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Chapter 1

Introduction

In classical statistical physics, the concept of entropy is related to the lack of knowledge about
a subsystem since it quantifies the uncertainty on its exact microscopic state due to thermal
fluctuations. The definition of entropy of a subsystem in terms of the number of allowed microstates
Qis S = kplog ). At zero temperature, thermal fluctuations vanish and S = 0. At quantum level,
if we consider the ground state of a quantum many-body Hamiltonian and we restrict to a region
of this system, the entropy of the region does not vanish. This is due to a fundamental property of
quantum mechanics, entanglement, and such entropy is known as entanglement entropy. Indeed,
the quantum correlations between the region and the rest of the system are such that we cannot
exactly describe its state, which causes a lack of knowledge. Said otherwise, the uncertainty
about the subsystem, i.e. its entropy, is not anymore due to thermal fluctuations but to quantum
correlations. Entanglement generally provides a deeper understanding of a quantum theory.

This example is one of many showing that entanglement is the most fundamental characteristic
distinguishing the quantum from the classical world [1-3].

First meeting with Alice and Bob

Over the last decades, the point of view of the scientific community about entanglement has
changed dramatically. At first, it was seen as the wart of quantum mechanics to the point that
Einsein, Podolsky and Rosen tried to surgically remove it. This “spooky action at a distance” [4]
appeared to go against the idea that nothing, not even information, can travel faster than the
speed of light [5]. On the other hand, entanglement creates correlations between the parts of a
quantum system, even if they are separated by an arbitrary distance.

This paradox can be illustrated with a simple example that will give also the opportunity to
introduce two characters, Alice and Bob, who will help us in understanding the intricate world of
quantum mechanics. Let us suppose that we have a system of two spins, labelled A and B, that
are initially prepared in the singlet state

1
V2

The spins are then sent in opposite directions to Alice and Bob. If Alice observes that her spin is
in the state |14), the axioms of quantum mechanics imply that the wave function has collapsed to
the state |14 p) and hence the outcome of Bob’s measurement will be, or was, the state || ). This
instantaneous effect, independent of the physical distance between Alice and Bob, seems to be in
contradiction with the principles of relativity and the finite velocity of light and information [6].
This paradox led different authors to argue that quantum states are simply an incomplete charac-
terisation of a quantum system, supporting the existence of the hidden-variable theories.

) ([tads) — Hats))-
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After about 30 years, Bell showed that such surgery cannot be performed without destroying some
fundamentals of physical reality [7]. He considered a setup in which Alice and Bob perform in-
dependent measurements on a one-particle system prepared in a fixed state. Each observer has
a detector to make measurements. On each trial, Alice and Bob can independently choose be-
tween various detector settings, whose outcome of each measurement can be +1, depending on
the state of the particle. If we assume that the particles’ properties are fully determined prior
to the measurement, and that Alice’s measurements do not influence those of Bob, we end up
into correlations between observables which must satisfy some inequalities (Bell inequalities) that
are violated by entangled states, such as the singlet [¢)). This implies that quantum mechan-
ics cannot be secretly just some classical theory where everything has a definite state before the
measurement. The inconsistency of local hidden-variable theories was also supported by strong
experimental evidences [8], e.g. by the group of Aspect [9].

Entanglement in many-body systems

Once the existence of entanglement has been at least accepted despite its puzzling nature, it has
become one of the main characters of the Physics scene (and not only, see e.g. the cartoon of
Martin Mystere (Num. 368, April 2020)) and the most popular and useful of its measures is the
von Neumann entanglement entropy. During the 90s, entanglement became a resource for quan-
tum technology, communication and information in general [10], the crucial ingredient to perform
tasks that are impossible or extremely inefficient in a pure classical setting, such as quantum
teleportation [11] or quantum error correction [12]. Around 2000, the progress made in quantum
information for quantifying entanglement has led to further insights into other areas of physics such
as statistical mechanics and quantum field theory, in particular in the analysis of extended quan-
tum systems [13-16], i.e. with infinitely many degrees of freedom. For example, it can be useful
to detect and describe phase transitions, even when a conventional order parameter is unavailable.
In fact, its behaviour as a function of the subsystem size allows us to distinguish if the system is
in a gapped or gapless phase and what are the universal features of critical systems [17-H21]. It
turns out that in the former case, the entanglement follows the area law, i.e. it is proportonal
to the border of the subsystem, unlike the thermal entropy which is characterised by a wvolume
law. This idea was firstly put forward and explored in the context of black hole physics [22,23],
where it was suggested that this property of entanglement could be at the origin of the black hole
entropy, given by the Bekenstein-Hawking formula [24125], which is in fact proportional to the area
of the boundary surface of the black hole. This is one of the reasons for which the high-energy
communities have always showed a great interest in the physics of the entanglement. For example,
in the framework of the AdS/CFT correspondence, which argues that a theory of quantum gravity
in an Anti-de Sitter (AdS) space is equivalent to a Conformal Field Theory (CFT) defined on
the boundary of the former, we have to mention the celebrated Ryu-Takayanagi formula [26-29].
Inspired by the Bekenstein-Hawking formula for the entropy of a black hole, it states that the
entanglement of a region can be computed in the classical regime from the area of certain mini-
mal surfaces in the bulk, anchored to the entangling surface in the boundary. Another important
contribution from the high-energy community was given by Page [30], who took the first steps
towards a systematic characterisation of entanglement in random quantum states, with important
applications in different fields, ranging from the black hole information paradox [31-35] to the
foundations of statistical mechanics [36}37]. We will come back to the behaviour of the Page
curves in the presence of symmetries in Chapter [10}

Let us go further in the exploration of the research fields in which entanglement plays a promi-
nent role. In two dimensions, a very interesting class of systems are the ones displaying topological
phases. The first correction to the area law is called topological entropy [38,39] because it is a



topological invariant directly related to the total quantum dimension. Hence, by computing the
entanglement entropy and isolating the constant term in the size of the subsystem, we have a tool
to detect topological order. Prototypical examples in which this situation occurs are the Kitaev
model [40] and two-dimensional (2d) electron gases in large magnetic fields in the fractional quan-
tum Hall regime [41].

Up to this point, we have shown some examples concerning the area law of entanglement,
typical of gapped systems (see also Chapter [2| for a field theoretical approach to the subject,
while Chapter [7| for a formulation of the problem on the lattice) and its connections with black
hole physics and the topological order of matter. However, for the ground state of gapless lo-
cal Hamiltonians in one dimension, the area law is corrected by a logarithmic term [20]. One
practical implication is that the presence of entanglement makes difficult to deal with quantum
many-body systems using a classical computer. For example, the Density Matrix Renormaliza-
tion Group (DMRG) algorithm [42] works well in non critical 1d systems, but it becomes less
efficient (and practically useless in 2d) when we approach a quantum critical point. In this case,
the growth of the entanglement originates long-range correlations that increase the complexity
of simulating the system. As a consequence, it is necessary to construct algorithms that try to
capture the essential properties of the state’s entanglement and they are usually based on tensor
network techniques [43]. We have already mentioned the most prominent examples of logarithmic
area-law violations, which are critical 1d models [17,19-21], for which the mass gap becomes zero,
the correlation length diverges and the ground state correlation functions decay algebraically. The
low-energy properties of such corrections are captured by CFT and, besides signaling criticality,
the logarithmic term turns out to be universal. Indeed it is proportional to the corresponding
central charge, which does not depend on the microscopic details of the model but only on the
universality class associated with a given fixed point of the renormalization group (RG). This kind
of systems will be the core of the Chapters [3] [4] and where we try to unveil some
universal properties of the systems through the study of entanglement-related quantities, such as
their symmetry resolution, to characterise the properties of the group generating the symmetry
itself. We mention that the ground state correlations can display algebraic decay even with non-
zero mass gap, e.g. for fermionic chains with long-range couplings, as we are going to study in
Chapter[9] With respect to higher dimensions, to our knowledge, there are no rigorous and general
proofs for the area law as it happens in one dimension [50]. It is known that for non-critical, local
systems of free fermions the entanglement entropy of the ground state fulfils an area law. The same
occurs if we consider bosons instead of fermions. On the other hand, for critical fermions with a
finite, non-zero Fermi surface, the entanglement entropy of the ground state presents logarithmic
corrections to the area law. This will be the subject of Chapter

We close this broad introduction about entanglement in extended systems by mentioning an-
other question that has been addressed in the last years, i.e. the connection between entanglement
and thermodynamics in the framework of the out-of-equilibrium dynamics of quantum correla-
tions. The simplest and most broadly studied protocol is the quantum quench [44./45]: a system
is prepared in the ground state of a 1d translationally invariant Hamiltonian, and at a given time
a sudden change modifies the Hamiltonian. In integrable systems, the entanglement dynamics
after a quench is captured by a well-known quasiparticle picture [46-49]. The key tenet of the
quasiparticle picture is that the entanglement dynamics is described by the ballistic propagation
of pairs of entangled excitations, which are produced after the quench (see Fig. . We will study
the entanglement dynamics in many-body systems in Chapters [6] and
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%31 Auz us3 AQ Uy
Figure 1.1: Quasiparticle picture for the time evolution after a quench of the entanglement between
two disjoint intervals (A1 = [u1,ug] and Ay = [us,uy]) embedded in the infinite line. Pairs of
entangled quasiparticles are emitted from every point in space at ¢ = 0. At a given time ¢ the

entanglement between A = A; U As and the remainder is proportional to the number of pairs
shared between A and its complement.

1.1 Walking with Alice and Bob through quantum information

Let us consider a quantum system made up of two parts. The first one, A, is owned by Alice,
and the second one, B, by Bob. This corresponds to a bipartition of the total Hilbert space as
H =Ha ® Hp. Any normalised pure state |1)) € H has a Schmidt decomposition [51]

) = VN lad) @ [sa), > Ai=1, (1.1.1)
=1 =1

where {|14,)} and {|¢p;)} are, respectively, an orthonormal basis of H4 and Hp. Here r denotes
the Schmidt rank and it cannot be larger than min(dimH 4, dimH ). If r = 1, Eq. (1.1.1]) reduces
to

) = [ea) @ i) (1.12)

and we say that the state [¢)) is separable (or product state). The definition of separable states
means that |¢4) and |¢p) are uncorrelated. Contrarily to the example we have done in the previous
section, if Alice measures any observable in A and Bob measures it in B, the probabilities of the
different outcomes factorise. Thus, the measurement outcomes for Alice do not depend on the
outcomes on Bob’s side. If r > 1, the state is entangled.

In a more general situation, the full system is not in a pure state |1}, but in a mixed state described
by a density matrix

p= ij [95) (51, (1.1.3)

being p; the probability that the state is |¢;) € H. For mixed states, p is a product state if
p=pa® pp, as it also occurs for pure states, while it is separable if

pP= PiPA; @ PB: (1.14)
J

Otherwise the state is called entangled. Therefore, we have found three different scenarios. First,
a product state is an uncorrelated state, where Alice and Bob own each a separate state. For
non-product states, we can distinguish two types of correlations. Separable states are classically
correlated, i.e. they can be produced only through local operations and classical communication
(LOCC) [52,53]. In this case, Alice and Bob share a random number generator that produces the
outcomes j with probabilities p; and for each of them they can build the state ps ; ® pp j, and, as
a consequence, p. These states only share classical correlations while if a state is entangled, the
correlations cannot originate from the classical procedure described above. In this sense, entangled
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states are a typical feature of quantum mechanics. We specify that, if the state is pure, it can only
be either a product state or entangled.

Let us come back to the original problem of quantifying the entanglement in a pure state of the

bipartite system A U B. This is provided by a family of functions known as Rényi entanglement
entropies (REEs).
Starting from the density matrix p = [¢) (¢|, the key object to study the bipartite entanglement is
the reduced density matrix (RDM) of A, pa = Trpp, where Trp denotes the partial trace. If r # 1,
now p4 describes a mixed state. The Rényi entropies are defined as (throughout the Chapters of
this thesis we will specify the superscript denoting the subsystem only if necessary, otherwise we
omit it for simplicity) 1

—
1—n

log Trp'}, (1.1.5)

where n is an integer number. After an analytic continuation to complex values of n, the limit
n — 1 provides the von Neumann entanglement entropy (VNEE)

SA = _Trpylogpa. (1.1.6)

If we now apply the Schmidt decomposition of Eq. (1.1.1)) in the definition of the entropies, we

obtain
1 T . " T
T log (;_1 )\i) , Si=-— ;_1 Ailog(Ai). (1.1.7)

From the Schmidt decomposition, it also follows that if we take the partial trace over A, rather
than B, S2 = SB for a pure state. The entanglement entropy satisfies all the requirements
to be considered a good entanglement measure. In particular, it vanishes when it is separable and
it is an “entanglement monotone”, meaning that it does not not grow on average under operations
that do not increase the degree of entanglement (the LOCC) [54].

Given two spatial subsystems A; and Ay (not necessarily one the complement of the other), the
vNEE satisfies two important inequalities [55,[56], namely the subadditivity

St =

St < gy g (1.1.8)
and the strong subadditivity
Az L ghindz < g1 g2 (1.1.9)

On the other hand, the REEs do not satisfy subadditivity.

For a mixed state, the entanglement entropies are no longer good measures of entanglement
because both quantum and classical correlations contribute to the von Neumann and Rényi en-
tropies. A situation usually considered is when A is further divided into two parts, A = A; U As.
In general, the RDM p4 is mixed and, therefore, entanglement between two non-complementary
subsystems A; and A is not provided by S;?l. In this case, a useful quantity to consider is the
Rényi mutual information

I;:h:Az = 5;141 + S;?Q _ S;:hUA2, (1.1.10)

which is not a measure of the entanglement between A; and As, but for n — 1 it quantifies the
amount of global correlations between the two subsystems (we mention that for n # 1, I2142 can be
also negative |57] and a more complicated definition of mutual information must be employed [58]).

Let us introduce a more convenient way to deal with entanglement in mixed states. Assume
that we know the joint density matrix of two particles belonging to Alice and Bob, respectively. We
carry out the following mathematical operation: we apply a matrix transposition to that part of the
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density matrix which corresponds to Bob’s particle and leave Alice’s part unchanged. Physically
this partial transposition would correspond to a time reversal transformation in Bob’s lab. If the
state is unentangled then its partial transpose is again an admissible density matrix. However, the
partial transposition may lead to negative and hence unphysical eigenvalues of the density matrix
if the state is entangled. Looking at whether or not the density matrix has a “positive partial
transpose” (PPT) can in this way help us to answer whether a given state is entangled. Now we
can formalise this condition, also known as Peres criterion [59,/60]. It states that given a system
described by the density matrix pa—4,0u4,, & sufficient condition for the presence of entanglement
between A and As is that the partial transpose pz;l with respect to the degrees of freedom in Ay
(or equivalently As) has at least one negative eigenvalue. We can introduce the partial transpose
operation as follows. We write down the density matrix as

pa=)_lei eflpaler,et) lei, e) (ep.efl (1.1.11)
ijkl

where ]e}) and |e3) are orthonormal bases in the Hilbert spaces H4, and Ha, corresponding to
the A1 and As regions, respectively. The partial transpose of a density matrix for the subsystem
Aj is defined by exchanging the matrix elements in the subsystem Ay, i.e.

T
pa =D (e ejlpalei.ef) lei ef) (ep ef . (1.1.12)
ijkl

In terms of its eigenvalues A;, the trace norm of pil can be written as

Trlplt [ =D Il =D [l + D Il =1+2> |, (1.1.13)

7 Ai>0 Ai<0 Ai<0

where in the last equality we used the normalisation >, A; = 1. Here Tr|O| = TrvOTO denotes
the trace norm of the operator O. Therefore, starting from the Peres criterion, two measures of
the bipartite entanglement for a general mixed state can be naturally defined as [62}/63]

T
N — Trlpy'| —1 !

£ = logTr|p’}|, (1.1.14)
which are known as negativity and logarithmic negativity, respectively. The expression in Eq.
(1.1.13) makes evident that the negativity measures “how much” the eigenvalues of the partial
transpose of the density matrix are negative, a property which is the reason for the name negativity.

1.2 Entanglement in the lab

Heretofore, we have discussed the relevance of entanglement from a theoretical point of view, while
the aim of this section is to give some insights about how it can impact the physics from a more
practical perspective, i.e. in the realm of experiments. Of course, this discussion is far from being
comprehensive, but the goal is to give further motivations on the importance of the theoretical
study of entanglement properties of quantum many-body systems. As we already pointed out,
entanglement is the heart of quantum information and computation. Let us illustrate this with
the help of our friends. Alice wants to send quantum information to Bob. Specifically, suppose
she wants to send the qubit state [¢)) = «|0) + B |1), i.e. passing on information about a and /3
to Bob. There exists a theorem in quantum mechanics which states that you cannot simply make
an exact copy of an unknown quantum state. This is known as the no-cloning theorem [61]. As a
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result, we can see that Alice cannot simply generate a copy of |¢)) and give it to Bob. However,
with the assistance of two classical bits and an entangled qubit pair, Alice can transfer her state
|1)) to Bob. This is known as quantum teleportation because, at the end, Bob will get |[¢)) and
Alice will eventually have a different state. We do not enter into the description of this protocol,
but as a sample of the rapid development of this research field we can mention the experiment [64]
of Zeilinger’s group in 2012 in which they were able to teleportate a state between two entangled
photons separated 143 km.

