114]):

<(9($1)(§(m2)>
A/

e = Kor %o 4... (6.77)

which, compared with (6175) can be used to estimate the vacuum expectation value of
the twist field. In order to do so, we have to compare the above equation with the short-

distance limit of (6.75]):
(0@)O@s)) ~ Chisw(mr) 802180y (2y)) (6.78)

Before extracting the VEV of the twist field, the values of ng'"(mr) and (1 n(x2))
have to be computed. The latter can be easily evaluated, since it is just a collection of
independent fields and it is completely factorisable:

n

<(I>1n> = Hiom - H#1.m N H#im

The VEV of the field ¢ can be computed exactly using the Thermodynamic Bethe Ansatz
(TBA) and by solving numerically the thermodynamic Yang-Yang equation for the massive
Lee-Yang model [62, [97]:

5im—2/5
() = W (6.80)
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with h = 0.09704845636. . . .
The solution of the thermodynamic Yang-Yang equation [97] provides also a precise link

between the mass m and the perturbative parameter h:
h=bHm (6.81)

The computation of structure constants is more complicated and it requires a deep analysis
of the action of twist fields.

Since we are interested in the short distance behaviour we can consider the leading term
of the expansion of the structure constants, which coincide with the respective conformal

value:
a(r) ~ Cgp+ -+ (6.82)

The conformal structure constant involving twist fields C(‘; 5 can be computed by compar-

ing the twist field OPE expansion of correlators like <O(ﬂ:1)(9(x2)X > with the equation
of Chapter @l Using the OPE we have:

<T@g%@gx>

_ r?Ax X (X) (6.83)
(T(@)T(2))

TT

The LHS of (6.83) is also the definition of the correlation function of the string of fields
X on the Riemann manifold M,, i.e. it is equal to (X),, . By direct comparison of
this correlator with the RHS of (6.83)), we can evaluate directly some structure constants.
Unfortunately this method has some limitations, since the direct evaluation of (X),, is
not always straightforward and can be performed exactly only when X is a product of

four or less fields. In these cases the value of the structure constants are given by:

2mi(k—1) |—4A

b, Qi —4AA |4 -
CT7’ = 0, CT’f =n 1—e for k> 1,
) 2mi(k—1) 2mi(j—1) 2mi(i—k) \ |24
C;}i{T’k’] = n_6AC$¢ ‘ (1 —e n ) (1 e n ) (1 —e T w )‘ for j7>k>1,
C;}illk’j”’ = p 88 <<;5 (e%) o) (eggk) o) (627:]) o) <627¥)> for p>j>k>1,
Oy o —2A ¢ Q1 —4A ( . L:_U)
qors = " Cops C:Tq&:’fdz_n Fll-e for k>1 (6.84)

A detailed derivation of these constants can be found in Appendix [Bl The structure con-
stants of the T fields have been computed for the first time in [98].
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For generic ®y,...;, fields, structure constants are given by:

s} g 2mik
C;}ilfcl'..k‘] - p2A <¢ (627) é (62 n@) i <e ik )> (6.85)
<I>1kl...kJ . _9JA ( % 2Trrz;kl o 2Tr;kJ)
C:7’¢z:7:¢z = n Flen e yoee € (6.86)

where the function F is a non universal, model-dependent building block of correlation

functions:

F(zy,@a,...) = lim |y[** (¢(0)6(1)d(y)d(a1)d(x2) ) (6.87)

Yy—00

Even though in principle all structure constants can be computed, only few can be actually
evaluated. The main obstacle is the evaluation of many-point correlation functions. Note
that in the case of composite twist field : T¢ :, we can compute less structure constants
than for 7. This difference is due to the fact that when computing correlation functions
involving the composite twist field, two extra fields ¢ appear in the correlation function,

increasing the number of points by two.

Using conformal perturbation theory we managed to have a better understanding of the
short distance behaviour of correlation functions of twist fields. We can use this knowledge
for two purposes. We can check the accuracy of our form factor program, comparing the
scaling dimension computed numerically against the theoretical value. Moreover, we can
compute the vacuum expectation values of the twist fields, once we know the value of the

structure constants, which can be computed in some cases.

6.3 Numerics

In this section we will firstly check the scaling obtained using the form factor program
against that predicted by perturbative CE'T in order to assess the accuracy of form factor
expressions. Moreover such a program can also be used to compute the vacuum expectation
values of twist fields as a form factor expansion.

From the form factor point of view, we will use equations (B.113) and (3:114) to compute

the coefficients Kp and xp of the correlator:

<0(0)(§(0)>
A

© = Kor % 4... for mr—0 (6.88)

All the integrals appearing in this section have been computed using the Monte-Carlo

integration algorithm. A short introduction to this method can be found in Appendix [Cl
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6.3.1 Short distance scaling

Using [BI13]) we can compute the scaling factor —4zo for the twist fields 7 and : T¢ :

for some values of n:

(0()0()
\TE)

© = Kor %o ... formr —0 (6.89)

which can be compared with the expected perturbative CFT scalin£

<0(0)@(V")>CFT = o (6.90)

The scaling factor dp has different values for the two twist fields:

4dr = 4A7 —2nA
ddgy = 4Ag4 —2nA (6.91)

In the following sections we will compare the form factor expansion for xp against the

perturbative prediction dp.

Simple twist field 7

The perturbative prediction for the short distance scaling of the correlator <T(0)7~‘(7’)> is
given by

—4dr = —4A7+2nA (6.92)

In the following table we compare this quantity against the form factor expansion (up to
the three-particle level) for some values of n:

The form factor extrapolation of the scaling is compatible with the perturbative pre-
dictions and it is clear that the agreement improves adding more particles. Plotting the
scaling obtained from the form factor expansion makes it clear that each time a particle is
added to the expansion the prediction is more precise and closer to the perturbative CFT
prediction (Figure [6.5]).

“In the following we denote with —4do the perturbative CFT scaling factor and with —4xo the form
factor expansion of such a quantity. Of course we expect that these two quantities coincide when infinite
form factor contributions are taken into account.
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n [ 2 [ 3 [ 5 [ 8 | 10 |
1-particle 0.209643 | 0.442562 | 0.861066 | 1.44896 1.83206
1+2-particles 0.259028 | 0.564549 | 1.10754 | 1.86697 2.3611
1+2+3-particles || 0.279487 | 0.625075 | 1.23376 | 2.13554 2.70666
CFT (—4dr) 2=03 |3 =0756 | 2 =152 | W8 =2575 | 18 =326

Table 6.1: Scaling of the <7'(0)7~'(7°)> correlation function. The perturbative CFT predic-

tion is presented together with the one-, two- and three-particle form factor computation.
Clearly, adding more particles, the form factors expansion approaches the perturbative
prediction.

4.0

[N} 1p
3.5t|e--e 1p+2p
&-a 1p+2p+3p
3.0f| — cCFT

2.5¢

—dzr
>

2.0p

1.5¢

\\
°x
\

1.0f

A
e
\

e
N

0.5 /-

0.0

Figure 6.5: Scaling of the correlator <T(0)7~d(’l“)> The CFT prediction is given by the

black solid line, while the one-, two- and three- particle form factor expansion are given
respectively by the red squares, blue circles and green triangles.

Composite twist field : T¢ :

As in the previous case, the short distance scaling of the composite twist field : 7 ¢ : can be

computed using perturbative CF'T and form factor expansion. The CFT approach gives:
—4dgy = —4Ag4 +2nA (6.93)

which can be checked against the form factors expansion:

Also in this case, the form factor extrapolation of the scaling is compatible with the
perturbative predictions and it is clear that the agreement improves adding more particles.
Plotting the scaling obtained from the form factors expansion makes clear that each time
a particle is added to the expansion the prediction is more precise and closer to the
perturbative CFT prediction (Figure [6.6)).
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n | 2 | 3 | 5 ] 8 | 10 |
1-particle 0.391185 [ 0.572281 | 0.941564 | 1.499823 | 1.87287
1+2-particles 0.505165 | 0.737822 | 1.213628 | 1.931704 | 2.41539

1+24-3-particles 0.575841 | 0.843472 1.38907 2.21646 2.77169

CFT (—4d.74.) =072 =1022|32=168 | 9 =20675| 5 =334

Table 6.2: Scaling of the <: Té:(0):To: (7“)> correlation function. The perturbative

CFT prediction is presented together with the one-, two- and three-particle form factor
computation. Clearly, adding more particles, the form factors expansion approaches the
perturbative prediction.

[ ] ]_p
3.5r|e--e 1p+2p
&-a 1p+2p+3p
3.0/ — crFT

MY
° %
>
\
e
L}

O\
on
\
]

n

Figure 6.6: Scaling of the correlator <: Té:(r):To: (0)> The CFT prediction is given
by the black solid line, while the one-, two- and three- particle form factor expansion are
given respectively by the red squares, blue circles and green triangles.

In both cases (T and : T¢ :) the form factors expansion recovers the relative perturba-
tive CFT prediction of the scaling. This is not only a good test of the integration routines

on their own, but it confirms also the identification of the two form factor series relative
to the two twist fields (6.27)).

One-particle form factor contribution

Even though an infinite amount of form factor contributions are required to produce a
perfect 100% agreement with the short distance perturbative approach, the most impor-
tant contribution is given by the first few particles. The complicated expressions of the
form factor contributions with two or more particles makes it very hard to estimate their

contribution from the analytical point of view. On the other hand, the one-particle form
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factor is simple enough to attempt an analytical study of its contribution, at least in the
large n regime. Of course, we cannot directly compare the intricate one-particle form

factor (6.27)) with a perturbative conformal prediction of the scaling
—4do = —4Ap+2mA = (m - 5) n——n-., (6.94)

where ¢ is equal to ¢ or ceg according to the choice of O =T ,: T¢ .

The implicit n dependence of the one-particle form factor has to be extracted in order to
do a direct comparison with the above equation.

This can be done in the large n limit, when a Laurent expansion of the form factor can
be performed.

Isolating the first contribution of equation (B.I13)), it is clear that the one particle contri-

bution is given b

W n | FOI 2
—4 = — |2 6.95
e T <O> ( )
whose explicit expression is given by
n F1(9\12 sin 5~ T\ bogn? (T 2 6.96
7| (O) |  2rsin & sin g fr (i) (COS <3_n) St (G_n)) (6.96)

Apart from the f,(im)~! contribution, all the other terms can be easily expanded for large

n:
sin =~ s TN\ 2 2n 1 1372

3n 2 -5

(o (E) i (D)) - Bk

27 sin - sin g~ (COb <3n>+ St 6n 7T2+18n+9720n3+ (™)
- 2

E ((5) s (D)) = BT I

2 sin L sin 2 \ > \3p M \6n 22 " Tsn T omaom T O

6n 2n
(6.97)

SHere we denote with acg) the one particle contribution of the scaling factor zo.
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1

The expansion of the coefficient f,,(i7)™" can be performed by expanding all terms of its

infinite product representation:

fulim)™t = ] ar(n)

0o 1 4
I F(kn+g)F(kn+§)F(kn+§)
o (bt 5) T (kn o+ 3) T (kn + 5)
L D4 Dn—3) D ((k+ Dn+5) T ((k+ D+ 5)
T((k+)n-HT(k+1)n- 1T ((k+1)n+1)
(6.98)
The large n scaling of the first aj terms is given by
1T(R)T(3) 1 1 4
= = 1-— - o)
) = IO ( 56n2 3608 O™ )>
B 5 7 .
an) = 1= 9n + oggms TOT)
13 19 .
= 1-
az(n) 12962 + 777603 T O )
25 37 .
= 1 —
as(n) 5182 * g2a0m T O )
41 61 .
= 1 —
as(n) 1420072 * 28800007 ~ 2
61 91 .
as(n) = 1 + +0(n™ %) (6.99)

©32400n2 ' 972000n3

Collecting all expansions together we can study the large n behaviour of the scaling di-

mension of the twist fields:

5 2
Y IPRTG) (2n 1/ 197 1 3
e~ 2T \72 0 \ 220022 T 18 +Om™)
.0435792...
= (0.186944...)71—%4—0(71_3) (6.100)
(1) ITTE) (2n 1 ([ 197 7 3
—4 ~ = 2/ _ = -
T 2T(T(D) \72 ~ 0 \ 240072 * 18 O™
= (0.186944...)n—%+0(n*3) (6.101)
n

where the n~! term has been computed using up to k = 5 contributions. The subsequent
contributions can be safely dropped since the ag term would have had a negligible contri-

bution of magnitude 0.001.
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This one-particle approximation can be compared with the expected CFT prediction of:

(0.06666...)

n

—ddr = (O.33333...)n—w

—4dgy = (0.33333..)n +

- (6.102)

A direct comparison immediately shows that the one-particle term contributes for about
50% of the scaling dimension’s value. In particular, it provides 56% of the n coefficient
and 65% (49%) of the n~! coefficient for the : T¢ : (T) case.

We can now use the form factor expansion to address a much more complicated prob-
lem, the evaluation of the vacuum expectation values of these fields, which cannot be

computed using a perturbative CF'T approachH

6.3.2 Vacuum expectation values (7) and (: T¢ :)

The short-distance form factor expansion can be used not only to extrapolate the ultra-
violet scaling of correlation functions, but it also reveals precious information concerning

other numerical constants:

(0n0(0)

OF = Kor %0 4 ... formr — 0 (6.103)

Since the value of the constant K¢ can be computed as a form factor expansion, the above
equation can be compared with its perturbative CF'T equivalent in order to estimate the
vacuum expectation value (VEV) of the operator O.

As shown in Section [6.2], at short distances the leading term of the perturbative expansion

is given by
(00©) ~ € (o) ride (6.104)
Comparing the two expansions, the VEV of the operator O is given by

C<I>1;..n <¢>n
0) = /&L — 6.105
) o (6.105)
while there is no theoretical upper limit on the value of n for the computation of Ko, the
conformal structure constant C' depends on n-point correlation functions (or n+2-point

for composite twist fields). For this reason, this method can be used to compute the VEV

5In some other cases, e.g. Free Fermions, the VEV (7) of the twist field can be computed using
alternative approaches [14].
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of a twist fields only for n up to 4 (or up to 2 in the composite case).

The n = 2 case

In the n = 2 case, the CFT structure constant can be computed for both twist fields T
and : T ¢ :. Using the results obtained in Section [6.2] we have:

CT2 = 27 = 4.6566. ..
C?};fm = 27 F(2) = —5.5370...

(6.106)

Using the form factor program, the constants Ko can be computed (at three-particle

level):

Kr ~ 1.35236...
Kgg ~ 1.95908... (6.107)

Using these results we can estimate the VEVs of T and : T ¢ : as a function of the mass

gap m:

(T) ~ il1.8555m @
(T¢:) ~ 2.0837m 1 (6.108)

The imaginary nature of the n = 2 VEV of T should not surprise: the VEV of the Lee
Yang field itself is purely imaginary [97]. We believe that the VEV of the composite field

is real because of the two purely imaginary contributions (7 and ¢).

6.3.3 The n = 3,4 cases

As we said before, the most relevant conformal structure constant in the short-distance
OPE of two fused twist fields : T ¢ : is given by n—+2-point correlation functions. For this
reason the n = 3 and n = 4 cases can be addressed only for the field 7. The most relevant

structure constants involving twist fields T for n = 3,4 are given by:

CPes = 379807, = i138086...  for n=3
CTE = 4752 (g(i)p(~1)p(=i)(1)) = —50.8836...  for n=4
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These values, together with three-particle level form factor expansion for the constants
K

Ky = 2.02966... for n=3
Ky = 3.48758... for n=4 (6.110)

give the estimate of the VEV of T for n =2 and n = 4:

(T) = 3.59903m %  for n=3
(T) = i6.44411m~s  for n=4 (6.111)

As before, the imaginary VEV is not a surprise and it is due to the non unitary nature of
the model.

The knowledge of the VEV plays a central role also in the actual evaluation of correlation
functions <(’)(0)(’j(r)> at different values of r, since all form factors are proportional to
the VEV itself. The estimations of the constants Ky and xp require only “rescaled” form
factors |FC|%/ (0)? and they can be computed without knowing the actual value of the
VEV (O) a priori. On the other hand, the form factor expansion of correlation functions
<(’)(0)(’j(r)> involves “non rescaled” form factors |FP|?, which depend on the VEV (O)
explicitly.

The short distance form factor expansion of the constant Ko gives then vital information
about the VEV. Such values can now be used to compare directly the perturbative CFT

approach and the form factor expansion at different values of the distance r.

6.3.4 Perturbative CFT vs form factor expansion

Once we have estimated the vacuum expectation values of twist fields in some cases, we
can compare the form factor expansion with the perturbative CFT prediction at different
values of the distance r.

While in the previous section we checked the short-distance form factor expansion only
against the most relevant perturbative CFT contribution, here we take into account all the
possible contributions of the zeroth order perturbative approachﬁ. Since we will compare
the two approaches at different values of r, we include the extra terms in order to have a

more genuine prediction of the scaling of the correlation function.

"The complete perturbative series will include contributions not only from primary states, but also from
their descendants. The zeroth order expansion takes into account only the primary fields’ contributions
and it does not consider all the descendants’ contributions. For instance, equation (6.75) is a zeroth order
perturbative expansion once removed the “+Virasoro descendants” contributions.
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Composite twist field : T¢: at n =2

Let us start with the n = 2 composite twist field : 7 ¢ :, which is the only configuration that
can be studied with perturbative CFT, since its structure constants require the knowledge
of up to four-point CFT correlation functions of the field ¢. The complete zeroth order
perturbative expansion of the two-point correlation function is given by:

(:T:(0) :7~‘¢: (r)) = r4AT <1 + 2C§;:7~,¢7‘2A<¢> + C§$¢¢T4A<¢>2> +--
(6.112)

Using the VEV computed in Section [6.3.2] we can compare the above perturbative expan-

sion with the form factor estimate (up to three particles).
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Figure 6.7: Comparison between the perturbative (solid black line) and form factor
(coloured points) expansion using linear (left) and logarithmic (right) scales.

From Figure[G.7lit is clear that, while the long range scaling can be easily achieved even
with just one particle, the ultraviolet regime requires more particles in order to be more
consistent with the perturbative approach. In is important to notice that the normalised
form factor expansion used here is affected by two truncations. The correlation function
itself is computed using a truncated form factor expansion. The vacuum expectation
value (: T¢ :) (which all form factors are proportional to) is estimated using a form factor

expansion truncated at the three-particle level.

Twist Field 7 at n =2,3 and 4

From the qualitative point of view, correlators involving twist fields 7 behave in very

similar way to correlation functions of composite fields : T ¢ :.
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The complete perturbative expansion at zeroth order is given by:

(TETO) = 17387 [144CTLr289) + (4072 + 20712 ) 14 (g)?

_|_4C;}%33TGA<¢>3 + C$$34T8A<¢>4} +... (6.113)

Of course, some of the terms of the above equation vanish for n less than four. For in-
stance, for n equal to two, non vanishing structure constants involve up to two fields (one

for each copy) and the series is truncated after C’;}%E.

Using the value of (7) computed in the previous section, we can now compute the cor-
relation functions using form factors and compare this estimate with the perturbative
approach. Since the VEV of T is complex for even values of n, correlators have negative
values in such cases. In order to appreciate the different behaviours of the various cases,

we plot the correlators with switched sign when needed.

n=2 n=2
4.0 4.0,
3.5
3.0r
= 2.5¢
<
=
°=2.0"
=
=
| 1.5
-
1.0 / =8 Op+1p ] 1.0 poiey 5 ..'. =8 Op+lp
«
e--e Op+1lp+2p wat - e--e Op+1lp+2p
0.5 +-a Op+1p+2p+3p|q 0.5/ i & -2 Op+1p+2p+3p
— CFT - — CfT
0.0 01 02 03 04 05 06 07 08 09 0.0 107
mr

Figure 6.8: Comparison between the perturbative (solid black line) and form factor
(coloured points) expansion using linear (left) and logarithmic (right) scales.

Like in the previous case, the form factor expansion does not agree perfectly with the
perturbative CF'T approach to all values of mr.
Moreover, some correlators recover the expected ultraviolet scaling better than others. In
particular, the agreement is better for lower n. From a qualitatively point of view, this
feature can be explained by the zeroth order truncation. Since the scaling dimension of
the field involves increased linearly with n, sub-leading corrections are more relevant for

large n.

8For instance, the first sub-leading correction inside the identity’s Virasoro tower is proportional to

/dy <T(0)7—(r)¢(y)> o piATH2A

CFT
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Figure 6.9: Comparison between the perturbative (solid black line) and form factor
(coloured points) expansion using linear (left) and logarithmic (right) scales.
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Figure 6.10: Comparison between the perturbative (solid black line) and form factor
(coloured points) expansion using linear (left) and logarithmic (right) scales.

In both cases (7 and : T ¢ :) the agreement between the two expansions is not always
perfect. This difference is somehow expected and it is due to the different regimes of
validity of the two approaches. While the perturbative CFT approach is valid for very
small mr, the form factor approach is naturally more precise in the opposite regime, i.e.
for large mr. Moreover, the conformal perturbative approach we used is truncated at the
zeroth order. Such a truncation, even though is very precise at ultraviolet scales, fails to
properly describe the infrared regime.

Nevertheless, the comparison is quite encouraging and it is a very strong hint that the form
factors we are looking at are the right ones to describe both twist fields of the Lee-Yang

model.

We can now address the evaluation of entanglement entropy from the form factor expan-

while the zeroth order contribution scales with 7 ~*27 . Since A grows with n, the first order contribution
is more relevant for large n.
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sion.

6.4 Entanglement Entropy

In previous sections we evaluated form factor expansions for the correlators of both twist
fields 7 and : T ¢ : for the Lee Yang theory.

While the short distance behaviour of the entanglement entropy has a clear universal
logarithmic scaling [1]], it saturates to a constant in the long distance infrared regime. As
long as the mass scale of the system is much greater than the inverse size of the subsystem

(r < € =m™1), the entropy scales as if the system was critical:

SN%mg (6.114)

where ¢ is some ultraviolet normalisation cut-off.
In the opposite regime (mr > 1) the mass scale breaks completely the conformal invariance

and the entropy saturates to a constant:

SN—%MW (6.115)

These two regimes are connected, as they describe the same quantity at two different
scales mr < 1 and mr > 1. The form factor expansion can be used to estimate how the
entropy approaches its saturation value in the intermediate region mr ~ 1. Even tough
it saturates to a constant for large values of mr, we would like to compute the behaviour
of the entropy in the intermediate region mr = 1. Using form factors we can analyse the
various corrections to this saturation. Given the nature of the form factor expansion, we

expect that it will give exponentially decaying corrections to saturation.

6.4.1 Saturation

Before addressing the computation of the correction to saturation, we can have a closer
look at the saturation value of the entropy (6.115]). We know that this constant depends
on the mass gap of the system, but we would like to know if it depends also on some other

physical properties of the system.

As we have seen in Chapter [ the entanglement entropy of a non unitary system can

be represented via correlation functions involving composite twist fields : 7¢ : and the
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Figure 6.11: Scaling of entanglement entropy at different scales. Near the critical point
(mr < 1) it scales logarithmically according to the CFT prediction. At the other end of
the scale, in the infrared regime (mr > 1), the entropy is constant. Less is known about
the behaviour of the entropy in the intermediate region. The form factor expansion can
be used to estimate how the entropy tends to its saturation value.

field ¢ responsible for the creation of the ground state:

d Coff (L) <: T¢:(0) :71¢: (T)>

r) = —lim — Gl .
S(r) | ZnE 0B ()" (6.116)

In order to separate the saturation from its correction, we split the above equation in order

to isolate all the terms which depend on r:

S(r) = —}LE% anc%“(n—%)%;éf] _ig%%fgzﬂ;;) (6.117)

where the two functions A and B are simply rescaled correlators:
A(r,n) = <: T¢<:.((2¢;’jf>;ﬁ: (T)> (6.118)
B(r) = % (6.119)
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These expressions can be further rearranged in order to highlight the various contributions:

S(r)y = —Ce?ﬂlogme
- d) n
g 4|, 1) ( T0 ) (C¢¢>
—omesspme o " 2n A0,
— C¢ n
= aim Lz, - (q)ﬂ (6.120)
n—1 dn C®1en
TaT

Such a rearrangement is not casual: the entire second line can be expressed in terms of

form factors. Using equation (6.105) we have

i, o
(Tep:)? = mibreToTd (6.121)
Kog
¢
(@) = mite—22 (6.122)
Ky
The second line of (6.120)) can then be expressed as
. a2 () K
= —lim — m (=) & T(ér'f (¢f¢> ~ — lim diK—¢ (6.123)
2 O O]

Thanks to its arbitrariness, the ultraviolet cut-off € can be rescaled in order to absorb the
last term of equation (G.120])

n
(¢%)

Ce?ﬂr log me — Ce?ﬂ log me = Ce?ﬂr log me + 1?311 o Z, — Cq;% (6.124)

TaiT ¢

Thanks to this manipulation the entropy is given by
Coff . d A(r,n)
= ——1 — lim — 12

S(r) 3 logme +U lim — B (6.125)

Thus, the saturation value of entanglement entropy is given by two contributions: the
model dependent constant U and the logarithmic term which depends on the mass gap
m. Of course, the ultraviolet cut-off € still appears in the scaling of the entropy. It is not

universal and depends on the physical realisation of the modelld This is not a surprise:

9For instance, if we consider a field theory as the scaling limit of a lattice model, the short distance
cut-off € can be interpreted as the lattice spacing.
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ultraviolet divergences are often present when predicting observable physical quantities
using quantum field theory. Luckily, if we use the same cut-off in both long and short
distance scales, we can still extract universal information about entanglement entropy
using QFT. Consider the two regimes (without taking into account the corrections to

saturation):

“flog - mr < 1
S(r) ~ (6.126)
—“logme+U mr>>1

The short distance scaling can then be used to “calibrate” the model [99]. Suppose,
for instance, to study a near-to-critical (m < 1) system. Using an alternative method
(e.g. a numerical computation like DMRG), we can extrapolate the value of € from
S(r) ~ “flog%. Once the value of € is known, it can be used to estimate U, even
though it is not universal but it depends on the microscopic properties of the model stud-

ied. Since there is no restriction, we can choose the same ultraviolet cutoff in both regimes.

One of the strengths of the form factor expansion is that we can estimate the universal

constant U (6.123)) as:

. ¢
U = lim —~ : (6.127)

Since the constant K can be computed as form factor expansion, the above formula is a

powerful recipe, which can also be extended to the unitary case:
U = —lim—— (6.128)

Even though Ky (or K7) are hard to compute analytically, in principle it is possible to

construct an interpolating function from their numerical estimate.

6.4.2 Corrections to saturation

We can now address the study of the corrections to saturation, i.e. how the entropy
approaches its saturation value at large mr.

The correction to saturation is given by:

/ _ /
lim iA(r,n) — lim A'(r,n) — A(r,n) log B(r) _ A'(r,1)

n—1dn B(T’)n n—1 B(’I“)n B(T‘)

—log B(r) (6.129)
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The above expression cannot be computed directly using form factors. It involves a deriva-
tive, a logarithm and a division. These operations can be addressed in a easier way by
expanding the functions A and B, highlighting each form factor contribution.

Let us expand the functions A and B to highlight the one- and two-particle contributions:

A(r,n) = 1+ Ai(r,n) + As(r,n) +--- (6.130)

Of course, since they are correlators normalised by the VEVs of the fields involved, the
zero-particle contribution is one. In our approach, we truncate the expansion at the two-
particle level, since, as we will show in this section, the two-particle contribution is already
strongly shadowed by the one-particle contribution at large distance mr > 1.

We can now study the explicit expression of the above contributions A; and B;, whose
values at n = 1 (together with their derivative obtained from analytical continuation in

n) will be used to compute the various contributions to the corrections.

A terms

Let us now focus on the A;s terms, i.e. the ones coming from the form factor expansion
of the twist field correlators.

By definition we have

.2 2
_ - @ FlzT(mZ —mrcoshf __ E FlzT(ml
Alrn) = ;/% (T = Ta|GTey| Folmn)

(6.132)

where we have used the fact that the one-particle form factor does not depend on the copy
number j or the rapidity 5. In the above equation K is a modified Bessel function of the
second kind [49]

oo
K,(z) = /O dt t¥e = cosht (6.133)
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The two-particle contribution is given by:

. 1 . d25 FQZTQﬁlij(/Bl?ﬂQ) i —mir(cosh 14cosh 52)
As(r,n) = 2! ]1/ (2m)? (:To:) i
0o Tl iy 2
_ ”Z/ dﬂ F, (g 7—-(;7;1(3 — 1))‘ K, <2mr cosh §>
(6.134)
B terms

Similarly to the As case, we can write explicitly the one- and two-particle contributions of
the form factor expansion of the (¢(r)¢(0)) correlation function. The form factors for the
¢ field have been computed in [62]. Alternatively, one can use the form factors of : T¢ :

and set n to one.

2
Ood/B Fld) —rmcosh 3 1 Fld)
Bir) = — [ 2|5 _ LAk
0 = - 5 |® v |Gy Folmn)
2
— _—31/27#(@ 1)2K0(m7") (6.135)
3
The two-particle contribution is given by:
B (7") = / /OO d’82 F¢ 51 /82) i —rm cosh 31 —rm cosh (B2
i (@)
~ _dp |8 5
/ G ?¢£>)' Ky <2m7°cosh§>. (6.136)

Derivatives of As

The main difficulty in taking the derivative with respect to n of the one-particle contribu-

tion A;j relies in differentiating the function f, (6I7). Its integral representation allows

(%)

us to directly differentiate with respect to the parameter n:

s 4sinh? (L) csch?(nt) co
L [T (&) L) (6137)

co
dn 1 — 2cosh (%)

Since we are interested in the limit n — 1, we can specialise the above expression at

n=1and 8 = 27” (the value of B appearing in the one-particle form factor expression),
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obtaining:

. dfp(B) 117 2mi
i O ()8 (%) (6.13)

We can now compute the n — 1 limit of the derivative with respect to n of the entire

one-particle form factor:

2
d

! _ .

A1) = rlzl—>mldn

FlT¢|1
T

F? F?
= ‘(@) —Q@Hdn << ¢>>
e\’ F1¢
()

\/_fl(% >

. df, 2mi
- - “/z — lim I (3 )] (6.139)
V3 (%Z) n—1 dn
Rearranging all the terms we have:
2 1 13
Al (r,1) = Bi(r) + : ( ——)K mr 6.140
) = Bi)+ s (25~ g ) Kol (6.140)

The presence of the B; term (i.e. the one-particle contribution of the (¢(0)¢(r)) form
factor expansion) is due to the fact the : T¢ : tends to ¢ in the limit n — 1.

We can immediately notice that this term is non-universal. It depends explicitly on the
function f (which depends on the explicit expression of the S-matrix of the theory). This
non-universal feature is in contrast with the universal form of the two-particle contribution,

which has been computed in [14] for all integrable theorie@ and it is given by:
, 1
Ay(r,1) = gKO(er) (6.141)
Such a result was obtained from the analytic continuation in the parameter n.

We can now put together all these results in order to construct the various contributions

to the correction to the saturation of the entanglement entropy.

ONotice that this result holds also beyond integrability, as shown in [T00)].
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The term B~! can be Taylor expanded as

1
1+Byi+By+---

= 1-(Bi+Bo+- )+ (Bi+Ba+- )"+

= 1-B,—By+B?+--- (6.142)
A Taylor expansion can also be used to compute the logarithmic contribution:
1
log(1+B1+By+---) = (Bl+BQ+"')—§(Bl+BQ+"')2+"'
1

Putting all contributions together we have

. d A(r,n) 9 1 13 )
w1 dn B(r)y» il (%)2 (77\/3 - m) Ko(mr) + gKo(er)
4 oo
_W/ (2775)2 <|Fmin(5,1)|2 — 1) Ky <2mr cosh g)
3 (e o]
13
3Varh (%)MO(W)2 T (6.144)

In order to “order” the various contributions, we should consider their large mr expansion:
T [1 1 71\ 1\%?
K — —mnr - - = - - O -
o(mr) ¢ [\/g mr 8\/g<mr> + <<mr>
9 9 m U 1\?*
K — —zmnr - O -
o(mr) ¢ 2mr  8mr? + (mr)

s = e e ) o () )

(6.145)

From the above expressions it is clear that the expansion of the function Ky(mr) is not
affected by neither the function Ko(mr)? or Ko(2mr) - the former decays as e™™" while
the latter decay at a much faster rate e=2™". Therefore, the Kq(mr) term is the most

relevant term of the correction:

A 2 1 1
lim 4 Alr,n) = — < - —3> Ky(mr) + sub-leading corrections
n—1dn B(r)" fi (%) /3 108

(6.146)
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The coeflicient in front of the Bessel function can be calculated explicitly:

- 2 (1_3
AE) \av3 108

3

> = 0.0769782. .. (6.147)

Concerning the sub-leading corrections, all the factors of order (62;”% can be grouped

together. They are given by:

1 mr) — 4 © _dB ; 2 mr cos 5
1002 = i | T (0P = 1) 6 (2t

- Ko(mr)? +
v 4
33V fi (%)
(1 4 © de e 2mr
B 218 2mi 4/ 2 <|Fmi“(9’1)|2 B 1)
3f1 (&))" oo (27) 2mr
13 —2mr
_ [ — 4] 62 (6.148)
T
pAV3fL(B) ] 2mr
where the two constants in front of the two exponential functions can be computed ex-
plicitly:
1 4 *  de
b = /T (1- ,4/ 5 (1FPuin(@, )P = 1) | = 0.326234...
2\8 3£ (%) oo (2m)
13
= —————— = 0.0512159 (6.149)
54351 ()

6.4.3 Leading correction to saturation

We have now computed all the contributions needed to build up the complete expression
for the next-to-leading order contribution to the entanglement entropy in the large mr

regime:

—2mr 6—2m7" —2mr

Ceff e
§ = _Gff U — aKo(mr) — - o —
5 logme + aKo(mr) —b — ot ((2mr)3/2>

(6.150)
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In order to compare these results with the unitary case, let us consider the entropy of a

unitary system in the same large mr regime [14]:

1
S = —glogme—i—U'—gKo(er)—i----
c \/7_1.6—27717’
= ——logme+ U’ — *— +-- 6.151
3% 16 v2mr (6.151)

where U’ is a model-dependent computable constant. Using form factors, it is possible to

compute it:

, .ood 1

U = —TIL1_>m1 an oy (6.152)
Of course, one of the main differences between the two cases is that the central charge
c is substituted by its effective counterpart ceg in the non-unitary case. Moreover, the
corrections to the respective saturation values scale in different ways. In unitary models
the most relevant correction has a universal behaviour: the % coefficient is the same for
any theory. On the other hand, the non-unitary corrections have a different scaling and
the coefficient is no more universal, as it depends explicitly on the features of the model.
This feature could play a very important role in the identification of the universality class
of the model, as it will be discussed in Section In order to explain this feature,
we should have a look at the main differences between the two cases when evaluating the
entanglement entropy. In the non-unitary case the entanglement is given by a correlation
function involving composite twist fields : T¢ :, which have a much richer structure than
the twist fields 7. Since : T¢ : — ¢ when n tends to one, the one-particle form factor
F 1¢ = 0 of the field ¢ plays an actual role in the study of the large mr regime. In the unitary
case, the entanglement is given by correlators involving twist fields 7 which become the
identity 1 when n tends to one. As noticed in [I4], since the one-particle form factor Fil of
the identity is equal to zero, it gives no contribution to the entanglement entropy. There

are no O(e™"™") corrections to the entanglement entropy in unitary QFTs.

6.4.4 Numerical identification of the universality class

The strong difference between the two cases could be an important help when identifying
the universality class of a model from numerical computation of its entanglement entropy.
Consider a spin chain and suppose we compute the scaling of its entanglement using some
numerical approach (say DMRG). Probably the easiest thing to extract is the (effective)
central charge, denoted as ceg. Suppose that the numerical estimate gives a result of
ceff = 0.714+0.02. Such a result is compatible with either the unitary minimal model My 5
with central charge ¢ = 7/10 = 0.7 or with the non unitary M3 7 model, with effective
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central charge ceg = 5/7 = 0.71.... In order to discriminate between the two models the
study of the leading correction to the saturation could be used (if the scaling limit is a
massive QFT).

6.5 Conclusions

In this chapter we extended the results of Chapter B to the massive regime. The form
factor recursive equations for the twist fields of the Lee-Yang model have been derived
and their solutions found up to the three-particle level. From the recursive equations two
distinct series of form factors have been found. These series have been identified with the
form factor series of the twist field 7 and its composite variant : T¢ :. In order to check
this identification, i.e. to check whether the two form factor series have been properly
identified with the right field, the scaling of the correlation functions has been studied.
We performed a “connected” form factor expansion of the correlation functions, i.e. we
studied their logarithm. Using a tool developed by Smirnov [74], we computed the scaling
dimensions of the two different twist fields in the ultraviolet regime. In order to check
such computations, we developed a perturbative CFT expansion of correlation functions
extending previous result known in literature [98] [101]. The form factor expansion of the
logarithm of correlation functions, together with the newly developed perturbative CFT
approach, allowed us also to estimate the vacuum expectation values of the twist fields
in the massive regime. Such a computation, available only in few small n cases, allowed
us to compare directly the perturbative CF'T with the numerical form factor expansion of
correlation functions involving twist fields. In all the cases studied the agreement was not
perfect. We claim that this discrepancy can be explained by some factors, in particular
by the truncation of the form factor expansion. Such an expansion can describe very well
the large mr regime, but it fails in accuracy when it is used at short distance scales, when
many more form factors may be needed to reconstruct correctly the correlation function.
On the other hand, the perturbative CFT approach lacks in precision when trying to
describe long range scales. Moreover, all form factors depend explicitly on the vacuum
expectation value of the field they are describing. Such a value comes from a form factor
expansion itself. The form factor expansion of the correlator is then the results of two
approximations: one in truncating the actual series and the other in truncating the series
to compute the vacuum expectation value. All these numerical computations, while phys-
ically relevant on their own for the study of twist field correlation functions at different
scales, support the validity of the form factor expression we derived.

Using these expressions, we concluded this chapter studying the saturation of the en-
tanglement entropy at large scales. Using form factor expansions we could formulate a

straight recipe for the computation of the saturation constant. Moreover, we used the one-
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and two-particle form factors to compute also the corrections to this saturation: since the
saturation represents the asymptotic mr — oo limit, we are also interested in how the
entanglement tends to a constant. From the results we obtained the non unitarity of the
system reveals itself in a very peculiar way. In unitary theories, these corrections have a
very universal form. In this non unitary case the corrections decay at a much slower rate
and their form is not universal - it depends on the S-matrix of the model. We noticed how
this difference arises naturally from the different form factor expressions. The composite
twist field : T¢ : used for the evaluation of entanglement entropy of non unitary theories
has a very different behaviour from the twist field 7, used in unitary models. We con-
clude that the non unitarity of models can be manifested in the behaviour of the leading

corrections to the saturation of the entanglement entropy of such systems.

134



Chapter 7

Entanglement in Forrester-Baxter

RSOS Models

In all previous chapters we studied the entanglement and its features from a field theory
point of view. Ideally, we have always had in mind some discrete one-dimensional lattice
system, i.e. a spin chain, whose continuum limit can be described by a field theory. In this
chapter we will compute the entanglement entropy of some actual spin systems, using the
Forrester-Baxter Restricted-Solid-On-Solid (FB RSOS) models. Even if RSOS models are
2D classical statistical systems, they can be interpreted as the euclidean version of some
quantum spin chain. Such systems are lattice representation of the non-unitary series of
minimal models and their off-critical massive perturbations. Some of the results of this
chapter have been already used in another thesi. In particular, the leading logarithmic
scaling of Rényi entropy is not original. However, the results here will be presented
using a more modern notation and they will be extended to the study of the sub-leading
corrections to the logarithmic scaling of the entropy. Moreover, we will compute the
entropy of the so-called off-critical logarithmic minimal models, which can be obtained
using some special configurations of the FB systems. Additionally, we will also present
the explicit formulation of an off critical one dimensional quantum Hamiltonian associated
to the RSOS models.

7.1 The FB RSOS Models

In this section we will introduce the Forrester-Baxter RSOS models and their properties
[102]. Such models, in a particular configuration, provide a lattice realisation of the unitary

and non-unitary series of perturbed minimal models M, ,,,y. The RSOS models are clas-

!Some results of this chapter have been presented in my Master’s thesis (D Bianchini, MSc Thesis,
University of Bologna, 2013).
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7.1. The FB RSOS Models

sical statistical models defined on a square lattice with a nearest neighbour interactio,
also said Interaction Round a Face (IRF) models [11]. As an IRF model, the Boltzmann
weight of a single square tile depends only on the configurations of the four corner sites i,

J, k and [ (see Figure [[]]).

Figure 7.1: Square tile.

On each vertex i of a RSOS model a local variable, called local height ¢;, is defined.
It runs from 1 to some integer value r — 1 (the same for all vertices of the lattice). Not
all configurations of local heights are allowed: any two local heights must differ exactly by

one if they share one edge.
bi—t; = =1 for any 4 and j connected by an edge (7.1)

The parameter r can be seen as the Cozeter number [103] of the diagram where the local
heights live (in this case A,_1). For a more detailed discussion of the interpretation of
RSOS models in terms of Dynkin diagrams see, for instance, [104].

We can now define a Boltzmann weight for each tile:

w4 ) 2 esen (7.2)
6l

From the statistical point of view a Boltzmann weight simply represents the probability
of a given configuration of local heights around a tile.

For such models, all the physical parameters of the system (such as the internal parameters
of the Hamiltonians) can be rearranged in just two [I1]: the spectral parameter u and the

crossing parameter A. The former measures the spatial anisotropy of the model, while the

2In this context, each site can interact with eight sites: one above, one below, one right, one left and
the four diagonals ones.
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7.1. The FB RSOS Models

latter rules the behaviour of the system when the lattice is rotated by 5:
W b Uy 0 = s(LiX)s(LrN) W 1P
b

S(@)\)S(@l}\) El fz‘
where the function s(z) = ¥ (x; p) is the first Jacobi theta function [49] and —1 < p < 1 is

A — u) (7.3)

a temperature-like parameter which measures the departure from criticality (the system is
critical at p = 0). In order to be integrable, the Boltzmann weights must satisfy the Yang-

Baxter equation[ll]. A possible solution can be written in the following form [105, [102]:

B (1 0 _s(A—w)
U)l,a(U) =W ( , , 1 u) = 78()\)
n _ ¢ (£1 ) = 9 s((LFDA) s(u)
w2’a(u) N W( {F1 4 ) Cogeer SN s(N) 74
n B ¢ (1 _ s(IXx£u)
w3,a(u) =W ( /41 ) u) - S(f)\)

where the gauge factor g, is an arbitrary function which does not depend on the value
of the crossing parameter u. Since all physical quantities are given by ratios, the actual
choice of the gauge parameter does not affect such quantities.

The RSOS models describe a huge variety of physical phenomena. For instance, when
fixing A = 7 (the so-called Andrews-Baxter-Forrester (ABF) models [105], hereby denoted
by RSOS, ), the model can describe four distinct phases, traditionally called regimes. In
Regime IIT (0 < p < 1 and 0 < u < ), the RSOS, model is a lattice realisation of the
unitary series of ¢13 thermally perturbed minimal models M,_;,. On the other hand,
the Regime I (—1 < p < 0 and A < u < 3)) describes the perturbed parafermionic theory
Zy_o. For example, when specialising to r = 4, the Regime III of the ABF model it is
equivalent to the Ising model.