Let us move on to review some of the main proposed techniques to detect and measure entan-
glement itself. One of the first proposal was given in [65-68], exploiting special relations between
the RDM of a subsystem and quantum noise in free-systems. Such relations, however, are not valid
in the presence of interactions. An alternative way to detect entanglement in a generic system is
given by quantum state tomography [10], i.e. a measurement of all the density matrix elements.
Its drawback is that is scales exponentially with the system size, so it has been applied to trapped
ions [69,70] and superconducting qubits [71] up to, at most, 10 qubits |72].

Going further in the review, in the lab, it is easier to have access to REEs by preparing n
identical copies of the system and letting them interact in such a way that it is then possible to
extract the expectation value of the shift operator V(™ whose action is to cyclically permute the
n copies V) |ih1) ... |1hn) = [n) [¥01) ... [n_1) [73]. This shift operator allows to estimate Tr(p™)
as Tr(V"p®"), i.e. from the expectation values of the shift operator on the replicated system.

There exist two possible ways to implement the shift operation experimentally: the first one
was proposed by Cardy in [74] and also later exploited by Abanin and Demler in |75] and it consists
in performing a quantum quench on the n copies of the system. The second, proposed for n = 2
by Alves and Jaksch in [76] and extended to general n by Daley et al. in [77,78|, is based on an
optical lattice where the copies interfere by switching on the tunneling among them in a controlled
way. By observing the system after this controlled interference, it is possible to have access to the
value of the shift operator for any desired subsystem. This technology has been used in Greiner’s
group at Harvard to calculate the quantum purity of a subsystem, i.e. Trpi, in a Bose-Hubbard
system |79]. The advantage of using this quantity is that it is connected to an observable depending
on the number of particles, which is the parity. When two pure and identical quantum states are
inferred on a beam splitter, the interference of odd outcomes is destructive and the output state
has an even number of particles in each copy. As a consequence, the measurement of entanglement
simply reduces to the measure of a single operator.

A recent toolbox which has been firstly introduced to measure entanglement entropies are the
randomised measurements [80]. The idea is to apply local random unitary operators, extracted
from the circular unitary ensemble, on the L-qubit state of the system p and store the bit-string
outcomes of the measurements. From the bit-strings and the unitaries it is possible to construct
the classical-shadows, which are an estimator of the density matrix of the measured quantum state.
The use of this protocol has been extended to estimate many physical properties of a quantum
state as state fidelities, out-of-time ordered correlators, topological invariants and other nonlinear
functions of the density matrix.

Let us now conclude this section by mentioning an experiment which allows us to introduce an-
other crucial subject of this thesis, the entanglement resolution. We refer to the recent experiment
by Lukin et al. [81] about the time evolution of a many-body localised system through particle
fluctuations and correlations. This has shed the light on the internal symmetry structure of the
total entanglement, that can be better understood in terms of two quantities in which the total
entanglement can be split, i.e. the configurational and the number entropy. In the presence of
both disorder and interaction, the dynamics of configurational and number entanglement occur
over different time scales: the number entanglement quickly saturates to an asymptotic value while
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Figure 1.2: The results obtained in [81] for the temporal evolutions of the vNEE (S1), the config-
urational (S¢) and the number (Spum) entropy (see eq. for their definitions). They system
is a half-chain in a one-dimensional interacting bosonic chain with disorder, where J parametrises
the interaction strength. The configurational entropy is vertically shifted with respect to its initial
value. Figure taken from [81].

the configurational one exhibits a slow logarithmic growth [81]. This is shown in Fig. where
a plot with the results of Ref. [81] has been reported. As we will find out, this experiment has
opened a fruitful reasearch activity about the symmetry resolved entanglement measures.

1.3 Alice and Bob meet symmetries

Following the conclusion of the previous section, a question that has recently attracted much
attention is how entanglement decomposes into the different symmetry sectors in the presence of
global conserved charges [84-86]. Various reasons have motivated the interest in this problem. The
fact that the effect of symmetries on entanglement can be investigated experimentally [81,87-89]
and, moreover, understanding how entanglement arises from the symmetry sectors is crucial to
better grasp some quantum features, for example in non-equilibrium dynamics [81]. Also at more
practical level, it can help to speed-up the numerical algorithms to simulate quantum many-
body systems [85]. All that has been the breeding ground for a plethora of works that analyse
the resolution of entanglement from different perspectives: spin chains [86,88-100}102,[106H110],
integrable quantum field theories [103,104,[111-115], CFTs [84,85,/101,116-127], holography [128-
131], out-of-equilibrium [132}137] and disordered systems [138-141] or topological matter [142-147]
to mention some of them.

Let us define the problem starting with an example. Alice and Bob share three boxes with
only one quantum chocolate inside one of them and this is described by a pure state |¥) =
%(\100) + [010) + 2|001)). The chocolate number is fixed to be N = 1. Alice is curious to

know the probability of finding it in two of them. The RDM of Alice is pa = Trg|¥)(y| =
£(400) (00[ + (]10) + |01))((10] + (01]), i.e.

pa == (1.3.1)

—
S O O =
O = = O
O = = O
S O O O

in the basis {|00),|01),]10),|11)}. This matrix is block diagonal with respect to the occupation
number N4, i.e. the chocolate number in Alice’s boxes. Let us observe that the total charge
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N is fixed to be 1, while the possible outcomes for N4 are 0,1,2 (even though, as we will see,
finding 2 chocolates is, unfortunatly, impossible). From Eq. , we can read the probabilities
p(Na =0) = 2/3, p(Na = 1) = 1/3, p(Na = 2) = 0 and quantify the information stored in
the three boxes by computing — >y p(Na)logp(Na) = log(3/4'/3), which is known as Shannon
entropy or, as we mentioned, number entropy. Poor Alice, the probability of eating one chocolate
is not on her side!

The example above has showed to us that the presence of a conserved charge, i.e. the number of
chocolate in this case, is reflected into a block-diagonal structure of the RDM and one can compute
the entanglement corresponding to the RDM in only one charge sector. Thus, N4y = 0,1,2 is a
good quantum number in which the total entanglement between A and B can be resolved. Let
us formally define this concept. We take a spatial bipartition A U B of an extended quantum
system in a pure state | ). We assume that the system is endowed with a global U(1) symmetry
generated by a local charge Q = Q4 ® 1p + 14 ® Qp. If |¥) is an eigenstate of @), the density
matrix p = |¥) (V| commutes with @, i.e. [@, p] = 0, and, by taking the trace over B, we find that
[Qa4,pa] = 0. This implies that the reduced density matrix p4 presents a block diagonal structure,
in which each block corresponds to an eigenvalue g € Z of Q4. That is,

pa=EPgpa =P lp(a)pala), (1.3.2)
q q

where II, is the projector onto the eigenspace associated to the eigenvalue ¢ and p(q) = Tr (II;pa)
is the probability of obtaining ¢ as the outcome of a measurement of () 4. Notice that Eq. (1.3.2])
guarantees the normalisation Tr[pa(q)] = 1 for any q.

The amount of entanglement between A and B in each symmetry sector can be quantified by
the symmetry resolved Rényi entropies (SRRE), defined as

53() = T log Tx[pa(e)"]. (133)

Taking the limit n — 1 in this expression, we obtain the symmetry resolved entanglement entropy
(SREE),

Sit(q) = —Tr[palq) log pa(q)). (1.3.4)

According to the decomposition of Eq. ((1.3.2)), the total entanglement entropy in Eq. (1.1.6) can
be written as

St = Zp )5 (g Zp )Vlogp(q) = SA + Si (1.3.5)

where S; is known as conﬁgumtwnal entropy and quantifies the average contribution to the total
entanglement of all the charge sectors [81,93-95], while Syum is called number entropy (or fluctu-
ation entanglement [90]) and takes into account the entanglement due to the fluctuations of the
value of the charge within the subsystem A [81},[139}/140,/143,|148-150]. The origin of the latter
name is inspired by the case when the conserved charge is the particle number (see also Fig. [1.2)).

If A= A;UAs, the total charge in A is the sum of the charge in A; and As, Q4 = Q4, + Q4,,
and the RDM pg4,, pa, of A1 and Aj, can be independently decomposed in charged sectors as we
did for pa in Eq. ([.3.2). Therefore, we can define the SRREs S;(q1), S42(go) for the regions
Ay and A, analogous to Eq. for A, with ¢ = q1 + ¢2- This leads to the definition of the
symmetry resolved mutual information as [133]

14142 (g Z p(q1,q [Sfl(m) +S12(q - fh)] - 5{(q). (1.3.6)

q1=0
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The quantity p(q1,q — q1), normalised as

plg.g—aq) =1, (1.3.7)

H MQ

is the probability that a simultaneous measurement of the charges )4, and (4, yields ¢; and
q — q1, respectively, while the charge of the whole system A is fixed to ¢q. Although Eq. - is
a natural definition, I; Av: A2(q) is not in general a good measure of the total correlations between
Ay and As within each charge sector since, in some cases, it can be negative [133]. Nevertheless,
it provides a decomposition for the total mutual information similar to the one reported in
Eq. for the entanglement entropy,

TAvdz — Zp Y [AA2(q) 4 IhiA2 (1.3.8)
where [41:42 = g1 4 gda GA ig the number mutual information.

Another entanglement measure with an interesting symmetry decomposition is the negativity.
The first question to answer is whether the partial transposed RDM admits a block-diagonal
structure. Performing a partial transposition of the relation [pa, @4, + Qa,] = 0 yields [116]

[P, Q2 — Q'] =0, (1.3.9)

from which we can do a block matrix decomposition according to the eigenvalues ¢y of the im-
balance operator Qimp = Q2 — 1T1. Let II,, . denote the projector onto the subspace of eigenvalue
¢imb of the operator Qinp. We define the normalised charge imbalance partially transposed density
matriz as

o (Gimb) = M Tr(p’{ (qimb)) = 1, (1.3.10)
Tr(HQimb pA1 )
such that
= @gun P (Gimb) 5 (G- (1.3.11)

Here, p(gimp) = Tr(I1,, pﬁl) is the probability of finding gi,p as the outcome of a measurement of
Qimb and corresponds to the sum of the diagonal elements of pil (Gimp)- Although the eigenvalues
of pz;l can be negative, the partial transpose leaves invariant all the elements on the diagonal and
so they remain the same as those of p4 which are non-negative. Hence p(gimp) satisfies p(gimp) > 0
and > ot p(gimb) = 1, as it should be for a probability measure.

We can thus define the (normalised) charge imbalance resolved negativity as

Tr| (4 (qimmb))| — 1
N (Gimb) = A ém : (1.3.12)
If in the g, sector there are no negative eigenvalues, according to Eq.  (1.3.12), N (gimp) = 0.
Hence, this definition not only provides a resolution of the negativity, but also tells us in which
sectors the negative eigenvalues are, i.e. where the entanglement is. The total negativity, N, is
resolved into (normalised) contributions from the distinct imbalance sectors as

N =" p(Gimb)N (gimb)- (1.3.13)

We stress that the imbalance decomposition of the negativity as in Eq. (1.3.13)) cannot be per-
formed for the logarithmic negativity in Eq. (|1.1.14)), because of the nonlinearity of the logarithm.
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1.4 From field theoretical tools to the lattice computation of the
entanglement

In the context of extended quantum systems, the calculation of the vINEE is not an easy task.
The difficult point lies in the computation of log p4. One of the most successful strategies to avoid
this problem is the replica approach, firstly used in this context by Holzey et al. in [17] and then
by Calabrese and Cardy [20]. The idea of this technique is the following: calling A\; a Schmidt
eigenvalue and starting from the identities

A —1
log \; = limo L )
m— m
5 Aty (1.4.1)
— A7 = lim +—%*,
on 'lns1 m—0 m
we can derive the following relation
0
)\i log /\i = 7/\? (1.4.2)

n%l.

on

Since Trp’y = >, A, if we are able to evaluate Trp'; for n integer and then analytically continue
it as a function of n to complex values, we can compute the vNEE in (1.1.6) (assuming that the
analytical continuation is unique) as
0
S{ = — lim —Trp7. (1.4.3)

n—10n

A generalisation of this replica trick (1.4.3]) has been then introduced in Refs. [151,]152] for the
negativity. In this case, we must distinguish the two cases

Tr(pgl)”e = Z Are+ Z Al ne = 2m,
Ai>0 Ai<0

(1.4.4)
Tr(pi)™ = D X" = D INI™ mo=2m+ 1.
Ai>0 Ai<0
with m € N. The limit from the odd sequence of replicas would give Tr| pﬂl\ = 1, therefore, in

order to properly reproduce the absolute value in the definition of negativity, it is given by the
limit

= lim Tr(p’)". 1.4.5

N = Tim Tr(}) (1.4.5)

Below we review some of the most powerful techniques to deal with entanglement measures in the
context of many-body quantum systems, focusing on the main ones used throughout the thesis.
1.4.1 Path-integral formalism

The replica trick turns out to be a powerful strategy to compute the REEs using the path-integral
approach. We focus on the ground state of a 2d quantum field theory (QFT) parameterised by
the complex coordinate w = x + i7, where x denotes the spatial coordinate, whose support is on
a finite segment of length L. The path integral representation of the density matrix p is given
by [20,21]

(@] pla") = 271 / Doe5@ [[(6((x, 7 = 07) — ¥'(x)))
x [[(6(¢(x, 7 =0") = @"(x))), (1.4.6)
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Figure 1.3: Left panel: Representation of the n-sheeted Riemann surface R, for n = 3 and
A = [u1,v1]U[ug, v2]. The blue edge of each cut is identified with the red edge of the corresponding
cut in the upper copy. Right panel: Path-integral representation of T]r(pgl)3 . the geometry is
different as compared with R,,.

where the geometry of the integration surface is an infinite cylinder with a discontinuity of the
field configurations at 7 = 0, S(¢) is the Euclidean action of the theory and Z is a normalisation
factor. Let us now compute the RDM by tracing over the subsystem B

(@| Tep(p) (") = / Doe5) T (0(6(z,7 = 07) — ¥'(x)))
:L‘EA

x [[(6(¢(a, 7 =0") = @"(x))). (14.7)

€A

Then we replicate n times p4 and we glue the copies together along the cuts in a cyclical way. The
last and the first copy are also sewed together in the same form (see the left-hand-side of Fig.
for a graphical representation when L — c0). We eventually obtain an n-sheeted Riemann surface
R, of genus (n—1)(p—1), with p the number of intervals, which is symmetric under the Z,, cyclic
permutation of the sheets. The moments of p’j are given by the partition function on R,,, denoted
by Z,(A), as

Zn(A)

Trpis = 77

(1.4.8)

If we deal with a CF'T, the path integral formalism easily generalises to a state different from the

ground state [153}/154]: the excess of the REEs of the excited state with respect to the vacuum

can be expressed as a correlator of the operators corresponding to the excited states by using the

state-operator correspondence. We will provide an explicit example for this in Chapter

Alternatively, instead of replicating the space-time where the theory is defined, one can take

n copies of the QFT on one single worldsheet, and quotient it by the Z,, symmetry under the

cyclic exchange of the copies. We then get the orbifold theory QFT®"/Z,, [155]. Specifically, for a
P

subsystem A consisting of p disjoint intervals, A = |J [u;, v;], Trp’y can be expressed as a 2p-point
i=1

correlation function of twist and antitwist fields, 7, and 7y, respectively, [21}/156]

Trp'y = ;) T (05) (1.4.9)

’:]@

z:l

The (anti)-twist fields implement in the orbifold the multivaluedness of the correlation functions
on the surface R,, when we go around its branch points [155,|157]. In fact, the winding around the
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point where T, (7,) is inserted maps a field Oy living in the copy k of the orbifold into the copy
k+1 (k—1), that is ‘
To(w)OR(*™ (2 — u)) = Opy1(z — u) T (u). (1.4.10)

This approach is particularly fruitful when dealing with a CFT, where the twist felds are spinless
primaries with conformal weight [20,|{156]

c 1
Ap=—(n-=), 1.4.11
24 <" n> (14.11)

where c is the central charge of the initial CFT. If A consists of one single interval on the infinite
line, the conformal invariance allows us to write

—2A,,
- u—v
Trp’y = (Tn(w)Tn(v)) = cn <| - |> . (1.4.12)
where ¢, is the normalisation of the twist operators and € is an ultraviolet cutoff. This expression
for the moments of p4 leads to the famous scaling results (|u — v| = £) [20]

n+lc

C
SA = — ¢ log(¢/e), s{‘:§1og(£/e). (1.4.13)

Another framework in which the twist fields represent a powerful tool is the computation of
the negativity. As shown in [152], if we take the partial transpose pz;l with respect to the degrees

of freedom living on the interval A; = [ug, v1], Tr(p’{)" can be written as a twist field correlator
as in Eq. (1.4.9)), the only difference being that the twist fields 7,, and T, at the endpoints of A;
are exchanged while the remaining ones stay untouched, i.e. [151}|152]

Te(pl )" = (T (un) Tu(vr) [ | 7o) T (v4). (1.4.14)
=2

(2

This procedure can be generalised straightforwardly to the case where the partial transposition
involves more than two intervals (the corresponding geometry for two intervals in the ground state
is depicted in the right-hand-side of Fig. [1.3)).