As we have just seen, the ABF models describe a huge variety of unitary models. In
order to have a RSOS realisation of non-unitary theories, a further generalisation of the
ABF models is needed. We can now introduce the Forrester-Bazter (FB) [102] models
RSOS, ;. In such a case, the crossing parameter depends also on an extra parameter s

(coprime with respect to r and such that 1 < s < r):

A=2" (7.5)

r

Such FB models have a structure even richer then the ABF models (which can be recovered

3also referred to as star-triangle relation.
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7.1. The FB RSOS Models

by setting s = 1). Among the huge varieties of regimes of the FB models, one configura-
tion is of particular interest to us: the Regime III. In this regime the FB models describe
the non—unitary@ minimal models M, _;, perturbed by the thermal operator ¢;3. Since
we are interested in evaluating the entanglement entropy of non-unitary systems we will
focus on the Regime III of the FB models. In the following we will always refer to such a
regime unless stated otherwise. Of course, a regime II exists also in FB models. However,
in this non-unitary case, a complete understanding of the underlying symmetry it is still
missing and it is not clear if non unitary parafermions [106] can be used to describe such

a phase.

Even if this notation can seem a bit abstract, it is possible to recover some interesting
physical quantities from the RSOS models. In particular, we are interested in extracting
the correlation length (or the mass gap) of the continuum limit of such theories. Extending
the previous results of O’Brien and Pearce [107], we can explicitly relate the correlation

length and the temperature-like parameter:
_1 v
e ¢ =k (p4_s) (7.6)
where k/(g) is the conjugate elliptic modulus for the elliptic nome g:
00 201\ 4
l—gq
/
K(q) = H (W) (7.7)
(=1

The above results are in perfect agreement with the perturbative CFT approach. The

QFT action of the FB model in the continuum limit can be written as

S =Sorr+t [ zono) (73)
where [t| = p? measures the departure from criticality. A simple dimensional analysis
argument gives:

m ~ p¥ (7.9)

where v = m = 1 depends on the conformal dimension of the perturbing operator

¢13.

The perturbative CFT approach recovers exactly the near-critical expansion (small p) of

4or unitary when s = 1 and the ABF models are recovered.
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7.2. Entanglement Using Corner Transfer Matrix

32 48 64
571 _ 8p1/ + _p31/ 4+ = Sv + _p7l/

3 5 —p+ o) (7.10)

The above equation will play a very important role in the following sections. It will
allow us to express the entropy of the FB model (which depends on p) using the physical

correlation length (or the mass gap).

7.2 Entanglement Using Corner Transfer Matrix

In this section we will discuss the relation between a classical 2D and a quantum 1D
systems. In the previous section we introduced the Forrester-Baxter RSOS models, a class
of lattice 2D models. As entanglement is a genuine quantum feature, it has no proper
meaning for classical systems. The entanglement we are computing in this chapter refers
to the spin chain whose euclidean time evolution can be described by these FB models. To
do so, we need to explain how these two situations (spin chains and classical 2D models)
are related. In order to simplify the computation, we will use the so-called Corner Transfer

Matrixz approach.

7.2.1 Hamiltonian limit

Let us consider a quantum one-dimensional lattice system (say a spin chain with N sites).

The time evolution with an Hamiltonian H of a given quantum state |¥) is given by
WY = e TH|w) (7.11)

where 7 is the euclidean time.
The matrix element between the evolved and the original state is given by

N

(W] 7 w)) At

(7.12)

where ¢1---fx = £ is an element of some basis of the spin chain. The above matrix
element can be seen as an operator acting on classical spin configurations. The quantum
1D evolution operator can then be interpreted as classical row-to-row transfer matrix T’

(see next section):

T ~ e ™4 for 7 small (7.13)
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7.2. Entanglement Using Corner Transfer Matrix

with
[T’H] = 0 (7.14)

In other words, each time slice of the evolution of a spin chain can be seen as a row of a
2D classical system and the euclidean time step 7 can be interpreted as the lattice spacing
between two rows.

The process of obtaining a row-to-row transfer matrix (aka a classical 2D system) starting
from a quantum 1D Hamiltonian can be reversed. Using such a procedure, called Hamil-
tonian limit, a quantum Hamiltonian can be derived by taking the lattice spacing to zero
in the “time” direction. For instance, using the Hamiltonian limit it is possible to show
[11] that the eight-vertex model and the XYZ spin chain are related to each other. More
precisely the two partition functions (the 2D statistical and the 1D quantum) are equal.
Later in this chapter (Section [7.4]) we will compute the quantum Hamiltonian associated

to the RSOS models, a class of classical 2D system introduced in Section [Z.1]

7.2.2 Corner transfer matrix

The Corner Transfer Matrix approach is a powerful tool to compute partition and one-
point functions in lattice systems. Suppose we have a very large square lattice. The
partition function of the entire lattice can be computed using the row-to-row transfer

matrix, which is the Boltzmann weight of an entire row of tiles inside the lattice.

Figure 7.2: A row-to-row transfer matrix between two spin configurations.

The row-to-row transfer matrix can then be expressed as a product of the individual

Boltzmann weights of each tile belonging to the row:

7w = ] w@ = [ @ (7.15)

Oerow Oerow

In order to take into account the contribution of two adjacent rows, we can consider
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7.2. Entanglement Using Corner Transfer Matrix

the double-row-to-row transfer matrix 72, which is composed of two single strips:
VA 7 ’
(%), = T; Ty (7.16)

where a sum over all possible intermediate configurations £” has been performed.

) A A AP NPT ¥

Figure 7.3: A double-row-to-row transfer matrix between two spin configurations. The
intermediate spins (black dots) are summed over all possible configurations.

This process can be iterated enough times (say M times for a rectangular lattice N x M)
to cover the entire system.
The entire partition function Z of the system can then be obtained from the M-th power
of the row-to-row transfer matrix
The corner transfer matrix (CTM) approach uses the individual Boltzmann weights as
building blocks, but they are grouped in a different way than the row-to-row transfer
matrix method. Instead of covering the entire lattice by adding rows, this approach is
based in covering each of the four corner of the system at a time. For simplicity, consider
a diamond shaped lattice, as shown in Figure [[.4l

Let 2N + 3 be the horizontal size of the lattice and let ¢y be the local height of the
central site shared by all corners. When defining a corner transfer matrix, we sum over
all possible internal configurations and we keep the values on the edges fixed. In Figure
[74] the internal sites are denoted by e, and the states on the edges by o. The partition

function of the bottom left corner, denoted by A, is a corner transfer matrix:

I 0
Aeel — (nggé) W< g e ) (717)
v A

e [JecA

In the above equation, the § term is inserted because the two edges £ and £’ share the

5The M-row-to-row transfer matrix T™ still depends on the two lower and upper configurations £ and

£'. According to the boundary conditions of the system, some further action can be performed on these
two configurations. For instance, they may be left free (for free boundary conditions) or may be identified
(for periodic boundary conditions).
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7.2. Entanglement Using Corner Transfer Matrix

Figure 7.4: Diamond shaped lattice divided into four corners. Each Corner Transfer
Matrix depends on the values of the local height on the two edges (denoted by o). The
internal sites (o) should be considered already summed over all possible configurations.

central site ¢y = £{,.
To construct the partition function of the lower half of the lattice, we can just “glue”
the two corner transfer matrices A and B together, summing on all the possible inner

configurations £’

Z(IOWGI‘ half)eeu = Z AZE’BZ’E” = (AB)EZ” (718)
e/

In order to complete the lattice, we add also the corner transfer matrices C' and D. To

“close” the cycle we sum over the configurations between A and D:

Z = ) (ABCD)y = tr(ABCD) (7.19)
£

Evaluating the partition function of the system is then equivalent to computing a matrix
product of the four corner transfer matrices.

This tool can also be used to compute the one-point function. Consider the operator S,
which acts diagonally on a configuration £ and vanishes whenever £ is different from a
given value a. In other words the operator S, checks whether the value of the central

height is equal to a or not. The corner transfer matrix approach gives then immediately
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the probability to have ¢y = a:

tr(S,ABCD)
P = — 7.20
(@) tr(ABCD) (7.20)
Moreover, the CTM tool can be used to compute the reduced density matrix of a quantum
1D system whose euclidean time evolution is equivalent to the 2D lattice system described

by the corner transfer matrices.

7.2.3 Reduced density matrix using CTMs

In this section we will introduce the Corner Transfer Matrix approach for the evaluation
of the reduced density matrix of a bipartite spin system. It is not always possible to use
this tool: it works (i.e. can be use to compute physical quantities) only when studying
infinite systems divided into two semi-infinite subsystems.

Consider a given infinite spin chain “living” on the real axis, from z = —oc0 to x = +oc.
Let us divide our system into two semi-infinite lines: the subsystem A on the negative
x-axis and its counterpart B on the positive z-axis. The Hilbert space then factorises into
H4®Hp and its basis is given by {£€4,€p}. Let | V() be the ground state of some quantum

Hamiltonian H. The relative density matrix is then given by
p= |Wo)(¥] (7.21)

The reduced density matrix ps can be computed by tracing over all degrees of freedom of

B:

pa(la.ly) = D (La.s|¥0)(Vo|ly £p) (7.22)

Lp

Now we would like to express matrix elements like (€4,£€5|¥) using corner transfer ma-
trices.

Consider a (not normalised) generic quantum state |¥) and let T' be the row-to-row trans-
fer matrix of the equivalent 2D classical system. We can decompose the state |¥) into the

eigenbasis {|Wy)}r of H (or T, since the two operators commute):

B) = [To)+ > Cil¥y) (7.23)
k20
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Let {A\r}r be the eigenvalues of the transfer matrix 7". Since |¥y) is the ground state of
H, it has the largest eigenvalue Ay of 7. The action of T onto |¥) is given by:

A
TIW) = X |[[o)+ Y Ch (A—k> |Uk) (7.24)
0
k0
Applying the row-to-row transfer matrix /N times we have
PN
T = A |0y + 3]G (x) W) (7.25)
k40

Since A\ < Ag, for large N the only relevant term is given by
TN[W) ~ AY[Wo) (7.26)

On the other hand, TV can also be used to compute the lower half partition function of

a lattice system:
Z (lower half) = (€4,£5|T"|T) (7.27)

where |€4,£p) represents the state of the upper edge. In other words, if ¥ is the config-
uration on of the lower edge of a large lattice, this state can be “time evolved” using the
row-to-row transfer matrix until it reaches the upper bound of the lower half of the lattice.

Combining the equations (7.26) and (7.27) we hav
<£A,£B’\Ifo> ~ Z(IOWGI‘ half) = (AB)‘QA#@B (728)

In a very similar way the term (Uo|€'4,€B) of equation (Z.22)) can be written in terms of

corner transfer matrices:
(Uo|€4,lB) ~ Z(upper half) = (CD)ey e, (7.29)

The matrix element of the reduced density matrix can be computed using corner transfer

matrices:

pa(la,lly) = > (£a,Lp|V0)(Vol€y,€8) ~ > (AB)e,e5(CD)eyu,
ZB eB

= (ABCD)g, ¢, (7.30)

6 According to the definition of Figure [[4] £4 and £5 correspond respectively to £ and £’.
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7.3. Entanglement in Forrester-Baxter Models

This result, obtained for the first time by Nishino and Okunishi [I2], can be used to com-
pute also various powers of the reduced density matrix.

Of course, there is no guarantee that the reduced density matrix defined in (Z30)) is nor-
malised. The correct reduced density matrix can be obtained by dividing by the partition

function:

ABCD
PA = LABCD (7.31)

As we have seen in previous chapters, the key object for the evaluation of Rényi entropy
is the trace of the n-th power of the reduced density matrix:
tr(ABCD)™
trpf = ——— 7.32
tPA (trt ABCD)" (7.32)
In the following section we will evaluate the above quantity for the FB RSOS model in
order to compute its Rényi entropy. Notice that the normalisation of the reduced density

matrix using CTMs resembles equation (B.3]).

7.3 Entanglement in Forrester-Baxter Models

In this section we will compute the Rényi entropy of the quantum chain associated with
the FB RSOS model using the Corner Transfer Matrix approach. In order to simpify our
computations, we will use the so-called symmetric gauge gp = \/M in equation (4]
Since we are interested in perturbed minimal models, we will focus on the Regime III of
the FB model:

0<p<l1 0<u<A (7.33)

The main object to compute is the trace of the reduced density matrix. To do so, we will

consider the following quantity
Z, = tr(ABCD)" (7.34)

With this notation the trace of the reduced density matrix is given by:

Z
trph = Z% (7.35)

Following [102], we introduce the following notation:

4r s

y = elogp Tr = yo" (736)
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These auxiliary variables z and y appear naturally in Forrester’s and Baxter’s analysis of
their model. Moreover it should be noticed that = and y are related to p in a way which
resembles modular transformations.

Before computing the thermodynamic limit N — oo of the matrix element (ABCD)gp,
we should consider its finite version with size 2IV + 3. In order to compute the nth power
appearing in (Z.34)) we can consider the diagonalised version of ABC'D, which has been
computed for the first time in [102]:

(ABCD)G? = B () 2**Wope (7.37)
where £ = {{y,¢1,...,¢n+1} represents the string of local heights between the Corner

Transfer Matrices A and D (see Figure [T.4)).
The functions £ and ® are given by

E(zq) = S(-Dfq 7 2F = J[—a""2)(1 - ¢ (1 —¢")

kEZ n=1
N

dL) = Z <k’€k%f’f+2’ + (g — lri1) VkTSJ ) (7.38)
k=1

where |z] denotes the integer part of z.

The partition function Z, is then given by

Z, = tr(ABCD)" = > [(ABCD)"],,
£

= Y E(ay) o (7.39)
£

Instead of summing on all possible configurations £, we keep {y =band {ny11 =c=b+1
fixed and we sum over all the other local heights, from ¢y to £y_1. Such a fixing will
not affect the main results about the scaling of the entropy. However, some non universal
constants will depend on the choice of b.
Equation (7Z.39)) can then be rewritten as

-1
Zp = Z*E(x“,y)"DN(a,b,c;xQ") (7.40)

a=1

<
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where a plays the role of the central height £y and the function Dy is given by

Dy(a,b,c;q) = Z qcp(e) with ¢ = a, {ny =band Iy =c
01, N—1

(7.41)

The sum in equation (.40) has been denoted with a star * because it runs only on even
or odd values of a. Since the values of local heights are restricted to differ by one from
their neighbours, the allowed values of the central height depend on the value b on the

boundary site.

7.3.1 Thermodynamic limit

In order to perform the thermodynamic limit N — oo we will use some results of [102].
There are two possible results for the thermodynamic limit, according to the two possible
boundary conditions ¢y < fn11 or €y > 1.

In the first case we have:

1 _ _
lim q_%DN(a, b,b+1;q) = - 21)bF(a, b—k;q) (7.42)

—4q
N—oo (q)oo

with k = L—S(””J _ | st |

In the opposite case £n > €41 the limit is given by:
1 b(b+1)  k(b+1)

lim Q%DN((Z, b+1,b;q) = ——q 1 2 F(a,b—k;q) (7.43)
N—o0 (q)oo

and k = LS?I’J = LS&\’—“J

T

The function F' is given by:

a(a—1) ad r r—a)(r—s r(r—s a r r—a)(r+s r(r—s
Fla,diq) = ¢ 1 2 [E(—q drir=a)r=s) g2n( )>—qu(—q dH(r=a)(rts) g2n( )ﬂ
. a(a—=1) ad (q)oo
= q 4 2 dea(Q) (7.44)

where (¢)oo is the g-Pochhammer symbol:

[e.9]

@~ = ]I (1 - q"“) (7.45)

k=1

In equation ((T.44]), A4, is the conformal dimension of the primary field ¢4, of the minimal
model M, _;,. The function xg4, is its relative Virasoro character, as defined in Chapter

Bl
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Putting everything together we have

a(a—1)

Jim ¢F'2 Dy(a,bb+1;q) = /0D T =5 T51-8day 4 (g) with d =b—k

(7.46)
The two functions fy and f_ are given by
b(b—1) bk—1)
b,d) = —
b(b+1 k(b+1
fpg) = XED_KOED (7.47)

Since the term ¢/ does not depend on the central height a, it can be factorised out of the
sum. For this reason, both Z,, and Z{" will be proportional to 22"+ For simplicity, we

can define new partition functions Y,;:

Tﬁl* 2 (a(afl)_a_d_A )
Y E@Ey)taT\ T T2 T g, (277 (7.48)
a=1

Z
trpy = — = —- (7.49)

While (748) is enough to compute the Rényi entropy at different temperatures p, it is not
very suitable to study its small p scaling. Using the elliptic transformation (D.1I)) on the

function E, an even simpler partition function can be defined:

5*191 (WTGS \/ﬁ)n Xda (") (7.50)
a=1

where, as before, all common factors of Y,, and Y{* have been dropped.

Z Y, W,
trpy = Z—; = Y_;L = W; (7.51)

Even though the elliptic theta function ¢; has a well behaved expansion around p = 0,

the conformal character ygq, still depends on x = exp 2 which tends to 1 for p — 0.

log
This difficulty can be overcame by performing an S modular transformation of the con-

formal character xq, (3.44):

Xa,a ~ Z /Xb b (752)

(b )eg
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872 s

/
2n — elogpr™ and SZ’Z, is the modular S matrix. The modular-transformed

where ¢ = x
parameter ¢ can be extracted from the relation
e27ri7'

2mi

i = e 1 (7.53)

and is given by

3=
3=

(7.54)

¢ = (pF)" =

After performing the modular transformation, the partition function W,, is then given by:

Wn Z Z (T2 vB) St v (w7) (7.55)

a=1 (d',a’

The sum over (d’a’) € J can be rewritten as a sum over h € K, i.e. a sum over the
dimensions of primary fields of the Kac table I (see Chapter ). The partition function

can then be written as

r—1
. * mTas n h=(d',a") 1
= 5 () (o)
= Y (wF) fanip) (7.56)
hex
where
r—1
nnp) = >0 (T2 vp) " She (7.57)
a=1

Among the different contributions of equation (7.56) coming from the various dimensions
hs of primary fields, the one coming from the field with the smallest dimension is the most
relevant for w < 1. Denoting such a dimension as Ay, it is convenient to rearrange the

partition function W, as

)
Wi = i () fin (0 2 xmm<( i)) i B
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Such a formulation is particularly suitable when studying the scaling of the Rényi entropy:
Jmin (TL, p)
fmin (1, p)n

1
Xh (wﬁ)
+ log |1+ Y 1 ff@ (n,p)
h#min Xmin (w5> min (nap)

trpy = log ~ + log

Xmin (W)

Xn (W) fn(1,p)
— nlog 1+h§m:mein ) Fo (L.7) (7.59)

Since 1
Xh(W) wAh*Amini‘ << 1 (760)
Xmin(w) Lt

for w — 0, the second and third line of the above equation can be easily expanded using
Taylor’s formula.
From the above expression we can study not only the leading logarithmic scaling of the

entropy, but we can also analyse the sub-leading corrections to such logarithmic behaviour.

Expanding the Virasoro character:

Xnlg) = ¢ (1 T > (7.61)
we can compute the most relevant contributions to the Rényi entropy

logw + A™

1 Cegm + 1
S(n) = 1_nlogtrp7jx = —26—4

_l’_

1
——log [ 1+ ) 1 f@ (n,p)
- h#min Xmin <W5> fmln (nap)

xn (W) fn(1,p)
——log 1+h;min (@) Tom ) | T (7.62)

All the powers of w greater than one have been dropped from the above expansion, as
they are less relevant than each contribution of the kind X7 /Xmin ~ w™r~Smin,

The constant A™ is given by:

r—1

Z* Sg;n sin™ T2
a=1

r—1 n
* .
min o3 Tas
( E Sy sin £ )
a=1

1
(n) _ 1
1—n 8

S

(7.63)
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and it is well defined in the n — 1 limit.

7.3.2 “Unusual” corrections

Even though the above expansion of the Rényi entropy recovers a clear logarithmic scaling
in the limit w — 0, it requires additional manipulation to study further corrections.

As noticed before, since x, < Xmin When w approaches zero, we can Taylor-expand the
second and third line of (7.62]). When considering only the most relevant contributions,
we have to separate the two cases n < 1.

If n > 1 the second line is more relevant and the entropy is given by:

e 1 ~ ~(n Ap—Amin
S(n) = _GtnT logw + A™ + Z B]S ) Thrmin (7.64)

24 h#min

(n)

where the constant Bh is given by

sn was Qh
>_sin™ HESH

~ 1
BM _ a i 7.65
h 1—nZsin"’TTas . ( )
a
Ap—Bmin
on the other hand, in the n < 1 regime, w™ = is less relevant than w®r~Amin_ In such
a case, the w — 0 expansion has a slightly different form than before:
1 - -
S(n) B logw+A® + 3 B A= Bmin (7.66)
24 n 4
h#min
with
> sin Z2Sh
Bgm = I _a = nBY (7.67)

1—n) sin e Sg;in
a

Regardless of the value of n, in both expansions a single contribution is the most relevant.
The smallest conformal dimension but A, - denoted by A; in the following - gives rise
to the most relevant contribution in the power series (7.64) and (7.60).

As we noticed before, when we introduced the RSOS models, the temperature-like

parameter p and its rescaled version w are not the best quantities to describe the physical

behaviour of the system. Using equation (Z.I0) we can relate w to the correlation length
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w = 8724 (7.68)

The entropy is the given by

cegm+ 1

12 logé’ + A(n) _|_ B%n)g_%(Al_Amin) + TLB%l)g_Q(AI_Ami“) _|_ L.

(7.69)

S(n)

where the constants A™ and B%n) are a simple rescaling of their “tilded” counterparts:

A f) g Cetn 1
4

log 2 (7.70)
B = g H(&1-duw) g (7.71)

In equation (.69) both B; terms have been taken into account. Of course one of them

should be dropped depending on the sign of n — 1.