The situation in which p = 2 intervals are adjacent can be obtained from Eq. by
taking the limit us — vy, giving Tr(p ) = (T (u1)T,2(ug) T n(v2)). As we already discussed for
Eq. , in a generic CF'T characterised by a central charge ¢, this last expectation value is
evaluated by knowing the conformal dimensions of 7,,, T, 7,2 and TZ. The scaling dimensions of
7,2 and Ti are equal, and depend on the parity of n as [151]

"o 27,2 evenn ’ o

where A,, are the scaling dimensions of 7,,, T, in Eq. (I.4.11)).

1.4.2 Charged moments approach

In this subsection, we will find out how the replica trick can be also helpful for determing the
SRREs up to slight modifications of what we have showed in the previous subsection.

The computation of the SREEs from the definitions of Eq. requires the knowledge of the
entanglement spectrum of p4 and its symmetry resolution. However, this is usually a very difficult
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task, in particular if one is interested in analytical expressions. Alternatively, one can employ the
charged moments of the RDM, which for p4 are defined as [84]

ZA ) = Tr[pe'@A]. (1.4.16)

Similar quantities were independently studied in holographic theories [158161,(163,164,631]. They
can be interpreted as the partition function of the field theory on a Riemann surface, which is now
coupled to an external magnetic flux. Partition functions with a background gauge field have been
also introduced as non-local order parameters to detect symmetry-protected topological phases in
interacting fermionic systems [165,(166].

In this specific case, the charged moments are not the main goal of our computations, but
they represent a fundamental tool, because their Fourier transforms are the moments of the RDM
restricted to the sector of fixed charge ¢
™

iz M ), pla) = Zi(a). (1.417)

ZMq) = Te(M, py) =
fo =) = [ 5
Here we rely on the Fourier representation of the projection operator, that can be also extended
to the non-abelian case, as we will show in Chapter |3] Finally, the SREEs are given by

ZMq)
(2{(a)"

The charged moments of p4 can be computed employing the framework of Sec. As it is
argued in Ref. [84], the operator e*@4 can be interpreted as a magnetic flux between the sheets
of the surface R,, such that a charged particle moving along a closed path that crosses all the
sheets acquires a phase ¢'®. For this reason, we dub the modified surface R, (we stress that the
geometry of the Riemann surface does not change, but the subscript « is helpful to keep in mind
the presence of the flux). The phase can be implemented by a local U(1) operator V,(x) that
generates a phase shift e’ along A (see also Fig. . If we are interested in one single interval
on the infinite line, A = [u,v], then the charged moments are equal to the two-point correlation

1
1—

S3q) = . S{'(g) = lim S2(q). (1.4.18)

log
n n—1

function on the surface R, o

ZM(@) = ZAO) Va(wV-a(0)r, .. (1.4.19)

n n
In the orbifold theory, the magnetic flux can be incorporated by considering the composite twist
field Ty, = Ty - Voo Thus, if we take a field O in the copy k of the orbifold, then the winding
(z — u) = €2™(z — u) around the point u where T, o is inserted gives rise to a phase ele/n,
Trna (W) OR(e¥™ (2 — 1)) = /" Op 1 (2 — w) T a(u). (1.4.20)
Therefore, Eq. (1.4.19)) can be reexpressed as the two-point function of the orbifold
Z; (@) = {Ta,a (W) T~ (v)). (1.4.21)

In Ref. [84], it is shown that, if V, is a spinless primary operator with conformal weight AY, then
so are the composite twist and antitwist fields, with conformal weights

%
Apa =0+ Ba (1.4.22)
n

where A,, is given in Eq. (1.4.11]).

The relation between the SREE and the charged moments can be further extended. For example,
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b

Figure 1.4: Representation of the n-sheeted Riemann surface R, o for n = 3. The calculation of
the multi-charged moments in Eq. requires to insert different magnetic fluxes between the
sheets, which we indicate by the arrows. The operator €’*?41 is implemented by the flux insertions
a and —a along the left interval, while ¢?©42 corresponds to the fluxes S and —f at the right
interval.

to compute the symmetry resolved mutual information of Eq. , we need to determine p(q1, ¢—
q1), i.e. the probability that a measurement of 4, and Q 4, gives ¢; and g — g respectively, with
Q4 fixed to q. Thus, we can consider the generalisation of the charged moments in Eq.
introduced for the first time in Ref. [133],

Z;?lfAQ (a’ ﬁ) =Ty [pzeiaQAlJri’BQAQ} . (1423)

We refer to them as multi-charged moments (see Fig. and Chapter [4| for further details about
this quantity). If we take the Fourier transform of Eq. (1.4.23)),

. T dadp _.; - .
ZAl.AQ _ / —iaq1—iBq2 ZAl.AQ 1.4.94

then Zf‘l:A2 (q1,q2) can be interpreted as the probability of having ¢; and g2 as outcomes of
a measurement of ()4, and @4, respectively, independently of the value of Q4. Therefore, it
satisfies the normalisation

Y (g, ) = 1, (1.4.25)
91,92

and p(q1,q — q1) can be calculated as the conditional probability

zZMA (g g — q))
p(q)

plq,q—q1) = (1.4.26)

Let us conclude this section by explaining how the charged moments can be adapted for the
computation of the charged moments of the RDM after the partial transpose operation, defined
as

N (@) = Tr((plt)melQumve), (1.4.27)

We focus on two intervals A = [uy,v1] U [ug, v2] on the infinite line. The phase factor ¢*@imb can
be implemented by two operators at u; and v1, V_o and V, respectively, and two operators V, at
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uz and V_, at ve. In terms of the composite twist field 7, «, in the limit v;1 — ug, the charged
moments of the partial transpose read [116]

NiH (@) = (Tn—a(u) Tiaa (1) To—a(v2)) - (1.4.28)
The conformal weight of 7;%20& is
AY
AR = AP 4 —2o (1.4.29)

where AT(?) is given in Eq. (1.4.15). In order to correctly perform the replica limit, we have to
distinguish the Fourier transforms to take as

A " da —iaqimb NTA " da —iaqimb NTA
Z(Gimb) = 5. € imb N2 (a),  p(Gimb) = 3¢ imb N2 (), (1.4.30)
— -
from which the charge-imbalance resolved negativity reads
1 Z (qimb)
A . ne \dim
. =—( lim —————~ — 1). 1.4.31
N Qi) 2 (nelgll P(Gimb) (1.431)

1.4.3 Entanglement entropy from correlation matrix

Let us conclude this overview about the techniques to compute entanglement in extended quantum
systems by exploring what can be done numerically in some priviledged contexts. It is clear that
the computation of the REEs from the RDM p4 is a difficult task when the dimension of A is
large enough. However, for the eigenstates of quadratic lattice Hamiltonians, we can bypass this
problem expressing S in terms of the two-point correlation functions [167//169]. We are going
to illustrate this computation of entanglement entropies in an exact and numerically efficient way
focusing on fermionic systems, but similar techniques are available for free bosonic systems as
well [170}/171].
Let us consider free fermions hopping on a N-site lattice with a general Hamiltonian

N
H= )" eumchem. (1.4.32)

n,m=1

with ¢f(c) denoting the creation (annihilation) fermionic operators. The ground-state |¥) is a
Slater determinant and, therefore, it satisfies the Wick theorem: all even higher-order correlation
functions can be written in terms of the two-point function, Cp,, = (‘1J|chm]\Il>, e.g.

(Tleh,cherar®) = CriCri = CrnkCrt. (1.4.33)

Taking a subsystem A with £ contiguous sites corresponds to restrict the correlation matrix to the
subsystem, CA  with n,m € A. By Wick theorem, it is possible to show that p4 can be written

nm?

as a Gaussian operator [19,/167,(169,|172]

1
1 _
pa= e Ha ' Hy = Z hi,jczcj, (1.4.34)
ij=1
where Z is a normalisation constant and H,4 is called entanglement Hamiltonian. In order to
diagonalise it, it is necessary to introduce the fermionic operators di performing a linear transfor-

mation
l

;=Y ok(d)dr, (1.4.35)

k=1
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where ¢,,(j) are the eigenfunctions of h; ; with eigenvalues ej. In this case, H4 becomes

! I I
Hy = Zﬁkdzdk = Z kaéf)k(i)ﬁbﬂj)c;‘rcj — hij = Zéfmk(i)(ﬁ};(j). (1.4.36)
k=1 k=1

ij=1k=1
The first thing to do is to relate the eigenvalues €5 of Ha to those of the correlation matrix:

l

O} = Tr(pacley) = > &1 (1) () Tra(padldy). (1.4.37)
kk'=1

By computing the correlator

1 l T O
T _ S epdldy gt Ok
Tralpadyde) = Trale 2=t SRkl | = e (1.4.38)
we find

l

1 N
Cj = kZ T o Pk (1)1 9)- (1.4.39)
=1

Therefore, the eigenvalues of C4 are
G = (1+e*)"t (1.4.40)

or, in matrix form, we can write

h =log[(1 — C4)/C4]. (1.4.41)

As a consequence, the diagonalisation of an ¢ x ¢ matrix C'4 leads to the RDM p4. Indeed, since
the k-fermionic modes are uncorrelated, the RDM can be rewritten as

o o—endldy (1.4.42)
Z A.
k=1

where each single term in the Kronecker product can be interpreted as a single-particle RDM, and
therefore Z; has to be chosen to normalise it, i.e. Z; = 1 + e k. If the k-mode is occupied, the
= (j, otherwise they are given by

—en
T+eer Tree L7
One could also work with Majorana operators, ag,—1 = (¢, + CIL) and ag, = i(c, — CIL), and form
the 2N x 2N correlation matrix ',y = (@man) — dmn. Both methods work for all states which
satisfy Wick theorem and they can be also generalised to compute the REEs when |¥) is an excited
state of Eq. .

The relation found between p4 and C;?m implies a drastic reduction of the computational complex-
ity, from an exponential to a polynomial dependence on the size of the system. This simplification
of the problem is valid provided that the density matrix satisfies the Wick decomposition (i.e. it
describes a Gaussian state) and, therefore, all the information about the state is encoded in the
two-point correlation functions.

At this point, the computation of entanglement entropies from the eigenvalues of C4, (j, is quite
simple: the REEs read as

eigenvalues of p4 are given by

J4
SA = ﬁ > log[¢l + (1 G)")- (1.4.43)
=1
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whose limit n — 1 gives

14

Sit == [Gilog G+ (1 - Gi)log(1 - ¢)]. (1.4.44)

i=1
If we are interested in the computation of the charged moments Z,(«), we can write down the
charge operator as

4
Qa=) ce=>"dld, (1.4.45)
€A k=1
such that )
. (—€k+icx)d dy,
pace = Q) % (1.4.46)
k=1

This allows us to express the charged moments in terms of the eigenvalues (i as [84}90]

4
Za) = logle™ + (1 - G)"]. (1.4.47)
=1

The computation of the REE from the eigenvalues of the correlation matrix can be generalised
to other entanglement measures. For example, the partial transpose of a bosonic Gaussian state
is again a Gaussian operator and this simplifies the calculation of the negativity |173]. The
analogous result for fermionic Gaussian states does not hold. This has motivated the introduction
of another way of implementing a fermionic partial transpose [163], which has the merit that the
partially transposed Gaussian state remains Gaussian and hence can be computed efficiently for
free fermions. We will come back to this in the third part of this thesis.

We conclude this section by showing another powerful application of the algebra of Gaussian
RDMs. When looking at the trace of products of RDMs in different eigenstates, they usually do
not commute and so they cannot be simultaneously diagonalised in a common base. However, it
is possible to use the composition properties of Gaussian density matrices [174]: let p[I'] denote a
Gaussian density matrix characterised by its correlation function I' written in terms of Majorana
fermions as F?j = (ajaj)g — dij, where Q stands for the set of occupied single-particle levels. The
composition of correlation matrices is indicated by I' x IV and it is implicitly defined by

p[T]p[I"] = Tr[p[T]p[I"]]p[L" x T, (1.4.48)
leading to [174]
I'xI'=1-(1-1' 1-1). 1.44
x (=T (1 -T) (1.4.49)
The trace of two fermionic operators can be computed as
I+p
/ - j—
{T,1"} = Tr(prpr) = 11 — (1.4.50)

pESpectrum[I'TV]/2

namely it is the product of the eigenvalues of (1 + I'T')/2 with halved degeneracy.

1.5 Organisation of the thesis

The content of this thesis is provided by the research projects I have been doing during my PhD,
thanks to several collaborations in and outside SISSA. After a general and broad introduction that
has allowed me to define the main topics I will deal with throughout the thesis, it consists of three
Parts, each one containing different Chapters. Let us look at their content in more details.
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Part I The main problems we address in the first part concern the study of entanglement in
(141)-dimensional QTF's, with particular care about the effect of symmetries on our systems.

The first example of this thesis in which the symmetry resolution of entanglement is analysed
is the content of Chapter [2} the systems under consideration are free quantum field theories,
in particular Dirac and complex scalar fields in two dimensional dimensions, both in the
massive and massless cases.

In the realm of entanglement resolution, we tackle the non-abelian problem in Chapter
We consider systems having, in addition to conformal invariance, an internal Lie group
symmetry. By using some group theory tools, we try to study the information one can get
from the symmetry resolved entanglement about the underlying group structure.

The analysis of the symmetry resolved mutual information in Chapter [4] allows us to study
the multi-charged moments for two disjoint intervals in the ground state of two (1+1)-
dimensional CFTs, i.e. the massless Dirac field theory and the compact boson.

The replica trick and its implementation via the path-integral finds wide place in Chapter [5}
for a free bosonic theory, the mode expansion of the fields allow us to develop an efficient
strategy to compute the second generalised Rényi entropy for all the eigenstates of a (1+1)-
dimensional CFT.

The findings of the previous Chapter represent the starting point to develop a simulation
scheme ideal to compute the entanglement in more generic (14-1)-dimensional QFTs. This is
done in Chapter [6] by applying this technique to compute the entanglement after a quench
in the sine-Gordon field theory.

Part IT A typical framework in which entanglement is studied are lattice models, where different
techniques can be exploited in order to derive exact results: in the second part of this thesis, these
methods will be applied to study the symmetry resolution of entanglement.

In Chapter [7] we study the symmetry resolved entanglement entropies in gapped integrable
lattice models, finding exact results for a free system of complex bosons and the XXZ spin-
chain. The connection between the symmetry resolved entanglement and the full counting
statistics is also discussed. The key tool we adopt is the corner transfer matrix.

We apply the dimensional reduction to study lattice models in any (spatial) dimension in
Chapter [8 this strategy is based on the reduction of the initial d-dimensional problem into
decoupled d — 1-dimensional ones in a mixed space-momentum representation. We focus on
the case d = 2 and two lattice models possessing a U(1) symmetry, i.e. free non-relativistic
massless fermions and free complex (massive and massless) bosons.

Chapter [9] is devoted to the investigation of the symmetry resolution of entanglement in the
presence of long-range couplings. This feature of the system strongly affects entanglement,
starting from the logarithmic behaviour with the size of the subsystem despite the mass gap.

Inspired by the works by Page about entanglement in random pure states [30], we find some
interesting analytical expressions about the symmetry resolved Page curves for Haar-random
pure states and random fermionic Gaussian states in Chapter [10}

Not only symmetries play a special role in this thesis, but also quantifying how much a
symmetry is broken. This is the main topic of Chapter where we introduce the notion of
entanglement asymmetry as a subsystem measure of symmetry breaking.
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Part III The third and last part of this thesis is focused on the study of entanglement in mixed-
states, when the entanglement entropy does not properly describe the quantum correlations.

Chapter [12] gives some standard definitions about the partial transpose operation and neg-
ativity, in particular for fermionic systems. Then, it also contains an operatorial characteri-
sation of entanglemtent in mixed states, which we dub negativity Hamiltonian.

In Chapter we study the symmetry resolution of the entanglement negativity in free
fermionic systems, which admits a decomposition in terms of the charge imbalance between
the two subsystems.

We compute the moments of the partial transpose RDM in Chapter Given the relevance
of these quantities which can be accessed experimentally in the context of the quantum
simulation of many-body systems, we study their time evolution after a quench, providing a
quasiparticle description for integrable models in the space-time scaling limit.

In Chapter we study the ground state of a (1+1)-dimensional CFT built with several
species of massless free Dirac fermions coupled at one boundary point via a conformal junc-
tion. This system provides the playground to compute both the Rényi entropy for a given
bipartition and the negativity between non-complementary parts.

The last Chapter 16| contains the results of the first experimental measurement of the oper-
ator entanglement of a subsystem’s RDM in a quantum many-body system. We also study
the effect of the U(1) symmetry, introducing the notion of symmetry resolved operator en-
tanglement.

Every Chapter of this thesis contains an abstract, followed by a specific introduction, and the
peculiar perspectives stemming from it. Still, this PhD work leaves room for many questions and
open problems. The last Chapter contains some thoughts regarding promising directions for future
research.
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Entanglement and symmetries in
quantum field theory
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Chapter 2

Symmetry resolved entanglement
entropies in quantum field theories

The main goal of this first Chapter is to investigate the field theoretical techniques for the compu-
tation of the charged moments in relativistic free two-dimensional quantum field theories (QFTs).
Their Fourier transform provides the desired SRREs introduced in Eq. : we show that at
the leading order, they satisfy entanglement equipartition and we identify the subleading terms
that break it. This Chapter is based on Ref. [111].