The results we obtained (7.69) do not only recover the leading logarithmic scaling of
non unitary models studied in Chapters Bl and [, but they also give interesting information
about the corrections of such logarithmic term. A previous result of De Luca and Franchini
[108] showed that such a correction scales as €22/, where A is the conformal dimension
of the field responsible for the correction. We believe that the difference is given by the
fact that the FB RSOS model is non unitary. The most characteristic non unitary feature
is that the ground state |gs) is not the conformal vacuum |@), but it is an excited state
|gs) = émin(0)|0)]. In the same way as the central charge is replaced by its effective
counterpart in the leading logarithmic term, a conformal dimension is replaced by its

effective counterpart:

¢ = cCof = ¢—24Anin
A = Ag = A—Apin (7.72)

As expected, the unitary case can be easily recovered by setting s to one and it is consis-
tent with our results. Of course, in unitary theories, the smallest conformal dimension is

equal zero, which implies cef = ¢ and Aqg = A.

In many areas of one-dimensional systems, two particular regimes can usually have a

"While this difference is clear at the critical point, a further clarification is needed for the massive
regime. If we consider a massive QFT as a perturbation of a given CFT, the ground state will be created
by the field qbgf;T which is itself a perturbation of its conformal equivalent ¢min.

152



7.3. Entanglement in Forrester-Baxter Models

similar functional scaling. When a system is critical, it is completely “connected” and it
is scaling invariant. A typical feature of this case is the power-law scaling of correlation
functions. On the other hand, when the system is away from its critical phase, correlator
exhibit an exponential decay, which is due to a finite correlation length. The correlation
length can be naively interpreted as the scale of the system, or, in other words, as the
maximal distance such that two points of the system can “feel” each other. When the
system is critical, the correlation length is infinite and then the physical scale of the system
is its own size £. As soon as the energy spectrum of the system acquires a mass gap m -
i.e. it becomes critical - the actual physical scale of the system is given by an interplay
between its own size ¢ and the correlation length ¢ = m™!. While the system is “not
very critical” it still exhibits a critical behaviour. As long as the correlation length “seems
infinite” when compared with the physical size (£ > /), the system “cannot feel” the
finiteness of the correlation length, since it is larger that its own size. In the opposite case,
when the correlation length is small enough to “seem finite” (£ < ¢), each point of the
system cannot “see” further than the correlation length. In this case, it can happen that
the physical size ¢ of the system if substituted by the correlation length £ in the scaling
of some physical quantities. For instance, it is well known that the gap between the two
lowest eigenenergies of a discrete critical system vanishes as £~1, where ¢ represents the
number of sites. On the other hand, when considering an off-critical system, such a gap
does not vanish and saturates to the mass gap m. In particular, when ¢ < & = m™!, the
gap scales as /=1 and , when ¢ >> ¢, it scales as €71,

Similarly to what happens with the energy gap, the role of the physical scale of a system
is played by either the physical size or the correlation length in the two opposite regimes
also in the scaling of the entanglement entropy.

The analogy between the large distance critical scaling (as a function of the size £) and the
infinite distance massive case (as a function of the correlation length &) has been shown
in [8] for the unitary case. Such an analogy has been demonstrated by implementing a
“c-theorem like” argument, by computing some ground state expectation values of the
various components of the stress-energy tensor in the many-particle manifold theory. In
the non-unitary case, such an argument faces the same difficulties of a possible proof of
the non-unitary version of the c-theorem, i.e. the computation of generic four-point corre-
lation functions involving the stress-energy tensor. Also, proving that the entropy scales
in the same way in the two regimes - (¢ > 1, = oo) and (¢ = 00,& > 1) - is very
intricate and it has not been achieved yet for non unitary systems. On the other hand,
this lattice computation gives a very strong hint that the critical scaling is mimicked in
the off-critical massive regime. While such a computation is not completely general, it

covers a huge variety of universality classes. The precise analogy between the scaling of
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the Rényi entropy in the two regimes suggests that Zamolodchikov’s c-theorem can be

generalised to the non-unitary case, even though a proof is still missing.

7.3.3 Off-critical logarithmic minimal models

One of the most intriguing features of critical Forrester Baxter RSOS models is that,
under certain conditions, they provide also a lattice realisation of logarithmic minimal
models [I09]. In particular, it has been shown that when taking the limit of » and s going
to infinity while keeping their ratio fixed r/s = R/S, the FB models at critical point -
between Regimes IIT and IV (p = 0, 0 < u < X)- are a lattice realisation of logarithmic
minimal models LMpg_g g. Interestingly, it is possible to define a ¢13 perturbation of
these models, called Off-critical logarithmic minimal models [110].

The Rényi entropy of such models can be obtained from (7.69) by taking the r,s — oo
limit:

1 1 - ) o 2(AL A _ _ AL

(n)

where the constant By is the simple limit of its non-logarithmic counterpart:

B = Jim B (7.74)
The main problem that appears when taking such a limit is inside the definition of the
modular S matrix (3.44)), which is proportional to [r(r—s)]7"/2 = r=1(1—s/r)~'/2. Such a
prefactor, which tends to zero in the r, s — oo logarithmic limit, creates some problems in
the definition of the constants in equation (Z.73])). While the S matrix appears in both the
numerator and the denominator with the same power, in the definition of the coefficient
B%n) ([Z70), it is not the case for the constant A™ (Z63). The difference between the two
powers at the nominator and the denominator makes the constant A™ ill defined when r
and s tend to infinity.

n—1

In order to avoid this divergence, which scales with 7", we can multiply the partition

function W, by r", in a renormalisation-like approach:
W, — r"W, (7.75)
Such a renormalisation allows A to have a finite value:

A® = lim <A(")—|—logr> (7.76)

7,8—00
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This procedure, which can be interpreted the entropic version of the generalised order
parameter for such models [110], lacks of a better understanding from a physical point
of view. However, it affects only the numerical value of the constant term and not the
functional shape of the ¢ dependence.

The leading logarithmic term of (Z.73]) depends on the effective central charge - which
is identically to one for any choice of R and S - in agreement with the CFT prediction
(5:24]) when the size £ of the subsystem A is replaced by the correlation length £. However,
the double logarithmic term predicted in (5.24)) is missing in the lattice realisation (7.73).
Such a discrepancy can be explained by the fact that off-critical logarithmic FB RSOS
models are not truly logarithmic. As noticed by Pearce and Seaton [110] the logarithmic
feature that logarithmic FB RSOS models enjoy at criticality is lost as soon as the system
is perturbed outside its critical region. As explained in Chapter [B a model is called loga-
rithmic when its Hamiltonian presents non diagonalisable Jordan. Such a feature, which
is enjoyed by logarithmic FB RSOS models at criticality, disappears out of criticality. For
this reason, the off-critical logarithmic FB RSOS models are not properly logarithmic and
they behave as standard non-unitary systems, in agreement with the scaling predicted in

Chapter Bl

7.4 RSOS Quantum Hamiltonians

In the previous section we computed the Rényi entropy for a very broad class of one-
dimensional quantum systems associated with the Forrester Baxter RSOS models. Even
though such a computation gives precious and important information about the scaling of
the entropy in a huge variety of cases, it is legitimate to investigate which is the underlying
one-dimensional quantum Hamiltonian. In this section we will perform a Hamiltonian
limit, a procedure to compute a Hamiltonian operator from its corresponding evolution
operator, represented by a row-to-row transfer matrix in our case. In our analysis we
will specialise to the periodic case (when a single row-to-row transfer matrix is enough to
compute the Hamiltonian). However, we should expect to obtain the very same quantum
chain also in the open case (double row-to-row transfer matrix). While such a computation
had already been performed [I11], 112] at the critical point, less is known about the off-

critical Hamiltonian. It is well known[I12] that the generators e; of the Temperley-Lieb
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Algebra [I13] can be used to build up the critical Hamiltonian for such models:

N
HTL = - Z ej
7j=1
ejejﬂej = ej
e? = fe;
eie; = €5¢; if ‘Z — ]’ > 1 (7.77)

where the coefficient § is called loop fugacity and for RSOS models (ABF and FB) and is
equal to 2cos \. Different representations of such an algebra have been studied [114), [115]
and it has been shown that some XXZ spin chains with particular boundary conditions
are (in their thermodynamic limit) lattice representations of conformal minimal models.

In this section we will perform the Hamiltonian limit outside the critical region and we will
provide a consistent formulation of the quantum lattice representation of ¢13 perturbed
minimal models. Since we are interested in such models, we will focus on the Regime III
(0 <p<1land 0 < u < A) which provides a lattice realisation of off-critical minimal

models.

Building the transfer matrix

In order to build up a row-to-row transfer matrix like the one in Figure [[.2] we intro-
duce the face transfer operator. Such operators are the building blocks of various objects
(including Corner Transfer Matrices) and represent the Boltzmann weights of a single tile:

2.

Z/~ 1 Z/~ £/+1
. J—=1"5"7 —
X (u)fjﬂ,fﬂjﬂ - 551’*1’33715@“[%1

X fjfl £j+1 (778)

7
The red arc at the bottom of the square has the simple role to keep tlzack of the orientation
of the tile. Such an operator, which maps the string of local variables ¢;_1,¢;,¢;41 into
471, E;-, E; 41 can be used to compute various objects. In particular it is very useful for the
construction of transfer matrices. Such a notation encapsulates graphically the Boltzmann
weights ((C4]) and it gives a visual taste of the physical meaning of such weights.

Following Baxter [I1], n order to build up transfer matrices involving more than just three

sites, we should extend the definition of the face operator in order to take into account a
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string of N sites:

= (IIée 4@4“ (7.79)
i

This operator acts non trivially only on the site 5 and does not affect all the other local
variables. The choice of considering a 45° rotated lattice [11] makes the construction of
corner transfer matrices easier. Moreover, with such a convention, they can be represented
as local operators - i.e. they act non trivially only on few neighbour sites.

Using the face transfer operators, we can construct explicitly the row-to-row transfer

matrix:
N 4 6 Uy Ly 4
el Z;Z;+1éj+1
T(u)e = ||X(u), = U U U U U U
J Z[J'Z]uﬁl
i=1 J D D Y D D D
/1 12 U3 In_1 IN )41

(7.80)

Thanks to the above equation we can compute directly the underlying quantum Hamilto-
nia

d
H = —%logT(u) (7.81)

u=0

Since the RSOS restrictions on the values of the local heights make the analysis quite
complicated, it can be convenient to specialise to one simple case first before addressing
a more generic computation. Moreover, before addressing the actual computation of the

Hamiltonian, it is worth understanding the multiplication rules of the face operators.

7.4.1 Multiplying face operators

Let us first consider the case of two face operators acting on the same site j, for instance
the operators X;(u) and X;(v). We define the product X;(u)X;(v) by placing the latter

on top of the former and summing over all possible values of the common local height (see

8Since the parameter u represents the anisotropy of the lattice, the u — 0 limit represents a lattice with
infinitesimal lattice spacing.
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equation ((T.82)).

(7.82)

In the above equation a sum over all possible values of the internal local height g has been
performed. Moreover, since the action of a face operator does not change the values of
the external local heights, the product is non vanishing only if the external local heights
are the same in the two tiles, i.e. d = d and b = b.

In order to build up operators like the row-to-row transfer matrix (Z.80), we have to
multiply face operators acting on different (adjacent sites). As before, the right value of

the multiplication will be at the bottom of the left value:

/
dl

X ()X () = (7.83)

In this case there is no need to sum, as there are no internal local heights. In order to
have a non zero result of the multiplication, the local heights d and ¢ have to be the same
on both tiles.

Iterating such a definition it is possible to define larger objects, like the row-to-row transfer
matrix (Z.80).

Moreover, the two multiplication rules can be used to implement explicitely the inversion
relation [I1]:

s(A—u)s(A+u)

Xj(w)X;(—u) Ve 1 (7.84)
and the Yang-Baxter equation [I1]
Xj(u)Xjri(u+0)X;(0) = Xjpi(v)X;(u+v)Xj41(u) (7.85)

Even thougth the two equations (Z.85]) and ([B.50]) - sometimes referred to as hexagon Yang-
Bazter and vertex Yang-Baxter, respectively - are different in form, they are equivalent

one to each other [I116] and they both guarantee the integrability of the models they are

158



7.4. RSOS Quantum Hamiltonians

referring to.

7.4.2 The r =5 case (the 7, quantum chains)

Let us consider first the FB (or ABF) RSOS model with the parameter r set to 5. Com-
pared to other values of r, such choice allows a more intuitive representation of the local
heights. When considering two neighbour local heights, their values run from 1 to 4 and
they have to differ exactly by one. If the first height has one of the central values, say
2, the other height can have two distinct values, 1 or 3. On the other hand, if the first
height has one of the extremal values, say 1, the other one can have just one value, 2. In
fact we can classify the values of the local heights into two subgroups: the extremal (1
and 4, denoted by e) and the bulk (2 and 3, denoted by o). When moving from a site to
its adjacent, a bulk value can either become an extremal or remain bulk. For instance,
the bulk value 2 can either become 1 (extremal) or 3 (still bulk). On the other hand, an
extremal value must become bulk. Such restrictions can be encapsulated into the tadpole

diagram T5:

Bulk

Extremal

Figure 7.5: Tadpole diagram T5.

In order to simplify the notation we can introduce some additional local variables o;
instead of the local heights /;:

0 ¢;=2,3
oj = / (7.86)
1 =14

The RSOS restriction |[¢; — ¢; 41| = 1 is simply translated into ;o1 = 0. If we want to
describe as a particle the state o; = 1 and as a vacuum the state o; = 0, the restriction
rule implies that there cannot be two adjacent particles. If we consider a periodic system
with N sites (0,45 = 0;) the number of allowed configurations with initial site o1 = 0 is

simply given by Fy41, where Fy is the Nth term of the Fibonacci sequence:

Fy = Fy_1+Fy_ = 0,1,1,2,3,5,8,13,21,34, ... (7.87)
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while the number of allowed configurations starting with o7 = 1 is given by Fy_1. The
total number of allowed configurations (considering both starting points) is given by the

Nth Lucas number:
Ly = Fyy+Fvog = @V +(-1)Np™N = 1,3,4,7,11,18,29,47,... (7.88)

where ¢ is the celebrated golden ratio

1 )
p = +2\/_ = 1.6180339887498948482. .. (7.89)

Until now we have not specified the value of the parameter s. Since different values of
such a parameter give rise to quite different models, we will consider the s =1 and s = 3

cases separately

Golden chain

Let us now focus on the r = 5 and s = 1 case, which corresponds to the tricritical Ising
model. The critical case has been studied extensively in [I11] and it has been identified
with the so-called Fibonacci Golden Chain.

The face transfer operator for the s = 1 case is given by@

Xj(w) =

s(A+u) ~os(w)
LGy NEOE)] Q <> (790

where the yellow tiles (denoted by Ej in the following) are simple s operators which select
the right Boltzmann weight for a given configuration. For instance, the Boltzmann weight
of the configuration o;_1 =0 =041 = 0 and o = 1 is given by s(u)/+/s(A)s(2A).

It is possible to define a multiplication also for these simple tile operators F;. The def-

inition is almost the same as for the face operators (Section [[ZT]). The only difference

9These are the most interesting cases, as they correspond to the thermally perturbed minimal models
Mys and Mas (the tricritical Ising and the Lee-Yang universality classes).
%Tn this section we chose the symmetric gauge g¢ = /s(¢\) in the Boltzmann weights (Z4).
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is that there is no sum over internal configurations. When multiplying two E; matrices

acting on the same sites, the result is given by:

/

= (7.91)

e ———

Of course, such a multiplication vanishes if any of the common local heights are different

in the two tiles. For instance, consider the following examples:

= 0 (7.92)

When multiplying two yellow tiles acting on adjacent sites, the same convention of Section
[7.41] applies: the result is not zero if two local heights shared by two tiles have the same

value.
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The equation (7.90) can be used to compute directly the Hamiltonian:

N
H = Y H,
=1
d 4 d
H; = —%logX](u) . = _XJ(O) 1@ J(u) -

Notice that in the above calculation the prefactor X;(0)~! plays a trivial role, smc.

<><><><><>

is a projector onto all possible configuration and it is, in fact, the identity operator.
From the particle-hole point of view, the various terms of the above Hamiltonian have a

very physical meaning. In particular, terms like
(7.95)

simply measure the presence (or absence) of a particle in the central site j. On the other

hand, the operators
(7.96)

have a much more interesting action: they act like creation and annihilation operators. In

fact, they transform the site j from o to e and vice versa.

Such a formulation allows us also to perform a p — 0 limit towards the critical point.

s(0) =0.
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The critical Hamiltonian is then given by
H; = a+ be; (7.97)
where a and b are two simple numerical constants. The operator e; is given by
+ ! + + ! +
e: = - —
’ B VB
(7.98)

where 8 = 2cos ¢.
Using the multiplication rules defined above for the yellow tiles, it is possible to show that

the operator e; (as defined in (Z98)) using the E; operators) satisfy

e? = fe;j
ejejilej = ej
eej = €je for |i—j|>1 (7.99)

Such relations show that the Hamiltonian we obtained can be expressed as a representation
of the Temperley-Lieb algebra. At the critical point, our computation then recovers the

Golden Chain anyonic Hamiltonian [ITT].

The Lee-Yang off-critical chain

Using the same particle-hole interpretation used in the last section, we can compute also
the quantum Hamiltonian of the Lee-Yang regime (r = 5 and s = 3).

In this context the face operator and the quantum Hamiltonian are very similar to the
previous case (s = 1). The only difference relies in the different Boltzmann weight associ-
ated to two symmetric configurations. In order to simplify the notation, we will consider

the simpler, non symmetric gauge choice of g = 1. The face operator in this case is given
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B 520+ u) s(2A —u)
Kol = - (2)\)<> ey
s(u) 3(“)<> (7.100)

N
H = —ZHj

i=1
_5(2)) s'(2X)
Hi = s(2)) T s(2)) <> <<> )
s'(A) s'(0)
by +81(2A)<> <> (7.101)

The main difference between this Hamiltonian and the previous one (7.93) lies in the
last two terms of each operator. While in the unitary version (Z.93)) the creation and
annihilation operators appear with the same numerical coefficient, it is not the case for
the non unitary case (ZI0T]). It can be argued that this discrepancy is due to the different
gauge choice. However, it should be noticed that the numerical coefficient in front of
the creation/annihilation operator - whilst it is the same for both operators - becomes
purely imaginary in the Lee Yang case when choosing the symmetric gauge go = /s(¢\).
On the other hand, the choice of the asymmetric gauge g, = 1 in the unitary case leads
to different coefficients for the creation and annihilation operators, even though they are
still purely real. In conclusion, it is possible to fix the gauge in both cases in order to
have a meaningful physical interpretation. In the Lee Yang case it is preferable to choose
the asymmetric gauge fixing in order have real coefficients. In order to interpret these
terms as creation/annihilation operators, the coefficients in front of them - i.e. the energy
lost/gained when creating/annihilating a particle - have to be real.

Of course, the critical Hamiltonian can be obtained by performing the p — 0 limit. As
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before, the Hamiltonian can be written in terms of e; operators:
H; = a+ be; (7.102)

where the operator e; is given by

o - <>>+;<>+5<>+; ;

3
=
Once again, the multiplication rules can be used to check that the above operators e;

(7.103)

and the loop fugacity 3 is equal to 2 cos

belong to a representation of the Temperley-Lieb algebra:

e? = fe;
€jejr1ej = €
eiej = €€ for |i—j|>1 (7.104)

The r = 5 Hamiltonians using Pauli matrices

Once we have computed the Hamiltonians of the two r = 5 cases studied using the tiles
operators, it is worth translating these Hamiltonians into a Pauli matrix formalism. Such
a formalism is also used in the study of quantum critical chains representing the so-called
Fibonacci Anyons [111]. In particular, let n; be the (inverse) number operator (defined
as nj(o) = 1 and nj(e) = 0) and of be the flipping operator (defined as o (o) = e and

o7(e) = o). With this notation it is possible to rewrite the Hamiltonian (Z.93) as

Hj = _288/((;\)) (ni—l +njp1 — 1)
s0) 82N s'(A)  §(2N) s'(A)
susen T T sy T (3 SOV SN >] Tt

+ N1

(7.105)

The critical limit p — 0 of the above Hamiltonian is equal to the Fibonacci Hamiltonian
(up to a multiplicative and an additive constants) studied in [IT1]. The above Hamiltonian
can then be seen as the off-critical perturbation of the Fibonacci Hamiltonian.

Even though the Hilbert space is not given by C*V (since two neighbour particles are
forbidden) a formulation using Pauli matrices could be more intuitive from the physical

point of view.
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7.4.3 The generic case

Once we have analysed the r = 5 case, we can address the computation of the quantum off-
critical Hamiltonian for a wider class of models. A generic base vector can be represented
by a collection of N local heights, each of them running from 1 to r — 1 with the condition
that two neighbour heights must differ exactly by one. While the » = 5 model allows a
nice physical interpretation in terms of particles and holes, such a representation is missing
when studying the FB RSOS models with generic values of r and s. Nevertheless it is
possible to classify the various configurations around a tile using the values of the local
heights. In particular, we are interested whether opposite local heights have the same
value. In this section, we will denote with a blue dashed line a couple of opposite local
heights with the same value. On the other hand, a red dashed line indicates that the
couple of local heights have different values. Thus, the possible configurations of local

heights around a tile are just three:

Additionally, when one of the two dashed lines are missing, all possible configurations are

considered. For instance, consider the following example of a tile with just one dashed

-

Moreover, we can notice that the identity l is the operator which leaves the three local

S -

2Intended as an operator mapping the lower configuration into the upper one.

line:

heights unaffected:
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Using this compact notation for the yellow tiles, we can write explicitly the face operator

for generic values of r and s:

Once again, we can perform the Hamiltonian limit of the transfer matrix to obtain an
explicit expression of the off-critical Hamiltonian. In order to avoid imaginary coefficients
in the Hamiltonian, we choose the asymmetric g = 1 gauge fixing. The Hamiltonian is

then given by:

N
H = —ZHj
1

H = [%FJJFGJ} (7.110)

where the operators F; and G are given by

(7.111)

Gj = s s(\) s(c)\)+(b_c)

Also in this very generic case we can set p to zero in order to analyse the critical Hamil-

tonian. In such a regime the G; vanishes and the Hamiltonian is simply given by

H; = F; (7.112)

Decomposing the yellow tile using (ZI07) it is possible to show that the operator Fj is a
representation of the Temperley-Lieb algebra with fugacity 3 = 2cos A = 2cos 2F:

2
By = BE
FjFinFy = Fj
FF; = FjF  for |i—j]>1 (7.113)
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In conclusion, even in the generic case we are able to derive a precise form of an off-
critical Hamiltonian associated with off-critical minimal models (unitary and non unitary).
Even though these operators are not always symmetric (or hermitian) they are suitable
Hamiltonians. For instance, their eigenspectrum is real and the Hamiltonian itself can be
diagonalised, once subtleties have been considered. For instance, it is well known [114], [115]
that the so-called quantum group reduction has to be implemented in order to diagonalise
the critical version of the above Hamiltonians. In the off-critical case, even though such
a process can be implemented in a case-by-case study, a general formulation is far from
complete. This is mainly due to the fact that the underlying symmetry of the critical
case (the quantum group) has been widely studied and developed. On the other hand, a

complete understanding of the symmetries of the off-critical case is still missing.