2.1 Introduction

Let us present the first thorough analysis of the entanglement entropies related to different symme-
try sectors of free QFTs with an internal U (1) symmetry. We will mainly deal with a free fermionic
field theory and with a complex scalar one, whose Euclidean actions are given, respectively, by

Sp = / d2dz ($50.0m + Vi0:01 + m(WiR + VhiL) |

™

1
Ss =1 /dzd% (0207 0z0 + 00" 0200 + M%)

(2.1.1)

where we employ complex coordinates (z, z) for the two-dimensional spacetime. In Sp the fields
Yr/r, are the chiral (right-moving R) and anti-chiral (left-moving L) components of the Dirac
fermion. In Sg the field ¢ is a complex scalar. The actions in (2.1.1) exhibit a U(1) symmetry,
i.e. a symmetry under phase transformations of the fields given, respectively, by

YR/ — ewd)R/L, Q,Z)I*%/L — e_w‘d)}‘%/L, © — €%, * - e " (2.1.2)

By Noether’s theorem, this continuous symmetry transformation leads to a conserved quantity,
which is the charge ) we introduced in Sec.

The actions played the role of the simplest massive quantum field theories to study
the properties of the entanglement entropy. In the same spirit, they also represent the natural
starting point for the field theoretical investigation of the charged moments and, as a consequence,
of the SRREs. We provide explicit analytic computations for the charged moments of Dirac and
complex scalar fields in two spacetime dimensions, both in the massive and massless cases, using
two different approaches.

The first one is based on the replica trick, the computation of the partition function on Riemann
surfaces with the insertion of a flux «, and the introduction of properly modified twist fields, whose

23
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two-point function directly gives the scaling limit of the charged moments, as we have already
learnt from Sec. Being the theory free, a further simplification arises by the diagonalisation
in the replica space: the n-sheeted problem can be mapped to an equivalent one in which one
deals with n decoupled and multivalued free fields, generically referred as (j;k. Thus, also the twist
fields can be written as products of fields acting only on <Z~>k, denoted as 7, and 77'n7k. The total
partition function is a product of n partition functions, (x, each one given by (up to unimportant
multiplicative constant)

Cr < (T (21) T (22)) - (2.1.3)

The second method also relies on mapping the problem from the determination of the partition
function on R,,, to the computation of n partition functions of a free field on a cut plane. However,
the difference with respect to the previous approach is that each (j is not computed as a two point-
function of twist fields, but using the relation between the free energy and the Green’s function of
each sector k. Denoting by Gp the Green’s function for the Dirac field and by Gg the one for the
scalar (in each sector k of the n copies), they are related to the corresponding partition function
(k. by, respectively,

Om log (i, = tr Gp, Oz log (. = —/ dr? Gs(r,r'). (2.1.4)

The strategy of Refs. [176,|177] was to exploit the rotational and translational symmetry of the
Helmholtz equations satisfied by Gp and Gg and analyse their behaviour at the singular endpoints
of the cut A so to determine the right hand sides of the above equations. The final expressions
for (; can be expressed in terms of the solution of second order non linear differential equations
of the Painlevé V type. Here we only report the final results for the Rényi entropies of free fields
in the limit m¢ — 0 with ¢t = m/¢ fixed [1764|177]

1 2
52 =53 (tog - = 5 tog? me ) + Ot og mo)
6n € 2 (2.1.5)
¢ n+l l log m# -
Sy = log = +log +O(mf).
3n € log me

The Chapter is organised as follows. We report our main findings in Secs. and in
the first we employ the twist fields to compute the charged moments both in the massless and in
the massive context (in the limit m¢ > 1). These results are extended in Secs. and where
we write down the explicit form of the charged moments for arbitrary m¢ and provide analytic
asymptotic expansions valid for large and small mf. These outcomes are the starting point for
the computation of the SRREs. Numerical checks for free fermions and bosons on the lattice are
also provided as a benchmark of the analytical results. We draw our conclusions in Sec. and
we include a small appendix with some technicalities about the conformal dimensions of the twist
fields.

2.2 Twist Field Approach

In this section we consider 1d critical and close to critical systems. We obtain a general exact result
for the conformal invariant charged moments by exploiting the properties of the modified twist
fields |158[161]. This result includes and generalises the ones in Ref. [84]. The same approach
also provides the leading asymptotic behaviour of the charged moments for (free) massive field
theories.
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2.2.1 Modified Twist Fields

As already mentioned in Sec. rather than dealing with fields defined on a non trivial manifold
R« it is more convenient to work on a single plane with a n-component field

P1
b2
=1 |, (2.2.1)
Pn
where ¢; is the field on the j-th copy (here the field ¢; generically refers to either a scalar field
@; or a chiral Dirac one 9;; the same applies to ¢, that we are going to introduce soon). Upon
crossing the cut A, the vector field ® transforms according to the transformation matrix T},

0 elee/n
0 eia/n
T, = R (2.2.2)

(_1)(n+1)f€ioz/n 0

where f = 1 for free Dirac fermions and f = 0 for free complex scalars. When o = 0 we recover
the usual transformations for the fields across the different replicas |178]. The matrix T, has
eigenvalues

F=0: N=enmn, k=0,...,n—1,
o ok n—1 n—1 (2.2.3)
=1: A =elne?™n, k=— by
f k 5 5
By diagonalising T, with a unitary transformation, the problem is reduced to n decoupled fields
¢k in a 2d spacetime. Thus, the total partition function is a product of the partition functions for

each k and the twist fields can be written as products of fields each acting on a different ¢y, i.e.

n—1 n—1

f =0: 7;1,04 = H %,k,a, Tn,a - H Tn,k,cw
k=0 k=0

f=te Toe= I1 Toker Toe= II Toke
b=t k=5t

with ﬁz,k,aﬁgk’ = 5k7k/€ia/n€27rik/ng£k and 7:717]@04&]4 = 5k7k/€—ia/ne—27rik/nqgk_ Since the partition
function on R, o can be written as the two-point function of the modified twist fields, from (2.2.4)
we have

n—1
f=0: log Z,(a) = Z log <771,k,a7-n,k,a> )
k=0

o (2.2.5)
f=1: logZy(a)= Y log(TnraTnka)-

k=—(n—1)/2

When dealing with a CFT (e.g. when m = 0 in (2.1.1)) T, k.o and Tk« are primary operators
and their two-point function is fixed by conformal invariance to be

- 1

(Tnka T k) X [ — o] 1Bk (2.2.6)
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where (see the Appendix)
1k o E o o
—0:  Agla)==(Zqlal) (B el
;=0 Ke) 2 <n * 27m> ( n  2mn)’

=t aa) g (R )2.

2\n 2mn

(2.2.7)

Let us stress that, in order to have operators with positive conformal dimension, the phase that
bosons pick up going around one of the entangling points must be 0 < % + 57— < 1. This can be
achieved, since a € [—m, 7|, by trading a with |a| when we deal with scalar field theories.

Using Eqgs. (2.2.5)), (2.2.6) and (2.2.7)) the logarithm of the partition function on R,  reads

n—1
f=0: logZ,(a)= —410g€ZAk(a) =— [1 (n— 1) - o + M] log ¢,

3 n 212n ™
k=0
n-1 (2.2.8)
1 1 2 a2
f=1: logZ,(a)= 410g€k21 Ag(a) = — [6 <n - n) + - (%) ] log ¢

2

The charged moments for the free massless Dirac field theory (f = 1) have been already worked
out in the literature with different techniques [84}85,158.[161]. Instead, the charged moments for
a free massless complex scalar field (f = 0) are consistent with the Appendix A of [158], where
the heat kernel techniques have been exploited.

Let us stress that the presence of a flux in the Riemann surface changes some features of the
twist fields in CFT: they remain primary operators (see Appendix for details), but they do depend
on the theory and are not anymore identified only by the central charge (see also [84]).

2.2.2 Massive field theory and flux insertion

We now compute the charged moments Z,(«) of a massive relativistic 2d QFT on the infinite
line for a bipartition in two semi-infinite lines. Thus, we follow the same logic as in [20] (i.e.
the continuum version of Baxter corner transfer matrix approach [179] for the reduced density
matrix [20}180,182/353]), which in turn parallels the proof of the c-theorem by Zamolodchikov [183].
The results of this section are not limited to free theories but hold for generic massive relativistic
QFT. Exploiting the rotational invariance about the origin of the Riemann surface R, o, the
expectation values of the stress tensor of a massive euclidean QFT in complex coordinates, T =
T..,T = T, and the trace, © = 47,5, have the form

zZZ

(T(2,2)) = Faal22)/2,

(©(2,2)) = (0)] 4 = Gna(27)/2%, (2.2.9)
(T(2,2)) = Fp.o(22)/7%,

where (@)17 o—o 18 a non-vanishing constant measuring the explicit breaking of scale invariance in
the non-critical system, while (T'); ,_, and <T>1, a—o both vanish. These quantities are related by
the conservation equations of the stress-energy tensor (40:1 + 9.0 = 0) as

1

1
(2%) <F¥L,a + 4G§w> = 1 Gna (2.2.10)

The conservation equations as well as the rotational invariance are preserved in the presence of
the flux o because the Riemann surface R, can be thought simply as a complex plane with
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the insertion of two modified twist fields, as discussed in the previous subsection. Both F}, , and
Ghp,o approach zero for |z| > £, while when |z| < &, they approach the CFT values given by the
conformal dimension of the modified twist field, A, («) [84]. Hence we have

1 Ap(a)
FCFT N i 1 — n
e 24 2) T T (2.2.11)

Gna — 0,

and in particular for a massive Dirac field theory (f = 1) and for a complex massive scalar theory
(f =0), using the conformal weights (2.2.7)), we have

1 1 1 /a2
Jo e 7(7)
me 24 < n2> o \ar)

- ) . ) ar2 o (2.2.12)
Eia %12<1‘n2>+zna {(zﬂ) —277}
Changing variable to R? = 2%, we can rewrite the Eq. as
Jre <Fn,a(R2) + 1Gn,a(R2)> _ G, (2.2.13)
OR? 4 4
The corresponding integrated form using the boundary conditions in Eq. is
/OOO G”’;‘%(zm)d]-‘a2 - —g (1 - ;) - 4An"’“. (2.2.14)

Taking into account the normalisation of the stress tensor, the definition of Gy, o in Eq. (2.2.9) and
that / (On.0) dR? corresponds to the variation of the free energy wrt a scale transformation (the
R

mass m in this case) per each sheet of the whole n-sheeted surface, the left hand side of (2.2.14))
is equal to

— %m@m log Z, (). (2.2.15)

We can therefore integrate this equation at fixed n and « to obtain log Z,(a)). The additive non-
universal integration constant can be absorbed in a UV cutoff €, o that consequently depends both
on the Rényi index n and the parameter « (consistently with the lattice results in Ref. [9098] for
massless theories). Finally we get

log Zn(a) = [162 <n _ i) + 2An(a)] log(men o), (2.2.16)

or specialising to free Dirac (f = 1) or complex Klein-Gordon (f = 0) fields

f=1:  logZu(a)= [112 (n = i) + % (;)1 log(mén.q), (2.2.17)
F=0:  logZu(a)= [é <n = i) - % (%)2 + 2';‘7'1] log(mena).  (22.18)

We anticipate that log Z,,(«) for the Klein-Gordon field matches the continuum limit of a chain
of complex oscillators obtained through the corner transfer matrix approach (see [98] and Chap-
ter [7)). We can specialise Eq. (2.2.16]) to a Luttinger liquid with parameter K, whose underlying
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field theory is a ¢ = 1 CFT equivalent to a massless compact boson. In this case, one can use the
results found in [84] for the conformal dimension of the modified twist field, obtaining

log Zn(a) = [112 <n - 1> L& (20;)2} log(mén.q), (2.2.19)

n n

which for K =1 gives the result found for fermions in Eq. (2.2.17)), as it should.

2.2.3 From charged moments to symmetry resolved entropies

Performing the Fourier transforms of the charged moments above, one obtains symmetry resolved
moments and entropies. For the Luttinger liquid, which includes Dirac Fermions at K = 1, the «
dependence of the leading term is the same as in the massless cases. Hence the analysis is identical
to the one of Refs. [84./90] and so we will just sketch the results here.The charged moments (ignoring
for the time being the dependence on n and « of €, o in ), are

. L P __nn?e®
Zn ~ —(TL—E) o K|log me| 2220
(q) = (me)12 Kllogme© ( )
and hence SRREs 1 K
Sn(q) = Sn = log (\ 10gm6\> +0(1), (2:2.21)
T

with S,, the total entropy. Exploiting the knowledge of Zi(q) in (2.2.20)) we also easily get the
number or fluctuation entropy

o 1 K
Sum == | 210108 210) =  low ( £ 1ogmel) + 01), (22.22)
—00
that in the sum for the total entropy cancels exactly the double logarithmic term in Eq. (2.2.21)).
For the massive complex boson, we are interested in the Fourier transform of Eq. (2.2.18). In
the saddle point approximation, we can neglect the term o< o? in Eq. (2.2.18) and the Fourier
transform is

2n| log(me)| 2n ( 4n2r2q? )
Zn(q) ~ Zy, ~ Zp(0)——F— - — -, 2.2.23
@ it 1 1og(me) ~ 2" O Toglme \' ™ Tog2(me) (22:23)
and hence
Sn(q) = Sy — log|logme| + O(1), (2.2.24)

with S, the total entropy. Also in this case, one easily derives the number entropy from Z;(q)
obtaining again, at the leading order, the double logarithmic term in S,(¢q) in Eq. (2.2.24)), i.e.
Snum = log(\ IOngD + O(l)

2.3 The Green’s function approach: The Dirac field

In this section we derive the charged moments for a massive Dirac field for arbitrary mass and then
consider the limits of small and large mass. In Sec. we showed that Z,(«a) can be written as
product of partition functions ¢, on the plane with proper boundary conditions along the cut A,
explicitly given by

k « n—1 n—1

7 27 —27i 27ia, ], =
p— —_ —_— — k p— DY
wk(e Z, € Z) € wk(zaz)v a n + 271'77/7 2 9 } 2

(2.3.1)
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Figure 2.1: The universal constant ¢,(«) extracted from the numerical solution of the Painlevé
equation for different values of @ and n as a function of ¢ = m¢ (full lines). The numerical
data are obtained varying ¢ between 200 and 400 lattice points and properly choosing m in such
away t = ml € (0,1). For larger o and n, we need larger subsystem size to have a good match
between field theory and lattice calculation because lattice corrections become stronger.

Hence we have
n—1

2

log Zp(a) = Z 1ogC§+ﬁ. (2.3.2)
g

Let us introduce the auxiliary universal quantities

wq = L0y log (g, cn(a) = Zwk+ o (2.3.3)

that, using (2.3.2)), allow us to write the logarithmic derivative of the partition function in R,  as

0log Zy, () enla)

enla) = (ZEZNE S logZ,(a) = / Har (2.3.4)

For n = 1, the function ¢, («) is the analogue of Zamolodchikov’s c-function [183] in the presence
of the flux a.. The cutoff ¢, in analogy to what discussed in Sec. depends on both « and n,
although we almost always omit such a dependence for conciseness.

As already discussed in Sec. the key observation of this approach relies on the identity
between the partition function ¢, and the Green’s function in the same geometry (see Eq. )
Through this relation, the function w, has been already obtained for generic values of a for the
massive Dirac fermion [176}(178].

The method that we just reviewed provides exact results for the charged moments of a free
Dirac field. Indeed, in Ref. [176] it has been shown that the function w, defined in can be

written as

(e.)
wa®) =~ [ v, (235)
t
where t = m{ and v, is the solution of the Painlevé V equation
/ 1\2
n, Yo _ Ua 12 2 (a — 5)
’Ua + Ta = — 1— Q}?L (Ua) + Ua(l — Ua) + 4@1@. (236)
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This equation can be straightforwardly solved numerically with any standard algorithm for ordi-
nary differential equations, once we impose the boundary condition as ¢t — 0 |176]

va(t) = —2a(logt + kp(a)) + O(t?), (2.3.7)

where

k(@) = ~log2 + 295 + £ (4(a) + ¥(~a), (23.8)

with ¢(z) = I''(2)/T'(2) the digamma function and g the Euler-Mascheroni constant. Plugging
the numerical solution of the differential equation into Eq. , we obtain the universal
constant ¢, (a). Then, with the further integration ([2.3.4)), the desired log Z, («) is found to the
price of introducing the non-universal cutoff €. As examples we report in Fig. the plots of the
resulting ¢, («) for few values of a and n as functions of t = mf. In the figure we also compare
our exact solution with the numerical results obtained from a lattice discretisation of the free
Dirac theory. The agreement is excellent. We stress that in Fig. there is no free parameter in
matching analytical and numerical data for ¢, () (as a difference compared to Z,(«)).

The method we just outlined provides exact results for the desired charged moments and, by
Fourier transform, the SRREs. However, the procedure is completely numerical and we would
appreciate an analytic handle on the subject. While in general this is not feasible, the limits of
small and large ¢ are analytically treatable, as we are going to show.

2.3.1 The expansion close to the conformal point m¢ =0

Here we use the methods just introduced to derive an asymptotic expansion of the charged moments
close to the conformal point, i.e. for ¢ = m¢ — 0. In this limit, the expansion of the function w, (%)
has been worked out in Ref. [176], obtaining

we = —2a2 + a*(1 — 2kp + 265 + (4kp — 2) logt + 21og? t)t? — 2a*t* log? t + O(t*log® 1), (2.3.9)

where we omitted the dependence on a of kp. In order to compute ¢, («) through Eq. (2.3.3), we
again set a = % + 5 and we compute the following sums

1 1 a?
;cﬂ :ﬁ <n — n) —+ m, (2310&)
Oé2
u(0) = 3 0%(0(a) + () = 20(0) + 5gt0n + (), (2.3.10b)
k
(3[2
An(a) EZa2(¢(a) + w(_a))z = An(0) + m/\n + 92(0‘)7 (2.3.10¢c)
k

where w, = 72nQ"(a) and A\, = 72nA’ (a) so that the remainder functions pﬁ/ ’\(a) are O(a?). All

the sums over k run from — 25t to 251, The quantities Q(n, a) and A(n, @) (and their derivatives)
can be rewritten using the integral representation i (z) = —yg + fol dylz?fﬂgl for the digamma

function ¢ (x). This procedure allows for an analytic continuation in n, as explained with more
details in [111].
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Figure 2.2: Leading scaling behaviour of the charged Rényi entropies with the insertion of a flux
a. The numerical results (symbols) for two different values of o and masses m are reported as
functions of ¢t = m¢ when n = 1. The data match well the prediction in Eq. (solid lines)
which includes lattice corrections as explained in the text.

From Egs. (2.3.9)-(2.3.10) we obtain up to O(t?)

(n—1)/2 o )
cn(@) :M: Z Wk _a :<1 " c >(1—t210g2t)+

dlog ¢ ntamm 6n  272n
k=—(n—1)/2
+ 1—n2_0472 (14 2log2 — 4vp) + 2Q,(«) t2log t+
6n  2n%n g2 e nic & (2.3.11)

Lon? o (14 2log2 — 4vg + 2(log 2 — 2y5)?)+
120 Ar2n g YE g YE
An(a)

+ (1 —4vg +21log2)Qy, (o) — T}tQ + O(t*log3t).

Eq. (2.3.11) can be now integrated analytically, getting

log Z,,(a) = — ! n—l + o lo g—i— (t)—iz (t) + pi(a,t) + o(t?) (2.3.12)
g Zn = 6 n omn g c Yn Sl P\, ) -O-
where we defined
t2 1\ /1 3 log? 2
yn(t) = G (n - n) (5 logt? —logt(1 — 2vg + log2) + 1 + 272 + o8 (2.3.13)
/2
—27vg(1 + log 2) + log 2) + (logt — (log2 + 1 — 2yg))t*Q,(0) + ZAn(O)’
log t
() = t? [ LA logt(l — 2y +log2 —wy,) + (2.3.14)
3 log® 2 An
i 272 — %8 Z 2975(1+log2) —log2 + (log2 + 1 — 2yg)w, — ik
pilont) = [(logt— (log2 + 1 — 29p))p=(a) + ()], (2.3.15)

and pZ?(a) is defined so that p?(a) = O(a?). Notice, as we already stressed a few times, that in
Eq. (2.3.12)) the cutoff € comes as an additive constant of integration and it generically depends
on both n and «.
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Figure 2.3: Subtracted universal charged entropy 6Z(«,t) in Eq. (2.3.18). Left (right) panel is for
n =1 (n = 2). The dashed lines are the small ¢ expansion in Eq. (2.3.12) for n = 1 while the solid
lines are the Painlevé exact solution. The tiny discrepancies observed in some cases are finite £
corrections.

Eq. represents our final field theoretical result for the charged entropies. We wish to
test this prediction against exact lattice computations obtained with the methods of Sec. [1.4.3
However, in order to perform a direct comparison with lattice data, we have to take into account
the additional non-universal contribution coming from the discretisation of the spatial coordinate,
i.e. the explicit expression for the cutoff € in Eq. that, as already mentioned, does depend
on « and cannot be simply read off from the result at & = 0. We assume here (as Eq.
suggests at leading order) that the cutoff does not depend on the mass; consequently we can use
the exact value for m = 0 [90] obtained with the use of Fisher-Hartwig techniques. The final result
of Ref. [90] may be written as

A

e 14+ dw
T,(a) = m/ dw[tanh(rw) — tanh(mnw + ia/2)] log M , (2.3.16)

o 5 — 1

and in particular we will use

10%Y 2 L(3+i
v(n) = 28&22(&) T % N dw(tanh®(7mnw) — tanh(mnw)] log M (2.3.17)

In Ref. [90] it has been shown that the cutoff in is very well described by the quadratic
expansion in o and higher corrections O(a?) are negligible for most practical purposes.

In Fig. [2.2) we report the numerical data for the charged moments with the insertion of a flux
« for two values of a and m with n = 1. The data are well described by the theoretical prediction
with the cutoff . Finally, in order to have a test of the prediction that
does not rely on an independent lattice calculation we can consider the difference between the
charged entropy at finite ¢ (i.e. finite mass) and the massless one. Specifically we consider

0Z(a,t) = log Zy(a, m) — log Zy(ar, m = 0), (2.3.18)

in which both the cutoff and ¢ dependences cancel and it becomes a universal function solely of ¢
(closely related to ¢, (a)). The results for 6Z(a,t) are reported in Fig. The agreement of the
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Figure 2.4: The probability Z1(q). Top: As a function of ¢ = m{ at fixed ¢ = 0 for mass m =
0.0005 (left) and m = 0.001 (right). The dashed green line is Z;(q) obtained by the saddle point
approximation, i.e. Eq. . The solid green line is the exact Fourier transform without taking
the quadratic approximation. For large ¢ (and ¢ as a consequence) the saddle-point approximation
converges to the exact value, as expected. Bottom: The same at fixed ¢ as function of q.

numerics with the prediction is perfect for small ¢. Furthermore, the differences emerging
for larger t are correctly captured by the numerical exact solution of the Painlevé equation .
The small discrepancies visible in the figure are just finite size effects that are stronger for larger
values of n and a.

2.3.2 From the charged moments to symmetry resolution

We are now ready to study the true symmetry resolution by performing the Fourier transform of
Zyn(a). In this Fourier transform we ultimately use a saddle-point approximation in which Z,(«)
is Gaussian and hence we truncate hereafter Eq. at quadratic order in a. Consequently,
the charged partition function can be well approximated as

Zn(Q) = Zp(0)en0*/2, (2.3.19)
where los 2 )
0og
n(l;t) = ——(1 n(t)) —2 = ——logl — hy, 2.3.2
bn(€,1) 7r2n(ogé—i—z (1)) — 2v(n) + = = ogl—h (2.3.20)

and we consistently approximated the cutoff at quadratic level and used the lattice cutoff with
~v(n) given in Eq. (2.3.17). A different cutoff just leads to a different additive constant in b, (i.e.,



34 CHAPTER 2. SYMMETRY RESOLVED ENTANGLEMENT ENTROPIES IN QFT

50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400

Figure 2.5: SRREs for a few different values of g as functions of £. The field theory prediction is
tested against exact lattice computations. The agreement with Eq. , that includes lattice
effects, is remarkable. For large |g|, the approximation at the order ¢? is no longer sufficient and
neglected corrections to the scaling become important, as well known for the massless case [90].

a different definition of h,,), but we will use its precise form only for the comparison with numerics
and so all the following formulas are completely general.
Now we can compute the Fourier transform ((1.4.17)) that reads

T d )
Z,(q) = Z,(0) / ﬁe*wae*a%n“@/?. (2.3.21)

When ¢ — oo, we can perform the integral by saddle point approximation and the integration
domain can be extended to the whole real line. We end up in a simple Gaussian integral, obtaining

2
Zni(())e_72bg(€,t) . (2.3.22)
\/27hy, (4, 1)

We check Eq. (2.3.22]) against numerical computations in Figure focusing on n = 1 and the
agreement is perfect. We test both the scaling with ¢ = m/ for fixed g and at fixed ¢ as a function
of q.

Now we are ready to compute the SRREs. From the definition (1.4.18]) we have

Z,(q) =

1 1 by (€, t)"/? ¢ 1 n
(@) = SP — Zlog(2 log - - 2.3.2
(@) = S’ = G log(2m) + g og T T30 — b)) ) 23

where SP is the total n-th Rényi entropy for the Dirac fields (cf. Eq. (2.1.5) up to O(t?log?t)). We
can further expand the above equation for ¢ — oo since by, (¢,t) diverges logarithmically, obtaining

1 2 logn min(hy — nhy)?
D
n(q) = — =1 —log d,¢ —
Suld) = S’ =5 log (71' ©8 >+ 21 —n)  4(1—n)2(logl)?
hi —nh
2 4 1 n —9
log ¢ 2.3.24
s oflog ), (2:324)
where 20— )
T™n{nNn — N1
logdp, = —————— 2.3.2
og T (2.3.25)
and h h
log ky, = —ﬂ'zw. (2.3.26)

2
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Figure 2.6: Subtracted SREE 051(q,t) = Si(q,t) — Si(q,t = 0) for ¢ = 0 (left) and ¢ = 1 (right)
as a function of ¢ (fixing £ = 600 and varying m). This subtracted quantity highlights the mass
dependence of SRREs. The continuous lines are just the difference of the same subtracted entropies
as obtained from the field theory expansion .

The above formula is valid also for the SREE taking properly the limits of the various pieces as
n — 1. By construction, the total entropy, S, coincides with the one obtained in [176] for the
massive fermions in the conformal limit up to O(¢?).

Let us critically discuss the result in Eq. . The leading terms for large ¢ (up to
O((log£)~2)) do not depend on ¢ and they are given by the total entropies S2 in Eq. (2.1.5). We
then conclude that at this order, the presence of the mass does not break entanglement equipar-
tition found in conformal field theory [85]. The first term breaking equipartition is at order
O((log ¢)~2) and its amplitude is governed by the constant h, defined in Eq. (2.3.20). This con-
stant gets contributions both from the non-universal cutoff and from the mass; the two contri-
butions have the same analytic features. In Fig. [2.5] we test the accuracy of our total prediction
against exact lattice numerical calculations. The agreement is remarkable for small values of |g],
but it worsens already at ¢ = 2; this does not come as a surprise since the same trend was already
observed in the massless case [90]. Such discrepancies are entirely due to corrections of order o(g?)
and are expected to reduce as ¢ gets larger. The drawback of the data reported in Fig. is that
universal field theory mass contributions and the lattice non-universal terms are mixed up and
the latter are, by far, the largest one. It is then very difficult to observe the dependence on the
mass in these plots. An effective and easy way to highlight the role of the mass is to subtract
from the SRREs their value for the massless case, i.e. considering the numerical evaluation of the
0Sn(q,t) = Sp(q,t) — Sn(g,0). Such subtracted entropies for n = 1 and ¢ = 0,1 are reported in
Fig. showing that the entropy is a monotonous decreasing function of ¢ (and hence of m at
fixed /).

2.3.3 The long distance expansion.

In this subsection we move to the analysis of the charged and SRREs in the limit of large t.
The most effective way to proceed is, following Ref. [176], to employ in Eq. (2.3.6) a boundary
condition for t — oo, that takes the form [176]

valt) ~ %sin(ﬂa)Kga(t), (2.3.27)

where Ky,(t) is the modified Bessel function of the second kind. This is the starting point for a
systematic expansion for large ¢ of the solution v,(t) of the differential equation (2.3.6). Plugging
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Figure 2.7: The solid lines are the functions ¢, (a) obtained as exact numerical solutions of the
differential equation (2.3.6)). The dashed lines are the leading terms in the expansions for short

(red) and long (black) distances, i.e. Egs. (2.3.11) and ([2.3.29)), respectively.

the resulting expansion into the integral (2.3.5)) for wg(t), we get

in? —1+ 16a?
wa(t):—e—2tsm7§m) <1+ Zt a +O(t—2)>. (2.3.28)

Summing over a = % + 57—, we obtain the long distance asymptotic expansion for the universal
factor ¢, («)

—2t 2\,-2 2 us s @ ta O
4 — —12 2cscE(mcot ZcosE + asin &
cn(a) = ¢ <—n (4= n7)m “ n( 7 T n)

o 12ntm? mnt

+ O(t—2)> . (2.3.29)

and for n =1

e 2t o i 1
cifa) = —— sin? S|+ ot |. (2.3.30)

This is consistent with the exact result ¢;(0) = 0 coming from the normalisation of the reduced
density matrix. For o = 0, Eq. reproduces the known results [176].

In Fig. we report the numerical exact solution of the Painlevé equation for ¢, (v); we
focus on n = 1,2 and plot ¢, (a) as a function of ¢. For large t, the solutions perfectly match the
asymptotic expansions and (for completeness we also show the small ¢ expansion
in Eq. ) Let us emphasise the presence of a discontinuity in ¢, (a) for n — 1 as a function
of n: it is due to the non-commutativity of the limits n — 1 and ¢t — o0, as well known and
discussed at length in the literature for o = 0 [175,176]. We show here that the presence of a does
not cancel such a discontinuity, although for a # 0 the leading term is of the same order e~

The charged entropy is simply given by the integral

ml

log Zp(a) = / cnl@) (2.3.31)
me 1t

At large ¢, the function ¢, («) goes to zero exponentially in ¢ for any n; hence the charged entropies

approach asymptotically a finite value for large £. This saturation value is determined entirely by

the infrared physics, i.e. by the value of ¢, (a) at small ¢, indeed

00 o 1 1 2
log Zn () ~ log ZO) (o) = / ¢n(@) dt ~ <<n - —) + 2:2n> log me. (2.3.32)

me L 6 n
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This dependence on log(me) coincides with the result in Sec. (following the analysis of the
properties of the energy momentum tensor on R, o), up to a factor 2 due to the number of the
endpoints (cf. (2.2.17)).

The corrections in mf to the f-independent result are obtained expanding the inte-
gral (2.3.31)) in the ultraviolet. Keeping for conciseness only the leading order in ¢ of Egs.
and (2.3.30) and performing the integration, we get

—2t —2t

e log Z1(«) = log Zfo) (o) + € sin? %, (2.3.33)
T

log Zy () = log Z) -
0g Zn(a) =log 2, (a) + = —-,

Once again, Z,(«) are not continuous functions of n close to n = 1 (as it was already known for
a =0, see [176]) and, above all, the correction of log Z,,(«) does not depend on « for n # 1 at this
order. Subleading corrections to can be straightforwardly and systematically worked out,
but they are not illuminating, although they do depend on « also for n # 1.

For n # 1, since the leading correction does not depend on «, the Fourier transform is not
affected and the symmetry resolved moments with n # 1 just get a multiplicative correction to

Z,(q) in Eq. (2.2.20) (so additive for the logarithm), given by

neth

Ant

For n = 1 the net effect of the sin?(a/2) term in Eq. (2.3.33) is to renormalise the variance with
an exponential additive correction, i.e. the desired probability is

dlog Z,(q) =

(2.3.34)

,% o
z = ¢ 4llog(me)|+me=2t/t 2.3.35
1(g) =e 4| log(me)| + me=2t/t ( )

The SRREs with n # 1 are straightforwardly obtained from Eq. (1.4.18). Indeed, plugging
Egs. (2.3.34) and (2.3.35)) in ((1.4.18]), we get

n+1 ne~2mt logn 1 2 ne2m¢
(q) = — 1 — =
Snla) og(me) = =) T2 —n) 3 < 1- n)2m€> *

6n
+ O((logme) ™1, e73m4) . (2.3.36)

Such a result shows exact equipartition (at this order) which is a clear consequence of the simple
form of (2.3.34). This is reminiscent of the exact results for integrable models studied in Ref. [98].
The limit n — 1 for the von Neumann entropy should be handled with care. We start rewriting

Eq. (1.4.18) as

1 T d ;
S1(q) = log Z1(q) — Zl(q)/ ie‘zqo‘Zl(a)ﬁn log Zp, () |n=1- (2.3.37)

We use this equation to obtain the entire correction in ¢ due to the Bessel function and not only
the leading exponential term (as done in Eq. (2.3.33))). The crucial computation is

- (n—1)/2
ancn(a)‘nzl = 8n/ dyy Z Ug(y)
t

k=—(n—1)/2

n=1

1)) (2.3.38)

— (i)zan/toodyy > sin’(ma)K3,(y)

k=—(n—1)/2

i

n=1
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where a = % + 50—. We can use the integral representation for the Bessel function

00 2 2
o = [ T
1 2vu? — 1
to perform the sum over k in Eq. (2.3.38]). Once we plug Eq. (2.3.39)) into Eq. (2.3.38) , we get

e—y(utv)
cn( —Wz/dyy/du/dv\/im
" W) (2.3.40)
(na u+Vu U"'\/ +Fna(i * ))7

(2.3.39)

v?2 —1)
where
T—a 2« 2(r+a) 2 2a
P 1 1+ znn 27 mar —1)cos T=2% 4+ (zn — znr)COS ”*a
Fralz) = —; <z - ) K + ( ) ( 5 ) . (2.3.41)
Z zn —1 1+2n—22ncos( =

We now study the behaviour of F;, o(z) when n — 1. For z = 1, the limit n — 1 is singular. We
can isolate this singularity using the polar variables (n—1,z—1) — (pcos#, psin 6) and expanding
in the radial coordinate p. The result of this procedure is

1 1 (z —1)2cosa

Fra(2) = 5 - T TP O(n—1,z-1), (2.3.42)

whose derivative with respect to n is

= lim Fra(z) = Fia(z) _ 2 (; — sin? a) §(z —1). (2.3.43)

n—l n—l n—1 2

Plugging this result in Eq. (2.3.40) and taking the derivative wrt n, we get

Oy 0(z)

Oncn(a )‘nﬁl (1 — 2sin? g) /tOO dyyKo(2y) = — (; — sin? 2> tK1(2t), (2.3.44)

which, once integrated in t according to Eq. (2.3.31]), gives the full ultraviolet behaviour of
O log Zy ()| ie.

n—1’

1 ao? 11
Gnloan(a)‘n_H: 37 52 log(me) + Z—ism — | Ko(2t). (2.3.45)

Plugging the above derivative into Eq. (2.3.37) finally yields

1 1 1 T d ;
$1(0) =~ log(me) ~ Ko(2mt) +10g Z1(q) + ;5L [* 8wz, a)a?