7.5 Conclusions

While all other chapters focus on evaluation of entanglement using field theory techniques,
in this Chapter we used a lattice oriented approach. In particular, we computed the scaling
of entanglement entropy of infinite off-critical systems at different values of the mass gap
using the so-called Corner Transfer Matrix approach. The lattice system we analysed are
the so-called Forrester Baxter RSOS models. In a particular configuration (called Regime
IIT) these models provide a lattice realisation of thermally perturbed non unitary minimal
models. While such a computation has already been performed in some similar unitary
systems [108], the non unitary generalisation has never been attempted.

As expected, we found that the leading term of the entropy scales logarithmically, as in
the unitary case. The main difference is that the central charge has been replaced by its
effective counterpart. From the physical point of view, the reason for this replacement
is the same as in the non unitary critical case: the conformal vacuum is different from
the physical ground state. Additionally, we could also analyse the first corrections to
the logarithmic scaling. We showed that non unitarity affects not only the logarithmic
scaling, but also its corrections. While in the unitary case such corrections are related to
the conformal dimension A of a certain field, we found that in the non unitary case they
are affected also by the non trivial ground state. We introduced then also the notation
of effective conformal dimension A — Acg = A — Apin, which, like the effective central
charge, takes into account the non trivial action of the ground state. Moreover, we com-
puted the entropy of the so-called off-critical logarithmic minimal models, which can be
easily realised by a particular limit of the FB RSOS models.

While quantum one dimensional Hamiltonians associated with conformal minimal models
have been known in the literature for a long time, less is known about the off critical

case. In order to have a better understanding of the quantum chain the FB RSOS models
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represent, we performed a Hamiltonian limit of such systems. With this tool we managed
to compute the explicit expressions of one-dimensional quantum chains associated with
generic off critical minimal models. Even though the notation used might seem not very
intuitive from a physical point of view, we showed that few cases known in the litera-
ture can be recovered from our results. In particular, the critical limit of the FB RSOS
Hamiltonians matches perfectly with a class of Hamiltonians known to be a spin chain
representation of minimal models. Furthermore, we showed that the so-called Fibonacci

chain can be easily recovered from our results.
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Chapter 8

Logarithmic Negativity and
Entanglement Entropy in Free

Boson Theories

In the previous sections of this thesis (Chapters [B], [f and [7)) we focused on the evaluation
of the entanglement entropy of non unitary theories. In such cases we focused on the
bipartite case, i.e. when the system is divided in just two regions. In this Chapter we
study the entanglement of non-compactified free boson systems in various configurations.
In particular, we consider the bipartite entanglement entropy of a single interval and the
logarithmic negativity between two disjoint semi-infinite intervals. These entanglement
measures can be computed using correlation functions of twist fields and we probe both

the critical and massive regimes using form factor expansions.

8.1 Logarithmic Negativity

As we have seen in Chapter 2] entanglement entropy - one of the most celebrated entan-
glement measures - fails to measure the amount of quantum entanglement between non
complementary subsystems. As previously explained, another measure of entanglement
must be introduced. A suitable quantity is the logarithmic negativity ([2.44) [28, [31]:
. T Te
E = hmllogtrAug (pAﬁB> (8.1)

Ne—>

where Ts denotes the partial transposition of the degrees of freedom belonging to the
subsystem B (see Section [23]).
As in the entanglement entropy case, logarithmic negativity can be expressed as a correla-

tion functions involving twist fields. In particular, when considering a system AU B U C,
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8.1. Logarithmic Negativity

the partial transpose of the reduced density matrix is given by [31]

w (o) = (T T@)ToT () (32)

where A = [a1,a2], B = [b1,b2]. Such a formulation can also be extended to a much
simpler case. If we consider a gapped system made of two disjoint semi infinite regions
A =]—00,0] and B = [r, +00[ (see Figure[R2), the four-point correlation function factorises

into a much simpler two-point correlator:

i (T TOTOT0)) = () TOTONT) = (D T@T0)
bo—+o00

(8.3)

thanks to the fact that (7(0)7 (r)) = (T(0)T (r)).

In this chapter we study the scaling of entanglement of a free bosonic system in various
configurations through the analysis of the correlators (7(0)7 (r)) and (7(0)7 (r)), which
can be expanded into a form factor series.

The value of the vacuum expectation value (7), while it is usually difficult to compute
exactly in QFT, it can be estimated through the methods discussed in Section

In the following, the subscript AU B will be dropped from the expressions involving traces.

C A C B C
a a b b

1 2 1 2

Figure 8.1: Tripartite system. Using logarithmic negativity we can compute the amount
of entanglement between the subsystems A and B even though they are embedded into

A C B
0 r

Figure 8.2: Tripartite system in Figure 8] in the limit A = [—o00,0], B = [r, oo].

171



8.1. Logarithmic Negativity

8.1.1 The (7(0)7(r)) short distance scaling

The scaling of the (7 (0)7 (r)) correlation function has been identified in previous chapters
and it is given by

log (%) = —4A, logr — 2log(T )n for mr — 0 (8.4)

where the conformal dimension A,, of T is given by [§]

A, = i <n - %) (8.5)

In this chapter we are using a slightly different notation from the previous onetﬁ. In
particular, we denote with A, the conformal dimension of the twist field and with (7),,
its vacuum expectation values. From this short distance scaling it is possible to numerically
extimate (7), using a form factor expansion (see Section B4). While for free fermionic
theories there is an explicit interpretation of twist fields in terms of simpler ﬁeldtﬁ, such
an interpretation is still missing for free bosonic theories. All the correlation functions are

defined on the multi-copied theory (£, C) (using the notation of Chapter [).

8.1.2 The (7(0)7 (r)) short distance scaling

While the short distance behaviour of the (7(0)7 (r)) correlation function has been ex-
haustively discussed in Section [6.2] less is known about the correlation function between
two identical twist fields 7. It has already been noticed that the branch cut created by T
and T becomes smaller and smaller as the two fields get close to each other. On the other
hand, when two fields 7 come close together, the “long range” picture of their geometrical
effect is a “double” branch cut. As noticed in [31], [117], such a double cut can be associated
to a double twist field 72. From a operational point of view, the first contribution to the

conformal OPE is given by:
TOT(r) ~ r2CA=800T2(T2) (8.6)

where A/, is the conformal dimension of the 72 field.
One of the most surprising features of this new field is that it behaves in quite different
ways in systems with even or odd number of copies n. In particular, if the number of

copies n is odd, a double cut gives rise to a simple rearrangement of the theory with a

2In previous chapters (especially in Chapter [@]) we focused on the difference between twist fields 7 and
their composite versions : T¢ :. In this chapter our focus is on single 7 and double 72 twist fields, whose
difference is linked to the number of copies they are acting on.

3See Appendix B of [14]
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8.2. Form Factor Expansion of Twist Field Correlation Functions

single cut. For instance, in a system with n = 3 copies, the cut connects the first sheet
with the third, the third with the second and the second with first, closing the cycle. From
an operator point of view, when a particle p; belonging to a copy (say the first) crosses
the branch cut created by a 7?2 field, it ends up in the third copy. Crossing again such
a cut, it visits the second copy end, if crosses the cut a third time, it comes back to the
original one. If the number of copies is odd, the a particle can visit all the copies through
a double branch cut created by 72. The only difference between 7 and 7?2 when n is odd
is a rearrangement of the order with which the various sheets are visited. For this reason,
we would expect 72 to have the same scaling dimension A,, of 7. On the other hand, in
the even n case, the situation is quite different. Every time a particle cross the 72 branch
cut, its “parity” is conserved: the cut connects even sheets with even sheets and odd with
odd. In this case there is no rearrangement of the copies, they are actually split into two
separate sets. The operator 72 is then equivalent to two copies of T, and each copy acts
on a different set of /2 sheets. Thus we expect that the field 72 has twice the conformal
dimension A% of a single field 7 with half of the number of copies. The short-distance

scaling of the (7(0)7 (r)) correlation function is then given by

72
—2A, logr + log <EE> n odd
o (TOT(r) _ o) . .
g T2 = (T)3,CT2 or mr —
< —4(Ap — Az)logr + log —Fz | meven
(8.7)

where we have used the fact that (77) = <7'>2% for n even and (72) = (T),, for n odd.

8.2 Form Factor Expansion of Twist Field Correlation Func-

tions

Using the techniques introduced in ChapterBl we can study the twist field correlators in the
massive regime. In order to recover the ultraviolet conformal scaling of such correlators,
we can perform a short distance expansion of the form factor series.

8.2.1 Form factors in the massive free boson theory

In order to construct the complete form factor series, we need to compute the two-particle

contribution. The S-matrix for free bosons is identically one and the two-particle form
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8.2. Form Factor Expansion of Twist Field Correlation Functions

factor is given by:

EJ M (61, ) = - ) = F " (51, 52) (8:8)

9n sinh <m> sinh <w
2n 2n

In this Chapter we are using a more compact notation:

F(Br = Basn) = F " (81, Ba) (8.9)

As we have seen in Chapter [ form factors of particles belonging to different copies are

simply related to the form factors of particles in the same copy (say the copy one):

FJPP(8) = f(=B +2ri(p2 — p1)in)
FJMP(8) = f(B+2mi(ps —p1)in) (8.10)

Moreover, thanks to the Zs symmetry of the bosonic Lagrangian, all odd-particle form
factors vanish. Even-particle form factors can be obtained as sums of products of two-

particle form factors using the Wick’s theorem [118]:

Byl (Bry- s Ba) = D FBao@)in) -+ F(Boe—1)o(203 1) (8.11)

g€Syy

where Sy is the set of all permutations of {1,2,...,2¢}.
Once we have an explicit expression for the all terms of the form factor expansion, we can

compute the correlation functions.

8.2.2 Connected correlation functions

In order to analyse the behaviour of the connected correlation functions, we can focus on

their expansions:

/=1
TO)T (r >
log <%> = ZZ:; cng(r, n) (8.12)
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8.2. Form Factor Expansion of Twist Field Correlation Functions

where the functions ¢y encapsulate all the contributions from a given number of particles.

Their explicit expressions are given by

) n 5 cosh 8
. TTp1... =T
A = G 2 [ EBH G e S
’ P1,e-p2e=1
) n 5 cosh 8
7_7_ —mnr . COs I3
A = e 2 [ EBH G e S
’ P1,e-p2e=1
(8.13)
where Hy, are the “connected” functions introduced in Section
HP(5) = B (B) (R (8)
of
HY PP (51 By) = FyPR By o) (B PP (B, By)
o Hfl@ﬂl’l(ﬁl)H?lOQ\pQ(ﬁQ)
(8.14)

The simplicity of the higher-particle form factors allows a tremendous simplification of the
above equations. Such a feature is unique of free theories and has already been exploited
in the study of twist fields in free fermionic theories [70].

The first contribution to H277’ is given by

Fgg;‘plmp%(& e ﬁzz)(Fgglpl”'m (B1---Bae))”

Tlp2e—
= Z Fgﬂplm(ﬁa(1)7ﬂa(2))"'Fg pat P2 (Br2e-1 Bo(20))

0'652[

< |3 E P Boay, Boe)) - (B P (Brgar ), Boae))” | (815)

€Sy

while the corresponding term in the (7(0)7 (7)) correlator is given by

F;:'pl"'p%(ﬁl o 524)(F273—|p1"'p2l(ﬁ1 o Ba) = (Fg)plmp%(ﬁl . ”ﬁ%n)>
2

=1 > Fgﬂplm(ﬁou),ﬂa@))"'Fgﬂp%_lm(ﬁo(zzq),ﬁo(zz)) (8.16)

g€Syy

2
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8.2. Form Factor Expansion of Twist Field Correlation Functions

Many of these terms are identical up to integration over all rapidities. For instance, for
2¢ = 4 we have:

FT‘plmmm(ﬂl , B2, B3, Ba; )(FTlp1p2p3p4 (B1, B2, B3, Bazm))*
[ Tlplm(ﬁl,ﬁ% n)F T‘p3p4(ﬂ3,54, )+Fg‘pIPS(ﬁ1,53;n)FzT|p3p4(53,ﬁ4;n)

] 7 (B, B n) B PP (B, Baim) | [ F] (B, i) B T (B, Buim)
FF] P By, Bysn) F] 1P (B, Buin) 4+ FJ PP By, By ) B P By, Ba) |

1gt 6F2T|p1p2 (51’ ,82; ’I’L) (FQT‘I)QPS (,82, 53; ’I’L))*F;—|p3p4 (53, 54; ’I’L) (FQT\IHIM (,81, 54; ’I’L))*
3| ET 81, i m) || [ET %2 (5, )| (817

where the notation = means that the two sides are equal up to integration over all rapidi-
ties. As we said before, we can express all two particle form factors in term of FQT = f.
The equation (8.I7) now becomes:

PGy, By, B, Bas n) (F] PP (By, o, B Baim)*
= OF (BT m) (= Ba)P ) S (B8] m) (=105 m))
2
w3l s s m)| (8.18)

where we have used the notation
8P = B+ 2mip (8.19)

For generic ¢ it is possible to show that there are (2¢—1)! “fully connected” terms. A term
is fully connected if factor f(3¥;n) appears only once. For example, in equation (§IS)
the term in the second line is fully connected, while the one in the last line it is not. From
a Feynman’s diagram point of view, a fully connected diagram cannot be divided into
smaller diagrams. For generic £, the contribution coming from all fully connected terms is

given by:

n
fully connected terms of Z Fg;'pl"'p”(ﬂl, e ,ﬁQg)(F;;plmp” (B1,---,B2))*
P1,--5P20e=1

n—1
=Z@-1n > (fn«—ﬁlz) V(BT an ﬁé’,iif;ﬁ;)fn(ﬁg,igﬁf1))
P1,--p2j—1=0

(8.20)
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Fully connected Not connected

Figure 8.3: Difference between fully connected and not fully connected diagrams. The
diagram on the left (right) corresponds to terms like the second (third) line of (8IS).

Even though equation (8IS) refers to a <’7'(O)7'(7°)> correlator, four operators appear in

this picture instead of just two. This discrepancy is corrected by the fact that the form
factors we are taking into account are normalised by the VEV of T.

In the above expression all the p;s have been shifted by one in order to make the sums
start from zero. Moreover, since all form factors are invariant under a global shift on all
their indices, we can set ps; to one and we can factor out a factor n. The next crucial
step is to observe that the “fully connected” terms are the only ones which survive when
the form factors Hoyy are considered. The fully connected terms are thus the only ones
which give contributions to the form factor expansion of the logarithm of the correlation
functions. In particular we have:

n—1

7T — n 20 7mr212i cosh 3;
026 (T, n) - (2€)(2ﬂ_)z Z d /8 e 1
P1,---sp2¢—1=0
/-1
(st ot TG 1320
k=1
(8.21)

This simplification applies also to the (77 correlation function, when all terms which are

not fully connected cancel out:

n—1
C;;T(r’n) = % /d%ﬁemZZ?flCOShﬁi

e I
1yeesP20—1—

X (BT m) f(BY_{agm) - F(Bys ™ P i) f(B1y T im)

(8.22)
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This massive simplification of course can be performed thanks to the fact that the theory
studied is free and Wick’s theorem can be applied. Moreover, we will show how the sum
over p;s can be performed, leading to an even further simplification of the form factors

expansion.

8.3 Short Distance Scaling

In this section we will make use of equation ([B.J03]) to compute the scaling dimensions of

such correlation functions:

1 = 1 d*1p 0102\1)1 ‘Pag
TO10, = EZZ:—E Z / 27T 20— 1 ( 7/817"'752371)

p1--p2e=1
(8.23)

Due to the great simplification of the free Bosonic system, it is worth sketching again the
tool introduced in Section .32 Even though the underlying strategy is exactly the same,
the notation will differ a bit from the one used in Chapters Bl and Gl

8.3.1 The two-point function <7‘(0)7~d(r)>

Let us start the study of the <T(O)7'(r)> correlation function. The logarithm of the

correlator is given by
0 N
log (%) = ;1 3, (r,n) (8.24)

In order to simplify the above equation we rearrange the variables in the following way:

Bij+1 =05 —Bjy1 = =z forj=12,...,20—1
P = x (8.25)

whose inverse is given by

20

Bi= m, forj+#2 (8.26)

p=j
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In the new variables we have:

n—1
. P20— P2k —D . P2k —P2k—1,
> (f((—mz)pan T Hf CoartaciCon w))
P1ye-P20-1=0

n—1

= Y (PP (@ w2 )

P1ye-P2¢—1=0

< T el )|

n—1

= Z [f((_xl)pl;n)f(wg2_p3;n)f(xg4_p5;n) f(xgze 12 —P2e— 17n)
P1,---sp2¢—1=0
X f(@ e e P ) @) f( T m) - f ()|

n—1

= > [Fm)P) f @R ) S ) f () (@B ) -

P1ye-P2¢—1=0

f($52€7127p2l71;n)f($gjz 12 P2e—1, n)f(($1 4+ .+ x%_l)p%ﬂ; n)]
(8.27)

This summation can be computed using equation (E2) with yoy = 21 + 22+ - - 291 and
Yi = g

n—1

S [ m) ) F ) ful T FaR )

P1y---5p20—1=0

f(mgjz 12 P2e— l,n)f(ngg 12 P2e—1, n)f(($1+ +$2571)p%71;n)]

_ mn SE(Z;; 122p—1; )Smh(Zp 1 T2p—1) (8.28)
0(4m)* cosh 721’:21 i Hfizl cosh %”

where the function §y is given by (see Appendix [El)

: 20— 1
> (=17 ( > [f(2z + (2p — D)imin) — f(2z — (2p — 1)im;n))

p=1 t—p
(8.29)
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The correlation function thus becomes:

¢ ¢
Tl 21 Top—1,n)sinh( Y xop_1)
P

_ o~ in 201 p=1
- Zf(glﬂ-)QZ/d z 201

=1 2 @201
cosh =— [] cosh %
L i=1
y /oo de( e~ [COSh(Z?il mi)Jrcosh(Z?iQ x¢)+---+cosh :132[] (830)
—00

Since the variable z9y appears only in the exponential function, we can easily integrate

such a variable. After the integration we have

log <<T<o>f<r>>>

{ 4
o Se( 22 wop—1,n)sinh( 3] wop_1)
m — p=1 p=1
= 6(47T)2€ /d2 1$ 20—1 Ko(m’l“dg(ﬁﬂl,...,xgg_l))
=1 Z)l Tp 20—1
cosh 2=— [] cosh %
L i=1 _
where the function dy is given by
20—1 20—1 2 20—1 20—1 2
d%(xl,...,xgg_l) = Zcosh ij +1| — Zsinh ij
i=1 j=1 i=1 j=1
(8.31)

With the same spirit of Section B.3.2, we can extract the short-distance scaling of the

correlation function:

(T(0)T(r))
(o)

(8.32)
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4

)4
o Fe( D2 wop—1,m)sinh( )] z9p-1)
wm 2—1 p=1 p=1
= (_ IOgT)Zg(zm)% /d z 20—1

(=1 2 T 201 N
1 = sh Ze
cosh 7= Hl cosh 3

L 1= .

4

¢
Y Fe( D wap—1,m)sinh( D wop—1) J
m 20—1 p:l p:1 m l
+ Z 5(47.‘-)26 /d z 20—1 <ny +log 2 >

(=1 2 T 201 N
1 = sh Ze
cosh 7= Hl cosh 3

L 1= J

(8.33)

where vg = 0.5772... is the Euler-Mascheroni constant.

Scaling dimension

We can now use equation (8.33)) to estimate directly the scaling dimension of the <T(0)7~‘(r)>
correlator. From (833)) it immediately follows that:

<T(0)7~’(r)> ~ (mr)—“T% for mr — 0 (8.34)
with

4

.
Se( D xop—1,n)sinh( 21 Tp-1)
=

o0 .
2in 201 p=1
Try = 26(477)22/(1 € 20—1
> Tpoop—1

p=1 Zp
cosh *= H1 cosh 5
1=

(8.35)

Even though such integrals can be directly computed numerically (as we have done in
Chapter [0 for the Lee-Yang theories), the symmetries that free Bosonic systems enjoy
allow an even further simplification.