2m221(q) J—r 2
Ko(2m?) do g Lo
221 / 3¢ Aila)sin g
~ —% log(me) — iKo(QmE) - %bg <2]log(me)\> - % +O((logme)™").  (2.3.46)
T

The first two terms in are respectively the leading and the subleading terms in the total
entanglement entropy of a massive Dirac field, in agreement with the known results in Refs. [156,
175(|176]. The double logarithmic term appears only in the symmetry resolved result and, as
already discussed in Eq. , it is related to the number entropy. The above derivation clearly
highlight this correspondence. As for the Rényi entropy, at this order in log me, there is perfect
entanglement equipartition that will be broken by higher order terms.
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2.4 The Green’s function approach: The complex scalar field

In this section we present a derivation of the charged moments for a complex massive scalar by
generalising to a # 0 the results obtained in [177,/178]. In Sec. we showed that Z,(«) can be
written as product of partition functions on the plane with boundary conditions along the cut A

@k(e%riZ? 6—27ri2) = eQWiacﬁk(Z, 2), a=—+—, k= 0,---n—1. (241)

n—1
log Zn(a) = ) 10gCe, a . (2.4.2)
k=0

As for the analogous case of fermions, cf. Eq. (2.3.3]), we define the auxiliary quantities

n—1
wq = L0y log (q, cn(@) Zw&r%, (2.4.3)
k:() n ™n

that, using (2.4.2)), allow us to write the logarithmic derivative of the partition function in R,  as

0log Zy, ()
ol

= log Z, (o) = /Z Mdﬁ’. (2.4.4)

cn(a) =4 7

Even here, for n = 1, the function ¢, («) is the analogue of Zamolodchikov’s c-function |183] in the
presence of the flux a.

As already discussed in section the key observation of this approach relies on the identity
between the partition function (, and the Green’s function (see Eq. ) Through this rela-
tion, the function w, has been obtained for generic values of a also for bosonic free massive field
theories |178]. As already found in Sec. using twist fields, also this approach requires that
0 < a < 1 for the scalar theory (see [177| for details). Thus, in order to compute Z,(«), we will
use the results in [178] setting a = % + % for the complex Klein Gordon theory.

Here we consider the complex massive non-compact bosonic field theory with action given by

(2.1.1) and mass m. The function w, with 0 < a < 1 defined in (2.4.3) can be written as [177]

(o9}
we = —/ yua(y)dy, (2.4.5)
¢
where t = mf and u, is the solution of the Painlevé V equation

(a-)°

t2(1 + u2)

ul u 9 9
ot = T (M) el ) +4

Ug- (2.4.6)

The solution of Eq. ([2.4.6]) is showed in Fig. the function w, for a generic value of t can be
obtained solving numerically Eq. (2.4.6)) with the initial condition for ¢ — 0

—1

Togt 7 nglay) @ Dtllogt + rs(a)) + O(), (2.4.7)

ug(t) = i

where [178
= Y1 —a)+(a)
2

ks(a) = 2vg + —log 2. (2.4.8)
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Figure 2.8: Left panel: Logarithmic derivative of the charged moments, ¢j(a), as a function
of t = m{ obtained by solving numerically the Painléve equation (solid lines). The data
(symbols) are obtained fixing (from top to bottom) ¢ = 720, 620, 420, 420, 320 and varying properly
m in such a way that m¢ € (0,1). As discussed in the main text, the agreement with the numerical
data worsens as « decreases. Right panel: the same quantity is plotted as a function of « from
the numerical solution of the Painlevé equation (solid lines), showing also in this case that the
agreement as o — 0 is not excellent. The dashed lines represent the small ¢ expansion in Eq.
(2.4.10): the smaller is ¢, the better the approximation works.

In the figure we compare the exact result from field theory with numerical data for a chain of
complex oscillators, obtained exploiting the techniques we will present in Chapter [7l We have a
fairly good agreement between lattice and field theory, although for small values of o the agreement
gets worse and one needs a larger and larger subsystem length ¢ on the lattice to match the
continuum limit. This is not surprising, already in Ref. [98] it was shown for the massless case
that the lattice results approach the CFT ones in a non uniform way. In the following we will
further discuss this issue in the limits when we have an analytic handle on the problem.

2.4.1 The expansion close to the conformal point

In the conformal limit ¢ — 0 we have that the solution of the Painlevé equation admits the

expansion [177]
1

a ( ) 10g(t) —+ lis(a) ( ) ( )
Using Eq. (2.4.3) we get
o1 n—1
1 —n? o? |af 1
_ 1w el 2.4.10
)= 20k et = ¥ St 2 Togt T rala) T e

Let us discuss first at the level of the universal function ¢, (a) the origin of the non uniform
behaviour in «. Eq. is an exact asymptotic expansion valid for any a # 0. For a — 0,
there is a clear problem with the constant kg(a(0)) (i.e. of the mode with £ = 0) which diverges as
7/|cr|. Hence, since logt grows very slowly with ¢, the true asymptotic behaviour is attained only
for t > e™/1°l. For smaller values of ¢, the mode k = 0 looks almost constant (~ |a|/7) and similar
to the leading term. Exactly for @« = 0, the mode & = 0 diverges, so its inverse is just zero and
it does not affect the calculation. It is then clear that the approach to the asymptotic behaviour
cannot be uniform in «, as already observed numerically in Fig.
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Figure 2.9: Charged moments for the free massive boson close to the critical regime. We benchmark
the analytical prediction (solid lines) with the numerical data (symbols) for different values
of n and « at fixed m = 107!0: the analytical formula matches well the data for large values of a
(left), but for smaller a (right) much larger values of ¢ are necessary to observe a fair match, as
explained in the text.

After having discussed this caveat with the small « behaviour, we are ready to integrate
Eq. (2.4.10) to get the charged moments, according to Eq. (2.4.4)), obtaining

log Z (a)-(l_n2+ o _a\) <>+”Z:11
" 3n 22n wn
Let us remark that when n = 1, the last sum reduces to the term with k£ = 0. We recall that the
cutoff € depends both on n and o making the analysis even more troubling.
Even though we are in the conformal limit in which m¢ < 1, the additional constant kg(a(0))
cannot be neglected because of its divergent behaviour when k& = 0 and o = 0. The terms with
k > 0 do not present any problem and xg(a(k)) can be safely neglected. The mode with k = 0

instead has three different regimes, depending on the value of kg(k = 0) which is governed by «
as follows:

log(me) + ks (a(k)
log(mf) + kg(a(k)) |

(2.4.11)

o for very small «, i.e. such that o < nw/|log(me/2) + vE|, ks(k = 0) diverges faster than
both logmf and logme. Hence, expanding the ratio in Eq. (2.4.11)), this subleading term
becomes of the same order of the leading one, i.e.

log(me) + kg(a(0))

a—0 |05| l
—log - +.... 2.4.12
%8 | Tog(ml) + s(a(0)) PR (2:4.12)

™ €

o for intermediate values of «, i.e. when nn/|log(me/2)+vg| S o S nw/llog(ml/2) +vE|, we

have
log(me) + kg(a(0)) log(me)

og | —22 )
log(mt) + rs(a(0))| ~ " | ks (a(0))
and hence this produces just an additive correction in £, but depending on me;

T (2.4.13)

e for larger a, i.e. for a 2 nw/|log(m¥/2)+~E|, the term kg is a correction both for numerator
and denominator and so

log(me)
log(ml)

log(me) + rs(a(0))|
log(mf) + rs(a(0))|
as for the terms with k # 0. We stress that this third regime is the true asymptotic one for
large ¢ at fixed a.

T (2.4.14)
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This competition among the three terms makes difficult the analytical treatment of the last
sum in Eq. , and, at the same time, the non trivial dependence on the cutoff € (that we
recall also depends on « and n) complicates the comparison with the numerics. For this reason,
we consider only the leading term in Eq. , which, strictly speaking, is valid in the massless
case and in the third regime above. Such a leading term is the same provided as in the twist
field approach (cf. Eq. ) and coincides with some equivalent ones in literature [98,/158].
The main advantage of Eq. is that it clearly shows what are the problems one faces when
considering only the leading term. The comparisons with the numerics are shown in Figure we
report the numerical data for different values of n and «; as expected from our previous discussion,
the agreement with the predictions is very good for large «, but it worsens as « gets smaller and
n gets larger. Smaller is «, larger is the value of £ on the lattice necessary to observe the true
asymptotic behaviour.

Symmetry resolution

The symmetry resolved moments of the RDM can be computed through the Fourier transform of
the leading term of the charged moments in Eq. (2.4.11)

Tda _, T da o2 _lal)joq £

_g 2w x 2T

Erfi log(¢/e) — nmiq i log(¢/€) + nmigq
2nlog(¢/e) V/2nlog(C/e) E/e

1

IANED nm _nn?q®
Zn e 1 q 2log(£/€)
(&) " st

4.15)

where Erfi(z) is the imaginary error function (the overall result is real and positive for ¢ € Z)

2

Frfi(z) = — Y etz €
rfi(z) = — e .

VT Jo vV
In the large ¢ limit, using the expansion in Eq. (2.4.16)), the charged moments in Eq. (2.4.15)) can
be can be approximated as

(2.4.16)

nlogl/e

Z,(q) = Zn(0 :
@) ( )n2772q2 +log? (/e

(2.4.17)

and hence the SRREs are given by

1 Z,(q) £ logn L
W(q) = 1 ~ S, —logl : ~ §) —loglog - — 1. 2.4.1
Sn(q) = 1—log EACR Sn —loglog =+ 77—, S1(q) = 51 — loglog - (2.4.18)

The leading behaviour is described by the total Rényi entropies, with the usual correction loglog ¢
that is independent on ¢, confirming the equipartition of the entanglement entropy for a complex
massive scalar field theory, in agreement with the result for massive harmonic chains [98] (although
the critical limit considered there is different from the one here). Let us mention that a further
expansion of Eq. leads to subleading corrections behaving as ¢?/(log ¢)? which explicitly
depend on ¢, breaking the equipartition of the entanglement.

Let us now discuss the effect of the term that we disregarded in Eq. , namely the sum
over k. The mode with k # 0 would provide double logarithimic corrections encountered also in
other contexts, like non unitary CFTs [184,/185]. These in principle are calculable and partially
under control. We mention that such terms have a non-trivial dependence on n in Z,,(¢) and hence
they are responsible of a further breaking of equipartition. Unfortunately, the determination of
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Figure 2.10: The solid lines are the functions ¢, () as solutions of Eq. (2.4.6). The dashed lines are
the short (red) and long (black) distance leading terms we evaluated analytically in Eq. (2.4.10))

and Eq. (2.4.21)), respectively.

this correction is not easy because it is influenced by the precise dependence on a and n of the
non-universal cutoff € (as it should be clear from Eq. (2.4.11)). Finally, as discussed for the
charged moments, the effect of the mode k = 0 is even more dramatic and too difficult to keep
under control.

2.4.2 The long distance expansion.

The boundary condition for Eq. (2.4.6) in the limit in which ¢t — oo is |177]

2
ug(t) ~ —sin(ma) K1_94(t). (2.4.19)
™
The solution of Eq. (2.4.6) in the long distance regime together with Eq. (2.4.5]) gives
L2 2
_op8in“(am) 3 — 16a + 16a
t)=—e % 1 : 2.4.20
Ll (P (2.4.20
Summing over a = % + %, we get
—2t 2 2
8 2 2
cn(a):e —n? —i—i—ﬂ—Oi—i—2(cs(:2z—M>cosg+facotzsing ,
2mnt 12 T 2 n o noo noon
e L« 3+ % — 8la|
=——sgin“*— |1+ —F—T |,
c1(@) —sin” 5 + n
(2.4.21)

The long distance leading term in Eq. is showed in Fig.[2.10| for two different values of n:
it approximates well the solution of the Painlevé equation in the regime ¢ > 1. The same
feature was observed in Sec.[2.3.3|for the corresponding equations in fermionic systems as also the
discontinuity for n — 1, which can be ascribed to the non-commutativity of the limits n — 1 and
t — oo. Also for a complex scalar field, Eqs. show that the functions ¢, (a) vanish for
large t and the charged moments stop growing. Hence,

2 2 ’ a‘

1—-n o
— - — 1 . 2.4.22
( 3n 2120 7m> ogme ( )

> cp(a)
t

log Zn () ~ log Z) (o) = / dt ~

me
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As expected, the dependence on log(m) coincides with the one reported in Eq. (2.2.18)), up to a
factor 2 due to the number of endpoints.
Integrating c,(a), we obtain up to order O(e=2!/t)

log Zy(a) = log Z{ (a) = = —.
Amt (2.4.23)
_ )¢,y _ € .
log Z1 (o) =log Z, " () 5 S0 5

which are the same expressions found for fermions in Sec. m The expression for §2,(q) is the
same as in Eq. (2.3.34)) for fermions, while Z1(q) is given by

| log me|

Z1(q) = + O(1/(log? me)), (2.4.24)

72¢2 + log® me
so that all contributions coming from the long-distance behaviour are negligible at order O(1/(log me)).
The resolved entropies are the ones given in (2.2.24)), where S,, also takes into account the term

"Z;tzt. The limit n — 1 can be solved through a technique similar to the one used in Sec. m

2.5 Closing remarks

In this Chapter we characterised the SRREs for free massive fields in two dimensions, presenting the
results for a Dirac field and a complex scalar theory. We showed that two well known techniques in
the framework of the replica trick can be adapted —by modifying the n-sheeted Riemann surface and
the corresponding partition function— to the calculation of charged moments. Both computations
(via modified twist fields and the Green’s function approach of Ref. [178]) mainly rely on the
boundary conditions of the fields at the endpoints of the entangling region. In the first framework,
the conformal dimensions of the twist fields get modified as in Eq. . In the second setting
the change induced by the flux a lies in the precise form of the Painlevé V equations and
providing the generalised partition function. These Painlevé equations are easily solved
numerically for arbitrary values of the mass, but they can be also handled analytically in the limit
of small masses, leading to the charged moments for the Dirac field and for the
scalar theory. The opposite limit of mass much larger that the interval length can also be treated
analytically. For the free complex scalar, we also obtain general results for the charged moments
in arbitrary dimension when the entangling surface is an hyperplane.

From the Fourier transform of these charged moments, we extract the SRREs, stressing the
relevant universal aspects. At leading order for small m, the SRREs for both theories satisfy
equipartition of entanglement [85]. We also show that the entanglement equipartition is broken by
the mass at order (log#)~2, which is the same one found in other circumstances [90498}1004117].

There is an interesting aspect that one can further study from this Chapter. It concerns the
calculation of charged and SRREs in free scalars and fermions in arbitrary dimension and for
entangling surfaces that are more complex than the simple hyperplane done in [111]. To this aim,
we expect that some of the existing techniques in the literature, as e.g. in Refs. [186-189L[191-196),
219], should be readily adapted to our problem.

2.A Conformal dimensions of twist fields

The goal of this Appendix is to find the conformal dimension of the twist field 7, 1 o defined in
Eq. 1) We will call it generically 7T,, where a = % + 52, with a € [0,1]. As already discussed

2mn?
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in section in the neighbourhood of a twist field the k-th component of ¢ undergoes a phase
rotation

Dr(e¥iz, e72mz) = 2, (2, 7). (2.A.1)
Let us start from the case of the free complex scalar CFT with fields (¢, ) and, following [155],
consider the correlation function in the presence of four Z,, twist-fields
(=30 010w} Ta(1) Ta(22) Ta(23) Ta(24))
(Ta(21)Ta(22) Ta(23)Ta(z4))
Imposing that for z — w we have g(z,w; z;) ~ (2 —w)~2 and that for z — z; we have g(z,w; z;) ~

(z—zj) % for j = 1,3 and g(2,w; ;) ~ (2 —2z;)~1=% for j = 2,4, we can write (up to an additional
constant independent of z and w, A(zj, Z;))

(2.A.2)

g(z,w; 2;) =

(z—21)(z — z3)(w — 22)(w — 24)

9(z,w; z;) =we(2)w1—q(w) |a

(z —w)?
—2)(z — 20)(w — 21)(w — 2 (2.A.3)
+(1 —a) = ) (24)_(w)2 2 ) +A(Zj75j)] ,
where

wa(z) = [(z — 21)(z — 23)] 7(z — 22) (2 — 24)] (179, (2.A.4)

In the limit w — 2

2

gjiinm[g(z,w) B (Z—w)_Q] - %a(l —9) <z —121 * z—lzz * Z—12’3 * z—lz4> o (2:4.5)

This is exactly the expectation value of the insertion of the stress energy tensor of the field ¢ in
the four-point correlation funN(:tion. From the comparison with the conformal Ward identity, we
can understand that 7, and 7, are primary fields with scaling dimensions

Aa:Aazla(l—a):1<k+m|> <1—k—m|>. (2.A.6)

2 2\n 2mn n 2mn

In order to obtain the conformal dimensions of the twist fields of the free Dirac field theory, let
us apply a similar procedure for the chiral or anti-chiral complex fermionic fields, (v, ;). The
scaling dimension of 7, can be extracted from the Green’s function in presence of two Z,, twist

fields ~
oz — TR~ i) Tae) Tal) 2.A7)
(Ta(21)Ta(22))

Using the results in [201], the previous expression can be explicitly written as

(22 — 21) (w2 + 2% + 22129 — (21 + 22) (w + z))Jr

9(z,w; z) = we(2)w—g(w) |a

2(z —w)
o= e o)) 248
(z —w)? ’
where
wa(2) = [(z — 2)]7%7 (2 — z2)]* L. (2.A.9)

In the limit w — 2

lim[g(z,w)+(z—w)2]:1a2< L1 >+ (2.A.10)

w—z 2
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This is the expectation value of the insertion of the stress energy tensor of the field v in the
two-point correlation function and, as before, the comparison with the conformal Ward identity
gives the dimensions of the primary twist fields 7, and 7, as

1 1/k  a \?
A=A, ==a’==(-4+—) . 2.A.11
2" 2<n+27m> ( )

Putting together the monodromy conditions ([2.A.1]) and the scaling dimension of the twist field in
Eq. (2.A.11)), we deduce that the twist field of a fermionic field admits a bosonisation formula. We

can write the complex fermionic field as 1, ~ €** and the twist field as Tnka(2) = il tamm )¢,

By introducing the vertex operators Vz(z) = P22 the twist fields take the form 7Ty, .a(2) =

Vi, o (2) and Tpka(2) = V_k_ o (2) [158,201]. Let us observe that at first sight this result
n ' 2mn n 2

could be misleading since the outcome for bosons in Eq. does not appear to agree with that
of fermions in Eq. given that they are related by bosonisation in 141 dimensions [202f-
204). However, via bosonisation of U(1) complex fermions, the corresponding bosons transform
by translation, and thus should instead satisfy the boundary condition ¢ (e*™2) = pi(z) + a.
Therefore, our computation for charged bosons is not related to charged fermions by bosonisation.

Before concluding this appendix, let us emphasise that while CFTs are well understood objects,
n-copies of a CF'T after modding out the Zy symmetry among the replicas form a more complicated
object known as orbifold [155,157]. The operator product expansions of the twist fields with other
fields have been extensively explored (e.g., see [205-213]), but, unless a bosonisation procedure for
free theories can be used, as for the compact boson, they remain elusive in general and require a
case-by-case study.



Chapter 3

Symmetry resolved entanglement
entropy in Wess-Zumino-Witten
models

The present Chapter is devoted to the decomposition of the Rényi entanglement entropies in the-
ories with a non-abelian symmetry by doing a thorough analysis of Wess-Zumino-Witten (WZW)
models. We first consider SU(2); as a case study and then generalise to an arbitrary non-abelian
Lie group. We find that at leading order in the subsystem size ¢ the entanglement is equally
distributed among the different sectors labelled by the irreducible representation of the associated
algebra. We also identify the leading term that breaks this equipartition: it does not depend on /¢
but only on the dimension of the representation. Moreover, a loglog ¢ contribution to the Rényi
entropies exhibits a universal prefactor equal to half the dimension of the Lie group. This Chapter
is based on Ref. [121].

3.1 Introduction

Two-dimensional conformal field theories are characterised by an infinite-dimensional algebra,
known as a Virasoro algebra, that leads to their exact solution [202,214]269]. There exists a set of
field theories that present, in addition to conformal invariance, an internal Lie group symmetry: the
Wess-Zumino-Witten models, that possess interesting applications in a wide range of topics, such
as the study of fundamental interactions, statistical mechanics, and condensed matter theory [215-
218]. In the present Chapter, such theories will be the arena to study the decomposition of the
entanglement into the charge sectors of the symmetry.

We specify the problem to address by generalising the concepts about the symmetry-resolution
of Sec. in the non-abelian case. We consider a 1+1d field theory on the infinite line R, with
the Hilbert space H, and a symmetry group G that acts unitarily on H. The spatial bipartition
R=AUB with A=10,¢] and B = (—00,0) U (¢, +00) corresponds to a bipartition of the Hilbert
space of the field theory, H = H 4 ® Hp, and we assume that the action of G is such that, for any
element g € G, the unitary matrix U, acting on H can be decomposed as U, = UgA ®U, f, where
Uz (UP) is a unitary operator acting on Ha (Hp).

We focus on the SREE of the ground state of the quantum field theory. We assume that the
ground state [t¢g) is non-degenerate, so that it is invariant under the action of G: Uy |¢g) = |¢o).

47
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Consequently, the RDM p4 is also invariant (under the action of G restricted to H4):
UglpalUyt = U3t (Tei o) (o) Ut = Teis (U [wo) (ol U5')

= Trg (UZ Uy o) (ol UFUL ) = T (UL o) (ol UL
= Trp|vo) (Yol = pa; (3.1.1)

where we have used the cyclicity of the trace and the unitarity of U 9%1 to arrive at the last line.
Thus, when decomposing the Hilbert space ‘H 4 into a direct sum of irreducible representations of
G, the RDM p4 is block-diagonal in the corresponding basis:

p(1)pa(l)
pA = @p(r)pA(r) = p(2)pa(2) . (3.1.2)

Here r labels the irreducible representations of G.

In Eq. , the block pa, is normalised such that Trpa, = 1, and p, = Tr(Il,pa) is a
non-negative number such that > p, = Trpq = 1 (II, is the projector on the irrep 7). As already
showed for the abelian case in Sec. the SREE measures the entanglement in the subsystem A
for a fixed symmetry sector, i.e.

Su(r) = - L log Trapa(r)™,  Si(r) = lim Sn(r). (3.1.3)

—n n—1

Similarly to Eq. (1.3.5), the total von Neumann entanglement entropy can be written as [10}81]
Si=_ p(r)Si(r) =Y p(r)logp(r) = Sc + Spum- (3.1.4)
r T

It is worth mentioning that the relation in Eq. has also been exploited to study the entan-
glement structure for both abelian and non-abelian (lattice) gauge theories, e.g. in [219-224]. In
the gauge theories, the symmetry resolved entropy Sp(r) is further split into two contributions.

The goal of this Chapter is to study how the total entanglement splits into the contributions

coming from symmetry sectors in CFTs with a non-abelian Lie group symmetry, i.e. the WZW
models. They are described by a two-dimensional action which consists of a non-linear o term
plus the Wess-Zumino term, whose topological coupling factor k is constrained to be an integer
number and it is referred to as the level of the model [215216]. Here we follow the conventions of
Ref. [269]. For simplicity, we assume that the Lie group G is compact and simple.
These WZW models are the scaling limit of critical quantum spin chains with the same sym-
metry [217,/218,225]. For instance, some possible discretisations of SU(2); are the Heisenberg
spin-1/2 chain or the Haldane-Shastry model for £ = 1 [231}235]. They have been also studied
in the context of topological anyons on 1D chains [236]. Spin chains associated with spin j = k/2,
k > 1 correspond to SU(2);, WZW models, which can mark phase transitions between different
gapped phases, as in the Babudjan-Takhtajan chains [237-239].

The Chapter is structured as follows. In Sec. [3.2] we review the example of a non-abelian
resolution for a SU(2) spin chain. In Sec. we present the WZW-models, its symmetry algebra
and we introduce the notion of character of a representation. Using the modular properties of
unspecialised characters, we calculate the moments of the RDM in presence of a charge flux, that
we call charged moments and we give an alternative derivation of the symmetry decomposition of
entanglement for WZW-models with SU(2); symmetry in Sec. This strategy has the advantage
of being generalisable for the computation of the SRREs for an arbitrary non-abelian symmetry,
as showed in Sec. B.5l We conclude in Sec. 3.6



3.2. OVERVIEW OF KNOWN RESULTS FOR SU(2) 49

3.2 Overview of known results for SU(2)

In this section we review the known results about the symmetry resolution of a SU(2) symmetry,
following Ref. [84]. However, the method of Ref. [84] for the SU(2) case is not generalisable to
other groups G; nevertheless we review it here for completeness and as a comparison for our main
derivation. The more general method is presented in details in Secs. and

3.2.1 SU(2) symmetry resolved entanglement (after Ref. [84])

Let us recall that the charged moments for a single interval of length ¢ on the infinite line of a free
massless compact boson (a generalisation of Eq. (2.2.8]) for K = 1), which is the easiest CFT with
U(1) symmetry, behave as [84]

Znl@) _ Cnal 6 )57, (3.2.1)

n \2m

where ¢, o is a non-universal constant which depends on the cutoff (i.e. the microscopic details of
the model). To tackle the SU(2) case, the authors of Ref. [84] rely on the following trick, which
allows them to recycle the result for the U(1) case. Decomposing the Hilbert space H 4 into SU(2)
sectors with spin j and magnetisation j?, they notice that, for an SU(2)-invariant RDM p4,

Try,=ipa = (25 + 1)(Tryz=;ph — Troz—jr104)- (3.2.2)

Here the trace in the left-hand side is over all states in H 4 with spin J4 = j, while the two traces
in the right-hand side are over all states with fixed magnetisation J%, without restriction on the
total spin J4. Eq. (3.2.2) is slightly different from the identity used in [84]:

Trjy=jrz=5= = Troa=jpa — Troi=jr10%; (3.2.3)

i.e. the trace in the left-hand side is over all states with fixed spin J4 = j and Jj = j*, whose
multiplet structure gives the contribution (2j + 1) in our Eq. . A sketch of a derivation
of that identity is given in [121]. First, let us explain how the SU(2) SREE can be obtained
from there. The point is that the operator J3 generates a U(1) symmetry (an abelian subgroup
of SU(2)) so it can be identified with the charge operator @ of the previous section (up to an
unimportant constant). The two terms in the right-hand side of Eq. can be computed using
the same methods as for the U(1) case. Indeed, the charged moments related to the U(1) subgroup
are just given by Eq. (8.2.1), with K = k/2, see Refs. [84,85] and Sec. The saddle point

approximation of the Fourier transform gives

1 [Mda _, .
Z,.(Ji=j) = — —e "7, 24
i=i) = zn | Gre %@ (3:2.4
2 2 1/2
~ —&(n—13) o~ Flogt/a) )
~ cpol 6 e FKlog k1/2(10g€)1/2+”' ,

where the dots stands for neglected subleading contributions, due e.g. to ¢y o. From Eq. (3.2.2)
we get
nj2n2 ) 75/23/2

J c 1
— ) ~ T Rloa(L7 ¢~ 6 7) (24 L
Z,(Ja=17) > cpoe Flos@/9("6 (25 +1) 72 (log ()72 (3.2.5)
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where we keep the Gaussian factor in order to have a normalised probability 2477 (¢). Eq. (3.2.5)
leads to the desired SRREs for the spin-j representation:

Su(j) = S — ;log(logf)

log(n)
1—n

3
+ 2log(2j + 1) — log(23/%7?%) 4 3 (— log (2773)> +o(f"). (3.2.6)
This result is the first example of a non-abelian symmetry resolution in the literature, but it
cannot be easily generalised to an arbitrary non-abelian symmetry because it strongly relies on
the identity (3.2.2). However, an alternative derivation of the same result in Sec. [3.4] will allow us
to perform such generalisation.

3.3 WZW models: currents and characters

In this section we introduce our conventions for WZW models and review some fundamental objects
which will be useful later on. The interested readers can consult the comprehensive literature on
the subject, for example in [202}215]240,269].

3.3.1 WZW model on G and current algebra

We consider a compact simple Lie group G and the associated Lie algebra g = Lie(G). Let J¢
(a=1,...,dim g) be generators of g, with commutation relations

[79,0%) = > if*.Je, (3.3.1)

C

with structure constants f°..

In the WZW model on the Lie group G, the symmetry is locally generated by the holomorphic and
anti-holomorphic current J%(z) and J* (%), where (z, Z) are complex coordinates for 2D Euclidean
space. As usual in CFT, the holomorphic and anti-holomorphic components are independent and
isomorphic. Focusing on the holomorphic components, the modes in their Laurent expansion

T z) = > zﬁl (3.3.2)

obey the commutation relations of the Kac-Moody algebra at level k (the level k is a positive
integer),
[J2,Jb] = ZZ F T A km K (T ) G- (3.3.3)

Here,
1
K(X,Y)= z—gTr(aandY) (3.3.4)

is the Killing form of g, which is positive definite because G is compact. We follow the normalisation
convention of Ref. [269], with the inclusion of the factor Where g is the dual Coxeter number of
g.

The currents can be multiplied to construct the energy-momentum tensor, whose mode expansion
generates the Virasoro algebra. Mathematically, this means that the enveloping algebra of the
Kac-Moody algebra contains a subalgebra that is the Virasoro algebra, a result which is known
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as the Sugawara construction [269]. We can express the energy-momentum tensor in terms of the
currents in the following way:

T(z) = 2(;<;1+g) Z L JM(2)J%(2) - (3.3.5)

where :: denotes the normal ordering, which consists in the subtraction of the singular terms. The
computation of the operator product expansion 7'(z)7T (w) determines the central charge ¢ of the

theory, which is

k dim(G)
=— 3.3.6
¢ k+g ( )

where dim(G) = dim g is the dimension of the Lie group G, or equivalently the dimension of g.
As already mentioned, the stress-energy tensor can be expanded into mode operators, L,, the
Virasoro generators, that read

1 1
Lp=— ¢dzz"MT(z)= ——— S JOJE 3.3.7
i $ 25T = g S S (33.7)

where the integration contour circles the origin and the normal ordering means that positive modes
should appear to the right of negative ones.

3.3.2 The unspecialised characters and their asymptotic behaviour

Primary fields of WZW models are in one-to-one correspondence with highest weight representa-
tions of the Kac-Moody algebra , see e.g. Ref. [269]. Each primary field transforms as a
representation r under conjugation by elements of G, so we can label them by irreps of G. The un-
specialised character of the corresponding highest weight representation of the Kac-Moody algebra
M, is defined as

X (%, 7) = Trpg, € 2o Tald 2mim(lo=27) (3.3.8)

Here x = (x1,...,Zdim ¢) is the coordinate of elements in the Lie algebra, so et 2a %" ig viewed as
an element of GG via the exponential map. When x = 0, Eq. is referred to as the specialised
character, x,(7) := xr(0, 7). We note that, in the literature (see e.g. [240]), unspecialised characters
are sometimes defined alternatively as

Tr ,€iZb oabH(l)’eZTri‘r(Lo—ﬁ)7 (339)

where H® (b =1,...,rank g) are Cartan generators (i.e. the generators of a maximal commuting
subalgebra of g), so that >, o H b is an element of the Cartan subalgebra h C g, instead of an
arbitrary element of g. We stress that this makes no difference, because any element of g is
conjugated to an element of h. In other words, for any element ) z,J* € g, there exists g € G
such that Y, z,J% = g~ >, apH g for some Y, o, H® € . Using the fact [g, Lo] = 0 and the
cyclicity of the trace, one sees that the two definitions are equivalent.

In what follows, we will need the asymptotics of x,(x,7) when 7 — 07. This is obtained by
using the modular properties of the characters. Under the modular transformation 7 — —1/7, the
unspecialised character transforms as [240,[269)

ko x 1

Xr(xu 7_) _ 6—z4ﬂTK(va,x-J) Z Syrt Xyt <7_7 _7-> , (3310)

where S is the modular S-matrix, which is unitary and symmetric. In the argument of the
exponential, we use the notation x-J =" x,J% and K(.,.) is the positive definite Killing form,
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normalised as in Eq. (3.3.4). As explained in the following sections, we are mainly interested in the
behaviour of characters around the elements of the center of G, e.g. the unit element. Therefore,

in the limit 7 — 0™, we can keep only the leading contribution of each character , (—%), i.e.

Xr(XyT) ~ e—i%K(xJ,xJ) Z‘S’Trle_@(hrl_i% (3311)
/r./

T—i0t

where h,s is the conformal dimension of the primary field associated with the highest weight
representation r’. The leading behaviour of Eq. is given by the smallest dimension field.
Since we are dealing with unitary theories, this is given by the identity with hg = 0, while the
conformal dimensions of all other fields are strictly positive. As a consequence, we have [269]

Xe(,7) = S et e~ iz KT xd), (3.3.12)

This asymptotic behaviour plays a key role in our derivation of the SRREs below.