It is convenient to perform the following change of variables:
T =Y = Zj 7 75 2/

¢
Ty — Y = 2552]‘71 (8.36)
j=1
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The form factor expansion of the scaling dimension now becomes:

[e.e] 00

2in o0 & .
Ty = E W/ dy1"'/ der—Q/ dy F¢(y,n)sinhy
=1 o0

— —00 [e.e]

/-1 /-1
y+ > Y2 Y= 2 Y2p-1 | o1

X sech =1 sech = Hsech@sech%
2 2 o 2 2

(8.37)

We can now use the following identity [14] to perform all but one integral:

-1
00 00 iy+p§1$p -1 T
Gely) = / dwl---/ dxy_1sech — Hsechip
p=1

—00 — 00

£
2
(2m)1 Zcosechd [ (jﬁ—i +(2p)?) for £ even

— p=1
= D - (8.38)
sechd [T (& + (2p—1)?) for £ odd.
p=1

Thus, the scaling dimension z-+ can be expressed as a sum of integrals:

. 2in o0 .
o =Y g / dy e(y.n)Ge(y) sinhy (8.39)
=1 oo

Such a simple formulation allows us to compute with very high precision the scaling

dimension from its form factor expansion (some results could be found in Table 1]).

n 2 3 4 6
AAT [ =025 35=0444 [ 3 =0.625 | 2 =0.972
zr+ | 0.246 0.438 0.608 0.953

Table 8.1: Numerical evaluation of (8:39). The sum has been truncated at ¢ = 2000 and
it shows a very good agreement with the expected scaling dimension (8.3]).

Analytic continuation

Since a limit for n tending to one is involved in the definition of entanglement entropy

(and logarithmic negativity), an analytical continuation of (839) is needed to take into
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account the non-integer n cases. As discussed in [14], the analytical continuation of the
function x5 can be performed by adding the residues of poles which appear in Se(y,n)
for non integer values of n. In particular, there is a set of poles which approaches the real
axis when n goes from large values to one. The function F¢(y,n) presents kinematic poles

at

20+ (2p—1)ir = (2k+ 1)im
%+ (2p— 1)ir = (2k — 1)ir (8.40)

for all values of k € Z.

Such poles can be divided into four families:

y1. = (kn+1-p)ir

y2 = (kn—p)ir

ys = (kn—1+p)ir

ys = (kn+p)im (8.41)

The corresponding residues are given by:

y
Riy=—Ry3= %Z(—l)p ( S ) (8.42)

p=1 t—p

We should now investigate whether any of these poles become real in the limit n — 17. In
particular, since the imaginary part of the above poles is positive (negative) for & > 1 (k <
—1) when n is large enough, we should study the conditions under which the imaginary

part changes sign. Once again, four families of conditions appear:

kntl-p<0 = 1<k<?”
n
kn—p<0 = 1§k<£
n
p—1
kn—14p<0 = ——<k<< -1
n
kn+p<0 = —L<k<-1 (8.43)
n
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0.10} ]
. — i(n—3)

0.05] = = —dag |
[ ] e e —4£T~r

Figure 8.4: Numerical evaluation of the scaling dimension —4x77 for integer and non
integer values of n. In order to compute the sum (844]) for a very high value of ¢, the
actual values have been computed through a numerical fit. We computed and summed
the first 150 terms of (844)), then we completed the sum by fitting the logarithm of each
term from ¢=20 to ¢=150 against log /.

Taking into account these residues, equation (839) becomes:

Lrq = Trf
oo £ L%J_QI

fo—ZZ Z Mﬁ% ( 26-1 )sinh(iﬂnk)G%((nk—p—i-l)iW)

=1 p=1 k=1 t—p

co £ L%J_‘D

4 Z Z Z 5(4;% ( 26-1 ) sinh (imnk) G% ((nk — p)im) (8.44)

=1 p=1 k=1 t=p

The shift ¢ (g2) is equal to one if p (p — 1) is a multiple of n and to zero otherwise.
In principle, both (839) and (8Z4) can be used to compute the scaling of the (7°7)
correlation function for non integer values of n. While the contributions of the residues
vanish for integer values of n, of course it is not the case when n is not integer.

From a direct comparison of the two expansions (see Figure [B4]) it is clear that the
residue contributions play a very important role in the form factor expansion of the scaling

dimension.
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8.3.2 The two-point function (7(0)7(r))

Like in the previous section, we can simplify the expression of the correlator (7(0)7 (r))

using equation (E.2). To do so, let us consider the sum:

n—1

Yo FBhen (B Tasm) - F(Be TP T m) £(BT5 ) (8.45)

P1,P25--P2¢—1=0

In order to recover an expression compatible with equation (E.2]), we should perform the

following change of variables:

Brae = —Ty
Bor—120 = 2
Bas = T
B2 = 1 (8.46)

With the new variables, equation (845 becomes:

n—1

Yo Sz flah ) s flabg T ) f(ahy ) (8.47)

P1,P2,---P20—1=0

While it is tempting to apply directly the formula (E.2), it should be noticed that since
Z?il x; = P10+ Bor—1,2¢ + -+ + B2z + P12 = 0. Such a peculiar condition makes the
formula (E.2) ill defined and it requires a particular limit to overcome the difficulty, as
explained in Appendix [El. Using equation (E.3) we have then (once the integration over

x9¢ has been performed):

o <<T<?;>72<r>>>

() 20—-1 20—1
h(¢ > o T
= E % /d%lxsech <%> | | sech%Ko(mrd(xl,...,xgg_l))

. (8.48)

“In Appendix [E] the limit Zfﬁl z; — 0 is performed.
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8.3. Short Distance Scaling

where the function h is given by (E.4)):

L]
=g (%)) e ()

(8.49)
st {—pn

As before, we can expand the Bessel function K inside (8.48]) to extrapolate the scaling
dimension of the correlation function. After such a procedure we obtain

< b6 ) 225 1,0\ 201
TTT = W / d* sech< H sech
=1

(8.50)
A further simplification comes from the following identity
2237 20—1 z (471_)2@_1 1
20—1 p _ 2
(8.51)
which reduces (8.50) to
n = 22h(6,n)((¢ — 1)!)?
— .52
TTT = 13 Z 26 = 1) (8.52)

Since the scaling of the (7(0)7 (r)) correlator changes with the parity of n (&1, it is

worth analysing the two cases separately. For n even, we can use[E.6 and the scaling z77
becomes:

e n

o0 =)
(0 —1)H?2 20— 1 2/
T = 2%2;€(2€—1)! (g_l >+ (g )

TR (8.53)

(8.54)
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8.4. The Vacuum Expectation Value (7) and The Structure Constant C’;QT

In this very particular case a complete summation of the form factor series has been

performed and the results are a perfect match with the expected CFT prediction (8.7)

(TO)T(r)) = 7“74(%+ﬁ) for n even
(TOTE) = r G 2)  fornodd
(8.55)

The different scaling in the odd end even cases is another signal of the intrinsic difference
between the two cases.

Such a complete summation of the form factor series is almost unique, since in the majority
of cases only truncated series can be actually computed.

Moreover, this result has been obtained for generic n and thus can be used directly to
compute the scaling of logarithmic negativity. In particular, the limit n — 1 of x5 is
equal to 1/4, in perfect agreement with the prediction of the scaling of negativity in
bosonic systems [31], 117, 118].

8.4 The Vacuum Expectation Value (7) and The Structure
Constant 077-27

The form factor expansion can be used not only to extract the leading scaling of correlation
functions, but also to evaluate the numerical values of other constants involved in the

scaling. In particular, it is possible to compute the constants appearing in (8287 in

terms of form factor series. Let us define:

KRy = 10gK7-7~— = 2log <T>n)

T
K = logKyr = log (T
(T)s.CT.
K%—T = 1OgK$-7— = log Uaﬁ (856)

In the same spirit of Section B.3.2] we can compute the constants above using a form factor
expansion. Combining these results, we can estimate the numerical values of the vacuum

expectation value (7), and the structure constant 077:;— in both n even and odd cases.
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8.4. The Vacuum Expectation Value (7) and The Structure Constant C:rﬂT

8.4.1 The <T(O)7~'(r)> correlation function

Let us start with the correlation function <T(O)7'(r)> Such a correlator and its related
constant -7 can be used to estimate the numerical values of the vacuum expectation value

(T),, for various values of n. From equation (833) we have:

2nug(n
_ 1 ) .
Kyr =T < 0g 5 +78) + E T (8.57)

where the coefficients uy(n) are given by the following integrals:

TS i§0(3 s 2p—1,m) sinh (32 wap 1)
Ug(n) N Zu 1, 22 1
H cosh 2
p=

log dy (8.58)
cosh

These integrals can be computed using the Vegas variant of the Monte Carlo Algorithm
(see Appendix[C]). In order to speed up the computation process we used a tool described
in Appendix [Gl For instance, the values of such integrals for n = 3 and n = 5 are shown
in Figure

The coefficients uys(n) exhibit a clear exponential scaling, and we can attempt to fit
them (see Appendix [E):

ulit(n) = (4r)tent P (8.59)

where the two numbers a,, and b,, are the interpolation constants for u;(n) and depend
on n. Interestingly, the linear term 2¢ is the same for all uy(n). The precision of such an
interpolation can be seen in Figure

o0
Unfortunately, it is clear that the sum ) of (857) is divergent, since (from the inter-
=1
polation) each term is given by

ﬁt A anerT”
5(175)2)5 _ Um J (8.60)

which gives rise to a divergent series. However, as we will see in the next sections, also
the infinite summation appearing in (861 presents a clear divergent behaviour. Since
the structure constant 077:;— can be obtained from a combination of (857) and (8.61)), it is

possible to extract some meaningful physical information.
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8.4. The Vacuum Expectation Value (7) and The Structure Constant 077-;-

Figure 8.5: Values of uy(3) and wu,(5) in linear-logarithmic scale.

8.4.2 The (T(0)T(r)) correlation function

Let us focus now on the (7(0)7(r)) correlation function. From equation (848) we can

extract the value of k77 as a form factor expansion (regardless of the parity of n):

nh(f,n)vy

o (8.61)

m
KTT = TTT (10g 5t ’YE) +>
¢

(e o]

1
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Figure 8.6: Values (rescaled) of uy(3) and uy(5) (red dots) in linear scale checked against
the fit (859) (blue line).

where the coefficients v, are given by

$21 2 .
vy = /d%_lm sech (%) }_[1 sech;p log dy (8.62)

These integrals can be evaluated using the Vegas-Monte Carlo algorithm (see Appendix
[C)) and their values are shown in Figure B.4.2]
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Figure 8.7: The values of the integrals vy in linear-logarithmic scale.

The values of vy, which do not depend on n, exhibit a clear exponential scaling, which

can be easily interpolated as
v?t _ (%)2@70.8069967% (8.63)

The precision of such an interpolation can be inferred from Figure84.2] in which the data
and the interpolating function are rescaled in order to focus on the corrections beyond the
(2m)2¢ term.

Using the interpolation (8.63) we can compute the sum appearing in equation (8.61])
with large values of ¢ without actually computing all the integrals (8.62).
The numerical evaluation of the constants K7 and K5 can then be used to compute the

7—‘2
structure constant CTT'

8.4.3 The 077—27 structure constant

We can now address the numerical evaluation of the structure constants 077:;— by combining
the results of previous sections concerning the coefficients K7 and K1 7. Since the odd

and even n cases are intrinsically different , we will discuss the two cases separately.
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-0.8

log,.v,—2¢

Figure 8.8: The (rescaled) values of v, (red dots) checked against the interpolating function
(B63) (blue line) in linear scale.

The odd n case

Let us start with the odd n case. Even though it is not used for the computation of
the logarithmic negativity, its analysis provides us with interesting information about the
replica QFT content of the system.

First of all, we can compute the constant x5 from the expression (B.6I]) and using the
odd variant h° (E.G]) of the function h. Since h° tends to zero for large ¢

lim h°(¢,n) = 0 (8.64)

f—00

the sum appearing in ([B.61) is convergent for n odd. Some values of x5 are reported in

Table Since the only non trivial n dependence of k- is encapsulated in h?, we can

n 3 5 7 9 11 13 15 17 19
k77 | 0.345 ] 0.760 | 1.183 | 1.607 | 2.033 | 2.459 | 2.885 | 3.311 | 3.737

72
Table 8.2: Numerical values of x5 = —log %?)% for n odd. These values have been

computed from equation (61]) summing up to £ = 1000 using the interpolation (8G3]).

easily compute it also for non integer values of n. The simple dependence on n of such a
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8.4. The Vacuum Expectation Value (7) and The Structure Constant C:rﬂT

constant is emphasised by the simple fit

K = —0.34+0.215n + 0.13/n (8.65)

which is shown in Figure B.4.3] together with some values of % computed for integer and

non integer values of n.

Figure 8.9: Numerical values of x5 (red dots) for different integer and non integer values
of n. The blue line represent the best fit —0.34 4+ 0.215n + 0.13/n.

Thanks to the linear scaling of x5 in the large n regime, it is clear that the ratio
between C’77:;— and (7), decays exponentially for large n.

Moreover, if we specialise to the n = 1 case (in which h°(¢,n = 1) = 0), we have

F.

log =0 for n=1 8.66

T (8.66)

Such a ratio can also be computed without taking into account any form factor expansion.
Since at n =1 the twist field 7 is equal to the identity 1, we have A; =0 and (7); = 1.
Since 72 = T when n is odd, we have C77:;— = C;CT = C}, = 1, which matches perfectly

with (SEG).

For odd values of n we can then compute exactly the ratio between two universal QFT
quantities: the structure constant 077:;— = CT and the vacuum expectation value (7),,.

While the sum (857) is divergent, the sum (8.61]) seems pretty convergent for odd values
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8.4. The Vacuum Expectation Value (7) and The Structure Constant C’;QT

of n. For this reason, while the ratios between the two constants (the structure constant
and the VEV) is convergent, the VEV itself is divergent. In order to have a consistent

interpretation, the structure constant has to diverge as well.

The even n case

While the constant k9 can be expressed as a convergent sum (thanks to the behaviour
of h° for large ¢), the even case is more complicated.

Since h¢ does not tend to zero for large values of £

Zhj& hé(l,n) = % (8.67)
the sum appearing in (861 seems divergent. Luckily, as we have seen in Section [R4.1],
the constant x5 looks divergent as well. For this reason, while the two constants are
divergent on their own, the structure constant (which can be obtained from a combination
of the two ks constants) is itself convergent.

In particular, we can extract C77j;- by combining the equations (850]):

log Cf7 = -y (hg((;?;gz’g 42 (562 4;)22%”)) (8.68)
/=1

whose actual values can be computed by employing the fitted function v?t and wuy(n)fit

(Figure BI0). In particular, for n = 2 we have
w(2) = 22Ny, (8.69)

Such an equality can be used to simplify further the equation (8.68]):

[e.9]

1 — 2h¢(4,2))v;
log C:ng = Z ( j(27r(372j ) for n =2 (8.70)

j=1
Since h¢(2,¢) is identically equal to 1/2 for any value of ¢, we have:

log er—fr =0 for n =2
Tl =1 forn=2 (8.71)

As it has been noticed in [I19], in the n = 2 case, the squared twist field 72 is nothing
but the identity operator (it maps each copy in itself). In such a case C77:;- = C’71-7— and it

has to be equal to one (as imposed by the CFT normalisation of correlation functions@).

5In CFT normalisation (O(r)O(0)) = Ao .
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Figure 8.10: Numerical values of —log C’ﬁ— for some even values of n (red dots). Both
interpolating functions (blue and green lines) provide a very good fit of the data.

Continuation to n=1

As shown in Figure RI0] the logarithm of the structure constant exhibits a clear linear

behaviour in n. Such a linear scaling can be interpolated using the fit:

2

T fit,1 c
n
Alternatively, we can consider another fitting function:
72 fit2
log <C7—7—> = a+bn-+clogn (8.73)

Such fitting functions can then be used to extrapolate the value of the structure con-
stant at n = 1.
Many sources of error are present in computing the structure constants. First of all,
the infinite series (8.68]) converges very slowly, inducing a truncation error. Furthermore,
the various terms of (868) come from various interpolations themselves. Probably, the
main source of error is given by the systematic truncation of the form factor expansion at
£ = 2000 particles. As can be noticed in table B, the difference between the theoretical
prediction and the form factor expansion of the scaling dimension is around 2%. Using
a similar truncation, we should expect a similar error also for the value of the constants

w77 and K. Since the logarithm of the structure constant can be estimated combining
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8.4. The Vacuum Expectation Value (7) and The Structure Constant C:rﬂT

three values of k, the systematic error associated with the truncation of the form factor
expansion (8.68) should be at least G%H. This amount is only a lower bound for the actual
error. As we said before, there is an additional uncertainty coming from the fact that the
various terms of (8.68)) come themselves from a fitting extrapolation. We believe then the
values of log C’ﬁ— we computed should be considered with an error of about 10%. It is
clear from (E4)), (E5), (E9) and (EI0) that the final error associated with the fitting
constant is proportional to the error of the log C’jr’fr values, if they are all the same as
percentage of the actual value.

Using the the formulae of Appendix[E], we can compute the values of the fitting constants
and their relative errors.

When using a polynomial function (872), the fitting parameters are (using a 10% error)ﬁ:

a = —1.040.2
b = 0.27+0.02
¢c = 09402 (8.74)

On the other hand, the fitting parameters of (873) are given by (using a 10% error %:

a = —0.31+0.02
b = 0.31+0.03
¢ = —0.46+0.12 (8.75)

Both fitting can be used to extrapolate the value of C77:;- in the limit n, — 1. When
considering the fit (8.72]), the structure constant is given by:

CTr = 08+0.3 (8.76)
while the fitting (8.73) gives:
CT> = 1.00£0.06 (8.77)

These estimates lie below the analytical value of 1.20184. . . found in [I17] and the numerical
value of 1.38...which can be extracted using numerical data of [15]. This result has been

obtained in [117] for a compactified free boson theory. The above numerical value is

In other words, the value of logC77:§— comes from three series: one in v, and two in u, (see equation
().

"The n = 2 value is not affected by truncation error, as all terms of the series (870) are identically
zero. We set the numerical error of this value to 1073, as an exactly zero error makes the fitting formulae
divergent (see Appendix [E]).
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computed by performing the n — 1 limit before the taking the compactification radius to
infinity. The derivation of such values will be sketched in Sections B.5.1] and This
discrepancy should not surprise, as our form factor computations if affected by a number
of systematic errors and truncations. Moreover, it is common for form factor predictions
to approach the expected value from below (see, for instance Figure [6.0]), as all series

involved are positive-definite.

8.5 Interpretation of Divergent Series

In previous sections we encountered some divergent series when studying some physical

quantities using form factors. In particular, we showed that the form factor expansion of

log (T),, (8.78)

and
(T)% CF7
()

Ne

log (8.79)
diverge for n, even. We believe that such divergences arise from the presence of extra
logarithmic terms in the two-point correlation function. In particular, when we extracted
the form factor expansion of log (7), from (833) by a direct comparison with the scaling
[B34), we allow only power-law terms in the short distance scaling. If, on the other
hand, extra logarithmic terms are present, the definition of the constant Koo (850) is
ambiguous. In particular, if such terms are present, we should consider an alternative

short distance expansions:

(TOT())

log T = —4A,logr — pi(n)log (plogr) — 2log (T),,
(8.80)
and
o1’
—2A, logr + log <—1>t for n odd
(TO)T(r)) ! 2 o1
lo 2 7 NP — (Tn CTT
g < <7->$L —4 (An —Ag) logr—i-log&i)31
—p2(n)log (plogr) for n even
(8.81)
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where p1(n) and pa(n) are unknown functions and p is an unknown parameter. Of course,
the presence of such parameters implies a redefinition of the constants r,+ and s,
leading to an ambiguity in the identification of the structure constant and the vacuum
expectation value of twist fields. It should be noticed that an extra logarithmic divergence
can be found only when the associated form factor expansion for the computation of the
constant term is divergent. In particular, it appears in the expansion of (7/(0)7 (r)) and
(T(0)T (r)) (n even), while no such term is present for the (7(0)7(r)) (n odd) correlation
function. An analytic derivation of the extra logarithmic scaling in the correlation function
(B80) will appear on [120]. Even though the functions p;(n) and pa(n) are unknown, it
is possible to make same assumptions based on the convergence of some combined series.

In particular, the fact that the series (8.68) is convergent implies that

pim)+p(5) = o) (8.82)

Additionally, preliminary results of [120] suggests that

) (8.83)

log — "5
(T)y "

admits a convergent form factor expansion (even though the individual vacuum expecta-

tion values (7), themselves are divergent). The convergence of such factor implies:
pi(n) = (n=2);(2) = 0 (8.84)

which is equivalent to

pi(n) = p(n—1) (8.85)

with p constant.

Moreover, since the series (8.57) diverges positively, the constant p should be positive.

The presence of double logarithmic terms in the short distance scaling of branch point
twist fields should not surprise, as the underlying theory is (at critical point) a logarithmic
CFT [90]. Double logarithmic terms can be found when studying the logarithmic nega-
tivity of non compactified massless free boson theories [117]. Furthermore, it has been
shown in [I] (see Chapter [B]) that extra double logarithmic terms in the form ploglogr are
always present in the scaling of the Rényi entropy in logarithmic CFT. In such a context
the coefficient p, a positive integer, is related to the algebraic structure of the CFT. Ad-
ditionally, such double logarithmic divergences can be directly derived using some results

of [121]. In particular, combining equation (4) and (66) of [121], it is possible to study a
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8.5. Interpretation of Divergent Series

particular four-point function of twist fields in compactified free boson theory in the large

compactification radius R > 1 regime:

~ ~ 1,19, 13)4A R 1
(Tr)TOT )T (2 4+ 73)) = g(r1,72,73)
k k 1. k kE q.
I oF (G 1= hiw) oF (51— 11— a)
(8.86)
where 9F) is an hypergeometric function [49], x = m is the usual cross ratio

and g is a known ratio of the positions ry, ro and rs.

It is possible to expand the correlation function (8.86]) around 2 ~ 0 (equivalent to z ~ 1):

(7“2 (7“1 + 7“3))_4A” Rn1

Q

(T(=r)TOT(ra)T(r2 +r3) ) e
(ro(ry +13)) 2" (2rR)™

- n(—log(l —z))n-1 (8.87)

The von Neumann entropy of two disjoint intervals with the rest of the system can be
computed by taking the n — 1 limit of the correlator (8.87):

log (T(=r)T(O)T (r2)T(r2 +15))

. 1
lin — = 5log(ra(r1 +15)) + log(~log(1 — 2)
— log(27R) (8.88)
which suggests that p = 1 and
pi(n) = n—1
n
p2(n) = 3 (8.89)

In conclusion, we believe that the divergences appearing in some form factors expansions
are closely related to the presence of extra logarithmic terms in the short distance scaling
of the associated correlation functions. Moreover, thanks to the expansion (887) (that
follows from [121]) and to suggestions coming from [120], we propose that the Rényi

entropy of the non compactified massless free boson scales as:

n-+1
n

Sp(r) ~ logr + loglog r (8.90)

Like other logarithmic CFTs, the double logarithmic term [I] does not depend on the
number n of copies and it appears also in the von Neumann entropy. It would be very

interesting to investigate such scaling numerically, even though, as suggested in [110],
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8.5. Interpretation of Divergent Series

logarithmic properties usually hold only at the critical point and any perturbation could
make logarithmic corrections vanish. Since numerical simulations (like DMRG [32]) creates

a small mass gap, recovering logarithmic corrections could be very challenging.

8.5.1 Three-point structure constant of CfT and logarithmic negativity

The analytical value of the three-point structure constant has been derived in [I17]. In par-
ticular, they showed that in massless non compactified free boson theories the logarithmic

negativity of two adjacent regions (of size r; and ry) scales as:
1 1 1
E(r1,0,rg) ~ 2 logy — 3 log 3 logy | —log Py (8.91)
where y = ri7r9/(r1 + r2) and P is the inverse of the structure constantH

(P)' = Crjapn=1) = CFr(n=1)

Notice that the above scaling is a generalisation of (8.81]) to finite subsystems. The double
logarithmic term appears with the predicted coefficient of p(1) = 1/2. As we said before,
the presence of the coefficient p (equal to 1/2 in this case), makes ambiguous the iden-
tification of the structure constant. Moreover, the value of constant P; can be extended
beyond the n — 1 limit and their values can be compared against equation (8.68]). The

generic expression for P, can be found in [117] and it is equal to:

T > dt 1 e2—1 n n—2
P, = —et -— |- 8.92
e ll—et <e%_1 2) 3 ] (592

As we said before the analytic value of the structure constant has been obtained by per-

forming the n — 1 limit before taking to infinity the compactification radius R. While the
radius R disappears in the n — 1 limit, it plays a non trivial role for n # 1. In particular,
when considering the scaling of logarithmic negativity for compactified free boson theories,
a R("=1D/2 factor is always present. For this reason, it is hard to compare (868) and (892),
as a divergent constant appears when decompactifying the theory. In order to perform
a meaningful comparison, we should impose some constraints. In particular, we impose
that P, correctly recover the n = 2 case ([RBZ0). In order to satisfy such a requirement, we
introduce a modified version of the function P,:

P o= PBo= (57 P (8.93)

8The equivalence between the two structure constants can be found in [IT9].
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which satisfies the required property:

P =1 (8.94)
Additionally, the two versions of the function P, coincide at n = 1:

P = P (8.95)

We can now compare the form factor expansion (B.68]) and the function P, (see Figure

1)

4.0

3.5

—logC’fT

-0.5

Figure 8.11: Numerical values (red dots) of the logarithm of the three-point structure
constant computed using equation (8.68]). The blue and green solid line the —1.0+0.27n+
0.9/n and —0.314-0.31n—0.46 log n fitting functions, respectively. These values are checked
against log P, (yellow dashed line).

The values of P, are very close to the form factor expansion of the three-point struc-
ture constant C’77:;—, especially in the large n regime. This agreement suggests that our

identification

(Pn> T P (8.96)

is correct. As usual, the form factor expansion fails to recover completely the analytic val-
ues of conformal quantities. In particular, form factor computations approach by below (as

absolute value) the true values. Nevertheless, the linear and the logarithmic contributions
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8.5. Interpretation of Divergent Series

of the large n expansion of log P, match the logarithmic fit of the form factor expansion:

(1og Pn) —  1.25+0.34—05logn
n>1

fit
(~108CFr)" = -031+031n-046logn (8.97)

8.5.2 Three-point structure constant of CfT and out of equilibrium sys-
tems

The three-point structure constant can also be probed studying how negativity changes
after a quantum quench. In a particular set up [I5], two harmonic chains at inverse
temperature 3 are connected (at time ¢ = 0) and let evolve unitarily. As can be seen in

Figure RI2] the negativity grows logarithmically:
1
E ~ 3 logt+ ¢ (8.98)
for a short period of time and then reaches a temperature dependant plateau:

1
£ ~ glogf+e (8.99)

In [IT9] it has been shown that, even though the constant ¢; and co are non universal,

2

0 20 40 60 80 100

Figure 8.12: Time evolution of logarithmic negativity after a quench at equal temperature
1. Picture taken from [I5] with permission from the authors.

their difference is related to the value of the structure constant at n = 1:

91 T2 L e —ep —
2n151§110gCTT = a-a- oo (8.100)
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From the raw numerical data it is possible to extrapolate the constants c¢; and co. In
particular, by looking at the various plateaus (red, green, blue and purple points in Figure
[R12) and solving equation (899), we can infer the value of ¢y ~ 0.119. Such a result has
been obtained as an average of the four values of ¢o (one for each plateau). Moreover, the

constant ¢; can be extrapolated from the short time logarithmic growth (red points):
c1 ~ 047 (8.101)
Using the extrapolated data it is possible to compute the structure constant:
CTr ~ 133 (8.102)

The constant ¢; has been obtained fitting the first ten points (up to ¢ = 10) of the time
evolution of the negativity. As shown in [I19], the logarithmic growth (8.98) holds in the
short time regime ¢t < L, where L is the smallest size of the system. In [I5] two subsystems
of 50 sites each have been considered.

Even though such an estimate relies on numerical (non exact) information, the agreement
with the analytical predictions (see Section B.5.]]) is remarkable. Moreover, the theoretical
explaination [119] of the time evolution of logarithmic negativity does not take into ac-
count the double logarithmic correction. As suggested in [I110], the non diagonalisability
condition of the Hamiltonian underlying the logarithmic theory can be easily broken and
in some cases it appears only at the critical point. It is possible that finite size corrections

destroy the logarithmic feature of the boson model studied in [15].

8.6 Conclusions

In this chapter we have performed a number of form factor expansion to study different
correlation functions of twist fields in the free Boson theory. In particular, we were able

to compute the scaling dimensions = of the correlators:

(TO)T(r)) —4z s

<’T>72 ~ KT7~— T TT

(TETO) Kr7r~%7TT  for n even
(T)

(T (g;)r)T2 ) Ky r~7T  for n odd

Thanks to the simple nature of the various terms of the form factor expansion, we could

represent each contribution of the z.-#+ expansion as a single integral, regardless of the
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number of particles. Such a simplification allowed us to truncate the expansion at a
very high number of particles. The form factor expansion of the scaling of the correlator
(T(0)T (r)) is even simpler. It can be computed exactly taking into account all terms. In
this even simpler case the form factor series is computable analytically. The agreement
between such an expansion and the short distance prediction provides a powerful test for
the twist fields approach to the evaluation of entanglement. Moreover, we showed that
such scaling dimension can be computed not only for integer values of the number of copies
n, but we managed to perform also an analytic continuation to non integer values of n.

In the same spirit of Chapter B, we computed also the form factor expansion of the con-
stant K. We found that, with the exception of K77 with n odd, the form factor series of
the constant K diverges, even though very slowly. We believe that such a divergence is
associated with the peculiar features of the free boson theory. In particular, the non com-
pactified massless free boson can be described by a logarithmic CFT and its entanglement
entropy has an extra double logarithmic correction (see Chapter [l). It has been shown in
[117] that massless twist fields correlator present logarithmic divergences at small scales
in free boson theories. Logarithmic scaling are usually associated with a degeneracy in
the values of the scaling dimensions. In particular, all composite fields of the form : T ¢ :
with £ = 0,1,2,... have the same conformal dimension. Here ¢ is the free boson field
with conformal dimension 0. The composite field : T¢" : is the leading field appearing in
the OPE between 7 and ¢* and it has been discussed in Chapters [ and B Such double
logarithmic corrections were implicit in the scaling of Rényi and von Neumann entangle-
ment entropy [121] and they have now been independently derived in [120]. When taking

into account these extra divergences, the short distance expansion of twist fields becomes:

T(0)T (r) —dz 5 —n
% ~ Krzr~%717(logr)!

<T(Z%Z;(O)> -~ KTTT-—490TT (log 7«)*% for n even
<T(Zf)r7>;(0)> ~ Kyppr—orT for n odd

The actual power of the logarithmic term has been fixed using some constraints derived
in [117] and [120].

Even though we were not able to compute a form factor expansion for the new constants K
(with the exception of K77 with n odd case), we managed to calculate some interesting
ratios. In particular, we wrote a form factor expansion for the three-point structure
constant C77j;- for n even. Like the dimensions z, the constants 077:;— can be expressed as
infinite sum. While the expansion of the scaling dimensions x are simple enough to allow

us to calculate them with arbitrary precision, the expansion of the structure constants 077:;—
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8.6. Conclusions

(equation B.68)) is more complicated. Using the fitted values of the coefficients u, and v, we
computed the structure constant at different even values of n using 2000 particles. Even
though the even n series is very well behaving, the structure constant seems divergent for
n odd.

In order to extrapolate the value of the structure constant Cﬁ— in the limit n, — 1, we
compute its values for n even. We compared our extrapolation with both analytical [117]
and numerical [15] results. In [15], the authors studied how the logarithmic negativity of an
harmonic chain changes after a quench. Using the CFT description of such quench [I19], it
is possible to compute the structure constant er—fr from the time evolution of logarithmic
negativity. Even though our extrapolation is affected by a number of truncation and
fitting, there is a reasonable agreement between our and previous results. Even if no double
logarithmic corrections has been taken into account in the study of the time evolution of
the logarithmic negativity, the value of the structure constant extrapolated from [15] data
is in good agreement with the analytical prediction [I17]. Additionally, we compared our
even n results for the structure constant C77fr with the analytical prediction [117] finding
a good agreement, especially in the large n regime.

It is quite remarkable how the form factor expansion of correlators involving twist fields
in free Boson theory can be actually computed with so many particles (in some case also
with an infinite number). In contrast, we managed to sum only up to three particles in

the form factor expansion in the Lee-Yang theory (see Chapter []).
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Chapter 9
Conclusions

Through the various chapters of the thesis, we presented a number of results regarding the
scaling of entanglement. After a brief introduction to the various measures of entanglement
(Chapter [2]) and to integrable field theory techniques (Chapter ), some known results have
been presented. In particular, as discussed in Chapter it is known that if a unitary one-
dimensional quantum system has a critical point described by a conformal field theory
with central charge ¢, the entanglement between a susbsytem and the rest of the system

scales as [7, [§]:
S ~ glogg r< (9.1)

c. &

where r is the size of the subsystem and £ is the correlation lengt. These scalings
describe two very different regimes: when the system is critical £ = oo (or almost critical
r < &) and when the system is so far from the critical point that the correlation length
is much smaller than the size of the subsystem £ < r. Moreover, it is known that in an

intermediate regime r ~ £, entanglement scales as [14]:

c & 1 2r
S ~ —log=>—=-Ko|— 9.3
ios & g5 (%) (93
where K is a modified Bessel’s function of the second kind. While the logarithmic satura-
tion depends on the central charge c of the particular theory, the scaling of the corrections,
including the pre-factor 1/8, is universal. The above entropy has been computed by eval-

uating a correlation function of particular fields called branch point twist fields 7 using a

'If particles with different masses are present, the correlation length is given by the inverse of the
lightest mass.
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form factor expansion (see Chapter [3)). In particular, it is known that:
S~ lim —(T(0)7(r)) (9.4)

One of the main achievements of this thesis is the extension of these results to the non
unitary case. From the CFT point of view, the main difference between unitary and non
unitary theories is given by different ground state structures. In unitary CFT, the physical
ground state |gs) (i.e. the state with the lowest energy) coincides with the conformal
vacuum |@). This is so because the identity operator is the field with the smallest conformal
dimension (A; = 0). In non unitary CFTs the smallest conformal dimension A, is

negative and the ground state is then created by the relative primary field ¢:

lgs) = #(0)[0) (9:5)

In Chapter Bl we showed how this feature affects the scaling of entanglement entropy in

non unitary CFT:

S~ %ﬂ“ log - (9.6)

€

which is a reminiscent of what happens in the scaling of the ground state energy (see
Section B.I.6). As the ground state energy, entanglement entropy represents a physical
quantity and its scaling is governed by the effective central charge c.. We also proposed
an interpretation in terms of modified twist fields : T ¢ :, which includes also the field ¢
responsible for the creation of the ground state. A more general definition of entanglement

entropy which holds also in the non unitary case has been proposed:

(9.7)

The above ratio suggests a new prescription in defining additional “physical” correlators
in CFT when the ground state differs from the conformal vacuum:
(: 010 : (1) : O20 : (z2))

((O1(21)02(22))) = 0@1)0(@a)) (9.8)

While (O; (21)O2(x2)) scales in an “unphysical way”, i.e. it diverges at large distances, its
modified version behaves in the usual way (it vanishes at infinity and it diverges at short
distance).

Like in (@.7), it is possible that such “improved” correlation functions should be studied
in order to probe physical features of a non unitary system, even though this assumption

requires further investigations.
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Additionally, we computed the scaling of entanglement in logarithmic CFT. In particular

we showed that, if the underlying CF'T is logarithmic, entanglement entropy scales as:
S ~ Ceff log L ploglog r (9.9)
3 € €

Moreover, we checked the scaling (0.6) in an actual spin chain using an exact diagonalisa-
tion approach.

In Chapter [0l we evaluated the entanglement entropy in the massive Lee-Yang model, the
simplest non unitary integrable quantum field theory. In particular, we performed a form

factor expansion of the correlators (Q.7]), obtaining:

r

Cefi , &
~ —log= + aK
S 3 ogE a 0<£

) r>¢& (9.10)
where a is a non universal constant which depends on the theory considered. Apart
from the presence of the effective central charge, the main difference from the unitary
case is that the leading correction to saturation is not universal. We showed that this
non universal behaviour is due to the presence of modified twist fields. While a direct
numerical verification of the scaling ([9.3]) has already been performed in [99], such a check
is still missing in the non unitary case, mainly because it is not easy to handle the few
non unitary off critical spin chains known in the literature [77, [4].

In Chapter [l we continued the analysis of the scaling of entanglement in non unitary
systems by implementing the Corner Transfer Matrix tool on the Forrester-Baxter RSOS
models. In a particular regime, such models provide a lattice realisation of perturbed non
unitary minimal models. The RSOS model is a two-dimensional classical theory which can
be interpreted as the euclidean time evolution of the one-dimensional quantum system we
are referring to when evaluating the entanglement. We showed non only that the effective
central charge plays an important role in the entropy , but also that the corrections to the

logarithmic scaling are affected by the non unitary nature of such models:

Aeff

A+ B, (5) 6 (9.11)

Copm + 1 &
— log

S8~ o, €

where we introduced the Agg = A — Anin effective conformal dimension. As for the ef-
fective central charge, we interpret the presence of an effective conformal dimension as a
consequence of the non trivial ground state. Moreover, we extended the above computa-
tion to the off critical logarithmic case. Even though double logarithmic corrections to
entropy are expected according to ([@.9)), they do not appear in the FB RSOS case. This
absence is in perfect agreement with the observation [I10] that all the logarithmic fea-

tures of logarithmic FB RSOS minimal models hold only at the critical point. Off critical
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minimal models are only few of the many theories described by the various regimes of the
FB RSOS model. In the unitary case [108], entanglement has been computed not only in
the off critical minimal model regime, but also in other cases, like the one described by
parafermionic theories. In the non unitary case, the computation of the entanglement in
other regimes is still missing.

Since entanglement is a genuine quantum phenomenon, we need to know which is the
quantum Hamiltonian we are considering when computing the entanglement. For this
reason, we also derived the quantum chain whose euclidean time evolution can be rep-
resented by the RSOS models. Such an Hamiltonian extends some previous results and
provides the first one dimensional quantum realisation of a generic off critical minimal
model.

In Chapter B we studied the scaling of twist field correlation functions in non compacti-
fied massive free boson theories. In particular, we analysed the (7(0)7 (7)) correlator (to
compute the entanglement entropy) and the (7(0)7 (r)) (to compute the logarithmic neg-
ativity) using form factor expansions. The simple nature of the free boson theory allowed
us to compute all form factor expansions with a tremendous amount of contributions.
Usually, just few form factor contributions can be actually computed. For instance, in
Chapter [l only three contributions have been considered. In this chapter we could sum
all terms of some series while we considered few thousand contributions in others. Even
though such expansions recover very well the scaling dimensions of these correlators, they
seem to diverge when computing other physical constants relative to the same correlation
functions. We interpret such divergences as a signal of the presence of extra double loga-
rithmic corrections in the scaling of entanglement entropy and logarithmic negativity. We
suppose that such extra corrections, which have the same form of (@.9) are due to the
logarithmic nature of the non compactified free boson theory. Even though these extra
logarithmic terms make the computation of physical quantities very hard, some universal
ratios can be computed as a form factor expansion. In particular, the three point structure

constant Cﬁ—
TOT(r) ~ Cfpr2CAr-2r72() (9-12)

can be expressed using an infinite series of form factor contributions.

The computation of such constant for even values of n and its continuation at n = 1 allows
us to directly access the scaling of logarithmic negativity. Using a numerical fitting, we
extrapolated its numerical value at n = 1 and we found a reasonable agreement with pre-
vious analytical [117] and numerical results [I5]. Even though the form factor expansion
and the CFT computation [I17] clearly show the presence of extra logarithmic corrections

in the scaling of logarithmic negativity, such corrections have not been observed in numer-
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ical simulations yet.

The study of entaglement in quantum systems is an invaluable source of information
for both unitary and non unitary theories. Even though non unitary systems have always
been regarded as “non physical”, in recent years they have been attracting the attention
of many scholars. From the many-body point of view, they constitute a magnificent play-
ground, especially because (at the critical point) their ground state is not the conformal
vacuum [50, [77].

Many questions are still open. For instance, an effective description of logarithmic negativ-
ity in non unitary quantum field theory is still missing. If we accept the prescription (0.8),
we can naively obatain the non unitary version of each formula including twist fielddq by
substituting each field 7 with its counterpart : 7 ¢ : and dividing by the correct normal-
ising correlation function. While this assumption provides an intuitive prescription, there
is no formal proof whether such a recipe could work or not. More work in this direction
is still needed to have a full picture of entanglement in non unitary theories.

Moreover, entanglement is a powerful probe to extract information about the conformal
properties of a system quenching through a critical point [122, [123| [124]. A further gener-
alisation of such non equilibrium mechanisms could help us understand better non unitary
theories. From a numerical point of view, these phenomena can be studied using quantum
Hamiltonians like [77] or the new class of Hamiltonians derived in Chapter [

Of course, the computation of entanglement in non unitary theories is not restricted only to
one dimensional systems. Interesting results in this direction for specific two dimensional

non unitary quantum models have been recently developed [125].

2Like equation (10) in [3].
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Appendix A

Values of A;

Residue equations ([6.30) and ([6.39) for the polynomial 3 can be solved using the guess
(6.45]). The solution in terms of the coefficients A; is given by:

FPMN(Co(n) cos? & — a(0) L FOV Hy (n) cos® 22)

o5 ’
sin - 6n sin 2% 6n

Ag = A; =0, A=A =2

aFIOH(a((9>_1FO|1H1( ) — Co(n))

A == ’
2 4sin g sin gg
4 aC’O(n)Flo‘ (5cos &= + 4 cos 7= + 2 cos 3= 7 6 cos g T 4 cos 4T 11” + cos 15’—; — cos 3T)
T 4(:052 51116 sin 2”
+a2<(’)>*1(F10|1)2H1( n) (11 cos &= + 6 cos 3% + cos 3Z)
4 cos 5 sin g sin gz
Ay = aCo(n)Flol (2cos T + 1) (cos &= + cos g~ + 2 cos 1T &n — COS 2n ™+ cos 161—13 — cos 1635)
4 cos 5. sin g sin (532
_ (’) 1
_a2<(’)> L(F! | )2Hi(n) (2cos Z +1) (A1)
4sin g- sin gz '
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Appendix B

Structure Constants

In this appendix we will compute some conformal structure constants involved in the OPE
of simple and composite twist fields of the Lee-Yang theory. Even though the following
results are computed for the Lee-Yang theory, they can be very easily extended to different

systems. To do so, we will implement the actual definition of the twist field itself:

(T (@) T (@2)On(a3))
(T@)T(2))

= (O(xs;sheet k)) (B.1)

Such a situation describes a multi-copied theory with branch cut between z; and x».

By definition, all correlators involving twist fields are defined on C in the multi-copied
theory and the index k in Og(z3) refers to the number of the copy. On the other hand,
correlator involving operators in the form O(z3;sheet k) are computed on the Riemann
manifold M,,(z1,x2) (see Chapter E)). The manifold M, (z1,z2) can be mapped onto C

using the conformal map g:
g: My(x1,29) — C\{0,00}
1
B z—x1\"
9(z) = (Z — x2>

._@z 1 Y2 — Y1 z—y "
09:) =53 = LT - (z—w) (B2)

We can now compute the conformal structure constants involving Twist Fields by a direct

comparison between correlation functions computed with different methods.
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B.1. Structure Constants of Twist Fields 7T

The main idea is to compute ratios like

<7'(9€1);r(902)0k($3)>
(T(@)T(2))

(B.3)

using the OPE between twist fields as define in Chapter [6] and to compare the results with

B.1).

A = —1/5 is the conformal dimension of the field ¢. A7 and A.74. are the conformal
dimensions of the twist fields 7 and : T¢ .

B.1 Structure Constants of Twist Fields T

In the following section we will compute various correlation functions involving “simple”
Twist Fields 7. When two or more fields appear in the same correlation functions, the

correlator itself can be factorised if the fields belong to different copies. For instance:

(1(z1)d2(z2)P2(23)) = (P1(21)) (P2(T2)P2(23)) (B.4)

B.1.1 The C;}il% structure constant

Let us consider the following correlation function in the short distance limit:

- n

(T ()T (x2)d1(23)) 2132 CFtlar — w22y (fj(wa)dn (w3))

(T (21)T (2)) ot
= an Flo = 2o |*2 (p(22)p(3))
= cq’l Lz — 29|?A |2y — a3 744 (B.5)

Of course, there are other terms in the OPE of the Twist Fields, but all of them vanish

when the correlation function is evaluated. For instance, the following term:

+1 ~<I)1]

Z CTL (1w (w3)) = Z #1] (91(22)0)(x2)d1(23))

+1 "<I>1]

= (¢1(z2)¢1(x3)) Z #1
J

(0)(w2))

(B.6)
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B.1. Structure Constants of Twist Fields 7T

always vanishes, since one-particle correlators are always equal to zero in CFT.

In particular, all the other terms of the OPE contain a string of fields belonging to different
sheets. All these fields but one factorise into one-point correlation functions, which are
identically zero in CF'T.

On the other hand, the above correlator can be computed using the definition (B.)):

(7-(361)7-(903)% (73))
(T (21)T (22))

= (¢(x3;sheet k))

= [0g(aa)* (¢ (¢ g(as) ) ) (B.7)

The last correlation function is defined on the complex plane. Any one-point function in
CF'T vanishes identically for any value of 3. Comparing the two results for the correlation

functions it is clear that
[
CT? =0 (B.8)

The exponential factor exp % has a geometric interpretation coming from the conformal
map (B.2). The idea is to map each sheet into a Riemann sphere with a cut between the
two poles. Each of these cut spheres can be contracted into a slice and the all slices can
be packed together into a sphere. Such a sphere can be mapped back to a plane. For this

reason, the exponential factor is needed to keep track of the original sheet.

B.1.2 The C;}%f structure constant

The C’q);f structure constant, which is the first non-trivial involving twist fields, can be
computed in the same way as the C =t constant.

Consider the following short distance scaling, with k # 1:

|2]+1

(T (@) T (22)1(23)P(x4)) @152 |1 — 2o 42 Z CCI)“ (P1,5(w2)d1(23) Pk (24))

(T (x1)T (x2))

Ccp”“\m m2] Dy g (w2) b1 (x3)Pr(24))

<I> _
-t — z|*A(|vg — wllze —2a) ™ (B

As before, all other terms of the OPE vanish when inserted in such a correlation function.
In all terms but one, at least one one-point function can be factorised out of the correlator.

In order to evaluate the conformal structure constant, we compute the correlation function
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B.2. Structure Constants of Composite Twist Fields : 7 ¢ :

involving twist fields using (B.I)):

<T($1)7-(9L'2)¢1(9L’3)¢k($4)>_ " 2A . 9A e% . e27:’k .
T () T (22) —lagf 3)[7710g(z4)|"(p(e ™ g(w3))p(e n g(w4)))

2mi 2mik
n~* 8wy — 21 [* (gl g(x3))dle  g(x4)))
I L
omi 1 omik 1 |—4A
e (—:) —en (—:)

1 1 1 1
|563 _ $1|2A(175)|$3 _ x2|2A(1+5)|$4 o $1|2A(175)|x4 _ x2|2A(1+5)

n74A‘x2 o $1’4A

moas Bz — [Pl — T[4

’1’3 _ .%'2‘4A‘.%'4 _ 1‘2’4A

(B.10)
Comparing the two results we obtain:
~ wi(k—1)
Cot = 81— A (B.11)

B.1.3 Higher-point structure constants

From the previous case it is possible to recover a general formula to compute the J-point

structure constants. The general rule is given by

Oyt = A (g () g () g (550)) (B.12)

Of course, the above constant cannot be computed for an arbitrary value of J, since it

will involve a many-point correlation function.

B.2 Structure Constants of Composite Twist Fields : 7 ¢ :

The structure constants involving composite fields : T ¢ : are a bit more complicated than
their not composite T counterparts, even though the strategy to evaluate them is the same.
The main difference will be the implementation of the definition (5.I8)) of composite twist
fields:

Té: (@) = n* M limfz — P20 0T (@)Y ¢5(y) (B.13)
j=1

Yy—x
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B.2. Structure Constants of Composite Twist Fields : 7 ¢ :

-,
The structure constant C Tad

As before, let us consider the following correlation function:

(To:(x1) :To: (w2)dn(xs)) (B.14)

(T(21)T (22))

As usual, we can study its short distance scaling looking at its OPE or by implementing
the definition [B.] of twist field.

The only non vanishing terms of its OPE are given by:

(To:(x1) :To: (22)81(23)) w15

3 T2 Ab o 2A-4Ag, (91(22)¢1(23))
(T ()T (z2)) Taalt = ! (T(@1)T ()
— CN(‘I)I |551 _ $2|2A(1_%)|$2 _ $3|_4A

TaTd
(B.15)

Additionally we can implement the definitions (5.I8) and (B.13) to factor the normal twist
fields T from their composite counterparts : T¢ : from the above equation:

(:To:(a1) : To: (w2)d1(x3))

—2 . 1 _1
~ _ n4A 2 Jim ‘xl - yl‘ZA(l ”)’1'2 - yQ‘QA(l =)
Yi—Ti

(T(21)T (z2))

Zn: (T (21)T (x2)0;, (41)%j (y2)¢1(x3))
(T(21)T (z2))

X

J1,92=1

(B.16)
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B.2. Structure Constants of Composite Twist Fields : 7 ¢ :

Once we have reached this point, we can proceed in the same way of the previous sections:
(To:(z1) : To: (m2)dr(w3))
(T (x1)T (x2))
[PAO= g — o 22073 0 (1) 2109 ()2 Og () 2

= n*2 lim |1 — 1

1_> i
- 2mij 2mij 2mi
Tl Ty pusd
XY {dlew gly))dle w gly)ele n glxs)))
jl,j2=1
~ _1
= C%nt A lim |ag — |4A(1 n)|8g(3:3)|2A
g Yi—x;
n
2mijq 2mijy 2mijy omi 2mijy 2mi —2A
> (re Paln) —e gl e glu) — e glag)l e glyz) — e glaa)])
Ji.g2=1

I AA(1— 2A 2 —14
= Cf, lim [r2 — ol 00 |99(3) " (lg(w2) P o(a)])

— (O T 2A —2A

= Cgglrr — a7 lim [9g(ws)" lg(xs)]

~ _ _2 _ _
_ C$¢n 2A|$1—$2|2A(1 n)|$3—£l71| 2A|$3—£C2 2A

(B.17)

Comparing the two results, we can conclude that:

~¢ n 280 ¢
CO g =1 2ACY (B.18)

1 N
The structure constant C T

To compute C TiﬁkT s Ve will evaluate the short distance scaling of:

(:To:(z1) : To: (22)¢1(x3) Pk (4))
(T (z1)T (22))

(B.19)

Its short-distance OPE is given by:

(To:(21) :To: (w2)n(w3)0n(w4))
(T (@1)T (@2))
RO oy — el S0 (61 (a2) 61 (w3)) (B (@2)dn(w4)

(I)l,k~
TaT¢

1 —
= C A7) (log — s |2 — @) T2

|z1 — 2

(B.20)
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B.2. Structure Constants of Composite Twist Fields : 7 ¢ :

This correlation function can also be computed via (B.I13):

(:T¢:(z1) : To: (22)¢1(x3) bk (x4))

(T(21)T (22))

_ . _1 _1
P72 i [y — g P20 Dy — P20 D g (00) 209 n) P g(rs) P g ) P

n

27ig 27i] 1 T
<Y (ble gly))ele m g(y2))dle glas))de n glxa))
Jj1,j2=1
=t i ey — gl Dg(a) P99 () P
= _2mili=1) 2mi(h—j)
x> (G0)d(gly2))ple™ m glas))dle” n glaa)))
j=1
a ) ariti1) g(4)
_ . | 2A 2A 4A 1— -
[y — o % lim [9g(as)|*2 g (aa) Alg(a) | TAF (1 e e
= gy — 22070 (g — || — 2a]) TP (Jog — |z — @) 20

y z(1_ 62772'(::71) ((x4 —x1)(x3 — x2)>711
(4 — 22) (23 — 21)
2mi(k—1)
1’12332 TL_4A‘.%'1 - 1_2’4A(1—%)‘x3 - 1_2’—4A’1_4 - .%'2‘_4A./_" <1 _ GT)

(B.21)

where the function F is the conformal block of the four-point function (ppp¢) (6.87):

Flz) = lim [y|*> (6(0)$(1)d(y)¢(x)) (B.22)

Y—00

which can has been computed in [126] and it is given by

346 \|
Fi =, =, =
21(5,5,5,27)

Fl@) = |ofs ( +(C5,)?

1 3 2 4
B O
T 52 1<5,5,5

and oF is an hyperbolic function.
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Appendix C

Monte Carlo Integration
Algorithm

In this appendix we present a very brief introduction to the Monte Carlo Algorithm for

the numerical evaluation of integrals.
Let us consider the integral I of a function f over a d—dimensional domain D:
I = / d%z f(x) (C.1)
D
Let us define a random variable y as
N
1 Il
v = w2
N = plwi)

where each of the IV points z; is randomly chosen inside D using a probability distribution

(C.2)

with a given probability density p(:ﬂl)
The probability density of y itself is then given by

N
o0 = [ anetens (5= 3208
=1 ¢

) plzr) - plen) (C.3)

'Notice that a point x; s.t. p(z;) = 0 will never be chosen using p as a probability density function.
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The average of y is equal to the integral I:

(y) = /dyﬁ(y)y = /DN dry---dxn [% (Z ﬁgi;) p(xl)---p(wzv)]

1 N
= N;/Ddxlf(xl) =1 (C.4)

Since
y =~ (y)+ Error = I+ Error (C.5)

the integral I can then be approximated by y, i.e. by taking N random points and
calculating the average value of the function on these points.
Thanks to the simple random nature of the variable y, it can be used also to estimate

the error of the Monte Carlo algorithm. Consider

fxi)f(z;)

| XN
<y2> = /dyﬁ(y)y2 = 2 Z /DN dx1--'dﬂUNP(ﬂUl)"'P(xN)p(xi)p(xj)

1,j=1

(C.6)

The sum on the RHS of equation (C.6) can be split into the ¢ = j (N terms) and the
i # j parts (N2 — N terms). The former gives rise to J f—; contributions while the latter
to ( [f )2 ones. Taking all terms together we have

W) = %/de";((fc))ZJrNN;l </def(m)>2 ©.7)

The variance o2 is then given by

o2 = ()= ()? = % [/deJ;((Z); _ </Ddxf(x)>2] (C.8)

When approximating I with y, the error is \/o and it decreases as \/—lﬁ

In the basic version of the Monte Carlo routine, usually called plain Monte Carlo, the

distribution is chosen to be uniform, i.e. p = Voll( D) and the integral I is then approximated

by

N
O M (C.9)
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Vegas algorithm

In plain Monte Carlo algorithm the approximation error decreases with the square root of
the number of points used to sample the domain. For this reason, to decrease the error by
a factor of 10, a 100-fold increase in the number of point is required. In order to increase
the precision, some tricks have to be put in place, like the Vegas Monte Carlo Algorithm.
Instead of using a uniform distribution for p, we can choose a distribution [81] that is
peaked around the points where the function f is more relevant. In particular, p can be

chosen as

@)
@) = W) (G10)

The variance with this approximation is then given by

o2 = %[(/Dd:c|f(:c)|>2— (/Dda:f(x)>2] (C.11)

Even thought the error still scales with as the square root of the number of sampling
points, o ~ N _%, the constant coefficient is expected to be very small.
Of course the density (C.I0) is not known exactly, since it would require a complete

sampling of the function in the whole domain

2If a complete sampling of the function in the whole domain was done with a very fine precision, the
integral can be calculated directly with a “trapezoid-like” method.
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Appendix D

Jacobi Elliptic Theta Functions

In this Appendix we list the definitions of Jacobi elliptic theta functions and their elliptic

transformations [49].

191(Z,q)

191(Z,q)

791(27(])

791(27(])

It could be useful to represent the nome ¢ in terms of a modular parameter 7:

(e o]

qu Z(—l)nq"("H) sin[(2n + 1)z]
n=0

qu Z " cos[(2n + 1)z]
n=0

o
1+2 Z 7" cos(2nz)
n=0

1+2Z ”"cos?nz)

Theta functions can then be expressed in terms of z and 7:

Q%(’%Q) = 01(2‘7—)

Jacobi € functions enjoy the following modular transformations [37].

ZTZ
= V—ite = H(rz

01(z] — 1/7) (T2]7)
05(z| — 1/7) = Vet Da(r2|7)
O3(z| = 1/7) = Ve U3(7z|T)
04(2| —1/7) = Wt Vo (72|7)
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Moreover, it should be noticed ([108]) that the function E (Z.38) can be expressed using

the Jacobi 9; function:

E(eQiz,qZ) = iq_%eizﬁl(z,q) (D.11)
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Appendix E

Summation Formulse

Numerous summation formulee involving two-particle form factors were derived in [118].

When specialising to the massive free boson case these formule become:

n—1

Z f(—x + 2mip;n) f(y + 2mip; n)

p=0
i sinh x—;ry

= S zeomy @ty imn) — floty—imn)]

(E.1)

where f(5;n) is the two particle form factor (89).

Equation (E.I) has been derived by considering the left-hand-side sum as the sum of
the residues of a contour integral and by solving such an integral using the kinematic
singularities of the two-particle form factor. Formula (E.I]) can be generalised by induction
to an arbitrary number of sums. This procedure is very similar to the one used in [70]

when studying free fermion theories. The generalised summation formula is given by

n—1

ST PP ) - F T ) f i)

P1,,p2e—1=0

2isinh(3 327 yi) 201
- Hzf 2cosh & Z(_l) Zyz (2p — 1)im;n)

p=1

Zyz (2p — 1)im; n)] (E.2)

where zP = x + 2mip.
An important property of the above summation formula is its behaviour in the Z?i1 x; — 0

limit. Even though the sinh term tends to zero, some kinematic poles in the two-particle
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form factors appear. Such divergences appear when p=1 (corresponding to the kinematic
pole at im), when p=Fkn, i.e. when p is a multiple of n, which correspond to the pole
at (2n — 1)im. Thanks to the 2min periodicity of the two-particle form factor, an extra
kinematic pole is present when p=kn-+1, which corresponds to the pole at (2n + 1)ir=in

mod(27in). The number of such poles then depends on the relative value of n and ¢:
n—1

fim Yo Fy)P R ) flhre T ) fyhy )

20
; .y
L O p1, p2e—1=0

2%
Lp

= h(¢,n)sech <2p;2> |2€| sech 2P (E.3)
’ 2 2 '
p=2
where the function h(¢,n) is given by:

L2
o - g[(0) Her ()] e

From its definition it is clear that when ¢ < n the second term does not contribute.

In case an analytic continuation of the function h is needed, it is important to distinguish

20
(") -
L]

R (g I YE e (©5)
1

- {—pn

the even n case from the odd n case:

4]
. 1 2% —1 n
he(tn) = Sm=x <£—1 >+Z
p=1
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Appendix F

Numerical Fit

In this appendix we discuss the fitting algorithm used to interpolate numerical data. We
derive the fitting constants for both polynomial and logarithmic fitting. In the following
we consider N couples (y;,n;) of data with associated error o; (relative only to the y;

values).

F.1 Fitting Algorithm - Polynomial

In this section we derive the best fitting constants a, b and ¢ for the polynomial fit:

c
yi = a+bn;+— (F.1)

(2
In order to compute the values (and their relative errors) of the fitting constants a, b and
¢ we perform a least-squared fitting [127]. In particular, the constants a, b, and ¢ are such

that minimise the quantity:

N . c .
D D ] (F2)

Taking derivatives with respect to the coefficients a, b, and ¢ we can minimise x?:

2 .

390 = aTwitbdTwmtcD¥ -Twy =
2

%aaxb = aXwing +bY wini + ey w — S wiym; = 0 (F.3)
2 ) ) s

1% = aXBHTwtc B oy =
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F.2. Fitting Algorithm - Logarithm

where w; = o, 2 are the statistical weights of the various points ;.

The above system can be easily solved for a, b, and c:

(

0 = (T = T2 ¥ wn?) Su+ (T2 5w — w5 %5 T,
(S X w5 Y ) 2

$=3 RZ%ZWW_ZWZ%) 2wt = (Z%Zw_ (%)2> > WiYini
B <Z%Zwinz—(2wz)2)2%]

- _% KZ w2 Z}_j Zwm?) 2 wigi + (Z 5—2 2 wini — (32 wi)z) > WiYin;
— ((Swm)? - S Swnt) £ 22

A= £ (Cnw) -2 % Tu L vn - L% TuSunt+ (S3) +Cu’

(F.4)

Since only the y; values are affected by error, the associated error of the a, b, and ¢

\

constants is given by:

A= 2 () (F.5)

F.2 Fitting Algorithm - Logarithm

Following the steps of the previous section, we derive the fitting constants a, b and ¢ for

the linear-logarithmic fit:
yi = a+bn;+ clogn; (F.6)

As before, we minimise the x? value to find the best values for the fitting constants:

N

bn.; 1 )2

X2 _ § :(a+ nz"'czognz yz) (F?)
i=1 i

We can now take some derivatives of x? respect with a, b and c:

%&1 = ay w;+b)Y win; +c) wilogn; — > wiy; =
2

%_85% = aZwmi—Fwam%—|—cZwmilogm—Zwiymi =
2

35C = aX wilogn; +bY winilogn; + Y wilogn)? — Y wigilogni = 0
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F.2. Fitting Algorithm - Logarithm

Such a linear system can be easily solved:

a = % [Ywilogn; (3 win > wiyilogn; — > winilogn; > wiyin, )
+ S wing (3 wi(logng)® Y- wiyns — Y winglog ng Y wiy; log ny)
+ (Z w;n; log n? — > w;(log ni)2 > wm?) > wl-yi]
b = % [ wi (X winilogn; 3 wiy;logn; — 3 wi(log ng)? Y- wiyin;)
+ Y wilogn? Y wiying — Y w;logn; > wing Y wiy; logng
— (X willogni)* 3= win; — Y- wilogn; Y- winilogng) Y- wiyi]
¢ = % [Xwi (X wn?Y wiyilogn; — 3 winglogn; Y- wiyin;)
+ Y wilogn; Y wing Y wiyin; — > win? Y wiy; logn,
+ (X wing Y winglogn; — Y wilogn; Y win?) Y- wiy;]
A= w; (z win;logn? — > w;(logn;)* > w,nf)
— 2> wilogn; Y win; > win;logn; + > w;log nf > win? + S w;(logng)?2 S wml2
(F.9)

As before, since only y; values are affected by an error, the uncertainty associated to the

fitting constants a, b and ¢ is given by:
o 2
Aa = z <a—yai0'i>
(2

Ab = [ (g—yba) (F.10)
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Appendix G

Numerical Implementations

In this appendix we sketch the the main problems encountered when evaluating wu,(n) and
vy integrals of Chapter 8

All numerical integrals have been performed using the Vegas Monte-Carlo integration algo-
rithm (see Appendix[C]). In particular, we used the GNU Scientific Library implementation
[128]. Consider, for instance , the integrals (8.58):

. ; . ¢
o o e (Xop1 T2p—1,n) sinh (32,4 w2p-1)
up(n) = / dry-- / drog_q “ 2{71 T B log dy
- - cosh %xp [T cosh ¢
p=1
o o
- / day - / dros_1 Tool@) (G.1)
—0o —0oQ
Every time the integration routine calls the function Z,, ¢, a Zﬁzl sum and a Hff:—ll product

have to be performed. Since the variables z; are stored as pointers, every single time of

the function Z,, ¢ is called, the following loops are implemented:

double sum = 0.;
for (p=0;p<ell-1;p++) {
sum += x[2*p];

}

double prod = 1.;
for (p=0;p<2*1-2;p++) {
prod x= cosh(x[pl/2.);

}

Since the integration routine requires thousands of calls to the function, performing inte-

grals directly in the form (8.62)) becomes quite demanding in terms of computation time.
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In order to speed up the code, we implemented the following procedure@

1. We wrote a Mathematica code whose role is to simplify the function Z,, ; for vari-
ous values of n and ¢ and to store the results in an header file functions U.h in
a C++ readable format. Once the Mathematica code has been executed, the file
functions_U.h contains the definitions of all the functions Z,, ; without any implicit

sum or product.

2. We wrote a C++ code (integrate.cpp) which integrates a generic function, whose
declaration is inside another header file function.h, which include all the defini-
tions of the Z, , functions. The program integrate.cpp is able to integrate with

arbitrary precision.

3. We wrote two additional C++ codes (creator_function.cpp and creator.cpp).
The latter program loop over all values of n and ¢ and compute the integral. For

each couple (n, /), creator.cpp performs the following operations:
e Modify function.h (using creator_function.cpp), wrapping the correct func-
tion to integrate.

e Compile integrate.cpp. At this stage, the correct function is selected at the
compilation stage. The executable is compiled and optimised for that specific

function.

e Execute integrate.cpp

Through this tool the computation time is widely reduced and we managed to compute

form factor contributions up to 24-particle level .

'For simplicity, in the following we refer to a source code and the relative executable using the source
code’s file name.

224 for v, integrals. we(n) integrals give reliable results up to 12-20 particles (the low n cases perform
better).
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