3.3.3 Haar measure on G from the Killing form, and orthonormality of group
characters

Metric and Haar measure. Importantly, because G is compact and simple, the Killing form
K(.,.) is positive definite on g. The Killing form then gives rise to a Riemannian metric on G. In
a local coordinate chart x € Ri™() s g(x) € @, this metric can be defined as follows:

Kap(x) = K(i g7 (x)0u9(x),i 9~ (x)9(x)). (3.3.13)

[The factors i come from the fact that we use the physics convention that the Lie algebra elements
X € g are multiplied by i before being exponentiated to give a group element X € G. Then
g7 1(x)0yg(x) needs to be multiplied by i to be in the Lie algebra.] This metric induces a volume
form on G,

du(g(x)) = /detK (x) dx, (3.3.14)

which turns out to be the Haar measure on G. We recall that the Haar measure is unique up to
normalisation, and here the normalisation of the measure dyu is fixed by the normalisation of the
Killing form. In particular, the volume of the group

Vol(G)E/Gd,u(g) (3.3.15)

is fixed by this normalisation convention [241].
To see that the measure (3.3.14]) is the Haar measure on GG, one can check that it is invariant
under left multiplication by a fixed group element h € G,

du(hg) = dulg), (3.3.16)
which is a consequence of the invariance of the Killing form under conjugation by elements of G,
K(h™'Xh,h~'Yh) = K(X,Y), forall hed. (3.3.17)

Moreover, for compact Lie groups, a left invariant measure must also be right invariant, i.e.
du(gh) = du(g), so it is the Haar measure on G.
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Group characters. Finally, let us recall the definition of group characters. Given g € G, a
representation U, is not unambiguous since any similarity transformation yields an equivalent
form. In order to describe the invariant properties of the group, one could use the eigenvalues of
a representation matrix which do not change under similarity transformations. This leads to the
construction of the Casimir operators, the eigenvalues of which classify the representation. Since
this is in general a very difficult problem, in many cases it is sufficient to use a simpler invariant,
namely the group character of a representation r, which is defined in terms of the unitary matrix
Uy as

xr(g) = TrUy, (3.3.18)

and it is invariant under similarity transformations. Importantly, group characters of irredubile
representations are orthonormal with respect to the Haar measure,

1

Vol (&) /G di(9)Xr(9) X (g) = Oppr- (3.3.19)

3.4 Revisiting the SU(2); case

In this section we provide a detailed derivation of the charged moments for SU(2); and the
corresponding entanglement decomposition. This alternative approach with respect to the one
reviewed in Sec. leads to a generalisation to an arbitrary non-abelian symmetry reported in
the next section.

3.4.1 The entanglement Hamiltonian

We focus on a critical system described by the WZW-model SU(2), at level k, and central charge
c= kng-fz’ where we used Eq. (3.3.6) with g = 2. In CFT, the powers of the RDM, p';, are expressed
as [17,242]

efQﬂnKA

——— 21 =Trpe 2R, (3.4.1)
Zt

P =
where K4 = [, dzToo(z)/f'(x) is the entanglement Hamiltonian and Tpo is a component of the
stress tensor (see also Chapter [12). The function f(z) is the conformal map from the euclidean
spacetime, with a cut along the interval A and two boundaries, into an annulus of width 2log L /e
and height 27 [242]. For the ground state of a CFT on the real line, K4 is proportional to the
Virasoro generator Ly up to an additive constant,

T C
K :7@ _7>7 3.4.2
A7 Dlog(L/e) \7° T 24 (3:42)
therefore .
7 T —2mnK4 _ T Lo—55 — p2miT . _ _ 3.4.3
n = lrae PG 4E T = Sl e) (343

with € the UV cutoff. This is nothing but a consequence of the celebrated Bisognano-Wichmann
theorem [243}244] joined with conformal invariance [242}245].

3.4.2 Charged moments and SU(2); characters

We are interested in how Z,, can be resolved in the different j sectors of our theory, Z,(j,7).
The Hilbert space H 4 is a linear combination of the modules, Mj, corresponding to a given
representation labelled by j, Ha = ®jn;M; with coefficients n;. In order to achieve our goal, let
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us focus on the charged moments for the conserved quantity J§. In this section Z,(«,7) stands
for the charged moments (|1.4.16) related to this U(1) charge. They can be written as a linear
combination of the unspecialised characters introduced in Eq. (3.3.8) [85], i.e.

Zn(a,7) =Y njxi(e,7), (o) = Trpg g™ 2ael . (3.4.4)
j

Here the trace is over all states in the representation with highest weight j and level k, which belong
to the module M;. The index j = 0, % . % labels all the unitary representations of the Kac-Moody
algebra of SU(2); [269]. At this point we are forced to make some physical assumptions on the
allowed values of n;, i.e. on the structure of the entanglement spectrum of the CFT. For example
the approach reviewed in Sec. comes from the continuum limit of an SU(2) spin chain. In
that case, the total spin of the subsystem A would be either integer or half-integer depending on
the parity of the length ¢ of the subsystem. Consequently, n; = 0 for half-integer j when ¢ is even,
while n; = 0 for integer j if £ is odd. From a CF'T perspective, we conclude that the continuum
limit of the spin chain induced boundary conditions at the two entangling point of the subsystem
A that select only integer or half-integers values of j’s (although this is difficult to prove directly,
see e.g. [246] for a similar issue). We stress that, from the CFT side, other choices of n; are also
fully legitimate; anticipating the result, they all lead to the same double logarithmic factor in the
SRRES, but to a different O(1) term which is affected by a boundary factor log g (g is the Affleck-
Ludwig non-integer ground state degeneracy [247]) resulting from the induced boundary CFT at
the entangling points; in turn this is very similar to what is known for the total entanglement
entropy [201},246].

Going back to our main computation, the SU(2); characters are known in the literature and in
order to write them down in a compact form, we first define the level-k theta functions

0¥ (o, 1) = Z ¢y, y = e, (3.4.5)
neZ+gy
Then the SU(2) characters read [269]

k k
@g]i?) (Oé, T) - 6(,2—;2,)1 (Oé, T)

@9(0[, T) — @ﬂ(a, T)

Xj (O‘> T) =

k+2 k+2

@gjﬂ) (a,7) — @(—2]‘—)1(047 7)

1,1 1 :

a5 (y? —y ) [ (1= ¢")(1 = yg") (1 — y~1q")

In the limit £ > €, one has ¢ ~ 1, so that a large number of terms contribute to Eq. (3.4.6]).
However, using the modular transformation 7 — —1/7, we get

_ mik(a/(2m)? a 1 [ 2 w(25+1)(25+1)
xjla,7)=e 27 Z: Siir X (7_, —7_> , S = oo a2 . (3.4.7)
j

In the limit £ > €, only the term with j = 0 survives in the sum, so for « around 0 the final result
is

(3.4.6)

Zu(um) = Yomps(em) = eu( 3 Syomy ) s/ ()~ 8], (3.4.8)
J J

as already obtained in [85]. Similar techniques have been employed for the entanglement entropies
in Ref. |182]. Here ¢, is a non-universal constant which depends on the cutoff (see also the
discussion after Eq. (3.2.1)) for the abelian case).
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We already mentioned in Sec. that we are ultimately interested in the saddle point evalu-
ation of the integral which leads to the evaluation of the SRREs. As we explain in Sec. 3.:4.3] in
this case the saddle points are determined by the behaviour of the charged moments around a = 0
and a = 27, which correspond to the two elements of the center of SU(2), Z = {1, -1} (see the
parameterisation of the elements of SU(2)). It is not sufficient to know the asymptotic
behaviour around a = 0, we also need to know the one around o = 27w. However, when we
set o/ = 2w — o, we observe that

T) = anxj(%r Zn]TrM qlo~ T = Zn X] o, 7).
J

(3.4.9)
Since either all j are integer or they are all half-integer, the factor (—1)% simply reduces to an
overall factor 1 or —1, respectively. Moreover, the previous asymptotic expansion yields, for o
around 0,

. )& (L) k o
Zn(27r - 0/7 T) =~ C'rL727r—O/(Z(_1)2JSjOnj> 2loslt/ )[ 2( ) 2 4n? |
J
To summarise, Eq. (3.4.8)) gives the large ¢ behaviour when « € [0, 7], while Eq. (3.4.9) gives the

leading contribution when « € (7, 27]. We now turn to the analysis of the integral over all group
elements parameterised by ([3.4.13]), where we use these asymptotic behaviours.

(3.4.10)

3.4.3 Projecting the charged moments on the spin j representation

The idea to project the charged moments on the spin j representation is to use the orthonormality
of the group characters with respect to the Haar measure to isolate the contribution from all states
of spin j in the trace , corresponding to the term proportional to the group character x;(c).
This is done by using the orthonormality of group characters with respect to the Haar measure,
i.e. using the following relation between the matrix representation of the group element ¢ in H 4,
U, ;‘, and the projector II; on all states transforming in the represention j:

2] +1)
- 411
7= Vol(SU(2 / dp(9)x; (g (3.4.11)

where the factor (25 4 1) is the dimension of the representation. Let us observe that if we were
interested in a symmetry decomposition of entanglement with respect to both j, j* (as done in [84]),
because of the multiplet structure of SU(2), the factor 25 4+ 1 in Eq. should be removed.
In other words, all the 25 + 1 states belonging to the same irrep j give the same contribution to
the entanglement. For SU(2), the group characters are given by
1 . ] 1 . . l
Z y" f y 772 _sin(U + g)a), (3.4.12)

a
— b Sin 5
m=—j Y2 y 2 2

whose behaviour around a = 0 is x;(0) = 2j + 1, while around o = 27 is x;(27) = (—1)%(2j + 1).

As already discussed in Sec. the simplest way to measure invariantly the volume of a
group, SU(2) in this case, is to start from the Killing metric in the Lie algebra. We can write
down a generic element of SU(2) in its exponential form as

. 3 2
g(xvy’ z) = ez(xox+ycry+zaz)/2 = 1 cos g + ZM(ZEO'I + Yoy 4 ZUZ),
«

2
a=+vz2+y?+22€0,2n] (3.4.13)
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where (z,y,z) are the coordinates of the Lie algebra su(2) and o; the Pauli matrices. Let us
observe that for a = 2w, g = —1, i.e. the behaviour of g around a = 0,27 corresponds to the
behaviour around the two elements of the center of SU(2), Zs, i.e. respectively +1 and —1. The
Killing form is given by

1 1 Oii o

1 ZTT(Uin) = g, i,j € {x,y,2} (3.4.14)
where we used that g = 2 for SU(2). Once we have found the Killing form, using Eq. (3.3.13)), we
can fix the metric Ky(x,y, 2),a,b € {z,y, 2} and compute

. o)\ 2
Vet Kop(2,y, 2) = ﬂ(w> . (3.4.15)
«
We can rewrite it in polar coordinates (x,y, z) = (a cosysin 5, asinysin 3, a cos ) such that
. 9\ 2
Vol(SU(2)) —\/i/ d dy dz (M) -
Vo2 +y2+22<2n @
27 ™ 2 i 2 2
:\@/ / / dodBdya? Sinﬂw = 25272,
o Jo Jo o

From the volume form in Eq. (3.4.15) we can explicitly write down the Haar measure for SU(2)
as

K(01,0) = Tr(ad% ad%) -

(3.4.16)

du(a, B,7) :\@sin2%sinﬂdadﬁdw 0<a<2m,0< B8 <0<~y <2m. (3.4.17)

One can also explicitly check that using Eq. (3.4.17) and the SU(2) characters in Eq. (3.4.12)), the
orthogonality relation in Eq. (3.3.19) is satisfied.

Using Eq. (3.4.8)), we get

_ 27 +1 Zn(a, 1)
Zn = r i/ aTr/oN d s M —n_ XJ
n'2w2
e g [ Ze00) [ Prdnd | Zy@rl) o [ 2
= 2Vol(SU(2) zr \ k3103 (£/¢) 77 k3 logd (¢/e)

n '27r2

“Flost7 7, 957,379
~ 00 0 + 12 | T
Vol(SU(2)) Zj k3log>(¢/e)

(3.4.18)

where we approximate the first line by two integrals, one around a = 0, the other around o = 27.
Indeed, for a € [0, 27] there is a saddle point at @ = 0 and one at a = 27. The first one corresponds
to study the charged moments around g = 1, while the second one around g = —1, which are
the two elements of the center of SU(2). Let us stress again that since j is fixed to be integer
or half-integer, the factors 1 or —1 overall simplify. Eq. coincides with the result found
in Eq. once we use Eq. . Also here we have kept the Gaussian factor to get a
normalised probability, i.e.,

Z10j) =/ dje~ T (2 + 1) = 1, 3.4.19
Z 1] Flog® E/E/ lje (2j+1)* = (34.19)

where, in the large ¢ limit, we can approximate the sum over the irreducible representation as an
integral.
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As a byproduct of our results, from Eq. (3.4.18)), we can compute the number entropy, i.e.

S - Z (i)l 21.7) = - [ G2 g Z10)
0

1 1 3
> log(klogL) — 2+ ~vg — 5 logm + 2’ (3.4.20)

with vg the Euler constant. In full analogy with the U(1) case, see e.g. [90], the leading term of
the number entropy is a double logarithm in ¢. The prefactor is 1/2, exactly like for U(1), but
this will not be true in general, as shown in the next section. When computing the total entropy,
this double log cancels with the same contributions coming from the configurational entanglement
entropy, as we will show in the next paragraph.

3.4.4 Result for the symmetry resolved entanglement

At this point we can plug the result found in Eq. (3.4.18)) into the definition of SRREs in Eq. (3.1.3)),

i.e.

1-n
, 1 Z.() 1 Za(0,6) 3 )1 o
Sn(j) = 1 . 1 27+1 — . (34.21
(7) 1-n 8 Z1(j)m™ 1o 8 zp " (2 +1)° 2\/ k310g3 (¢/¢€) ( )

The first ratio in (3.4.21)) just gives the total Rényi entropy of order n while the other term is

5

k3log(¢/€)

log (;(Zj +1)3 ) + 2(13—71) log(n) = glog(logﬁ)

o

+ log (;(27' +1)? k3> + 2(13_n) log(n) +o(£°), (3.4.22)

where we have neglected the (subleading) contributions due to the cutoff € (see Ref. [90] for the
U(1) case in which the contribution O(1/log¢) are taken into account, too). Putting everything
together, the SRREs in the j sector are given by

Sn(7) = Sn(f) — glog(logﬁ) - glog(k) +2log(2j + 1) + 2(13_71) log(n)+

glog(ﬂ) +o(fY). (3.4.23)

Summing up the weighted symmetry resolved contributions at n = 1, we get the configu-
rational entanglement entropy

Se = Z Zi(r ~ S8 — = log(k logl) +2—~vg — g + — log(m). (3.4.24)
Notice that the prefactor 1/2 of the double logarithmic term comes from the combination of 3/2
present already in Eq. and another double log coming from the integral of the log(2j +
1) term always in Eq. (3.4.23). As an important final sanity check, combining Egs. (3.4.20))
and , we straightforwardly verify that Eq. is satisfied and the double logarithmic
terms exactly cancel in order to recover the total vNEE, S;.

Eq. is equivalent to and so it just represents a consistency check with some
known results. However, this calculation is the starting point to study the entanglement resolution
for a WZW-model with an arbitrary symmetry group and it would have been difficult to motivate
many of some intermediate steps (e.g. the choice of n;, the equivalent saddles from the elements
of the center, etc.) without having in mind a concrete example.
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3.5 Symmetry resolution for a general group GG

This section contains the main results of the Chapter: after some explicit examples of symmetry
decomposition for WZW-models, we find a general expression for the SRREs of these theories by
emphasising its universal features.

3.5.1 Derivation of the main result

We generalise the method exploited for SU(2), using the tools of Sec.

Entanglement Hamiltonian and charged moments The entanglement Hamiltonian is still

given by Eq. (3.4.2), i.e.

T C
K :7(L _7)7 3.5.1
A7 2log(t/e) \7" T 24 (35.1)
therefore ]
7 T —2mnKa _ T Lo—+5 — p2miT — ﬂ 3.5.2
n = lrae PACT T T Slog(te) (35.2)

with € the UV cutoff. Given an element of the algebra X € g, we define the charged moments as
Zn(X,7) = ZPTr[e™X p%]. The total Hilbert space decomposes as

Ha = Brne M., (3.5.3)

where n, gives the multiplicity of the module M, over the Kac-Moody algebra. Hence, the
charged moments Z, (X, 7) can be written as a linear combination of the unspecialised characters

in Eq. (339
Zn(X, T) = ZnTXT(X7 T)a (354)

with the same coeflicients n,..

Asymptotics of the charged moments. In the limit £ > ¢, we can use the expansion of
the unspecialised characters reviewed in Sec. to find the large-¢ asymptotics of the charged
moments

Zn(X,0) ~ Zn(0,0)e zan KX loall/a) g e g (3.5.5)

{—o0

which is valid until g = ¥ is in some small neighborhood of the unit element. However, as

we have learnt from the SU(2) case, when we project the charged moments onto the irreducible
representations, we have to consider the contributions coming from all the saddle points. Apart
from the unit element, the other obvious saddle points correspond to the elements h € Z(G) of
the center of the Lie group. Indeed, as we explain below, the contribution around each element h
is proportional to Eq. , up to a constant phase.

Furthermore, for simplicity we will assume that these are the only saddle points contributing
to the integral. This seems like a reasonable assumption in view of the SU(2) case, but we do not
know how to prove that it holds for a general group G. It is under this assumption that we arrive
at our main result. We stress that, even if other saddle points were present, the leading orders
would remain unchanged; only the order O(£°) term would be affected.

If we consider group elements of the form g = he'X, we have a slightly different asymptotic
behaviour with respect to Eq. when A is not simply the unit element. The unitary matrix
U, ;‘ can be decomposed as U;‘ =U ,‘:‘Ueix, where U ;;‘ is a representation of Z(G), which is a finite

Z(G)

abelian subgroup. Let II m = 1,--- ,|Z(G)], denote the projector onto states in Hy4 that
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transform in the m-th irreducible (one-dimensional) representation of Z(G). Irreps of Z(G) are
just phases times the identity in each block, i.e.

Up=> eemhnZ(©) (3.5.6)

m

This definition shows that the elements of the center of a group play the same role up to a
constant (in ¢) phase. We stress again that our intuition about these multiple saddle points has
been suggested by the explicit computations done for the SU(2) case in Sec. In our case
study SU(2), the center is given by Z,, and we have already seen that around g = 1, e*i(1) = 1,
while around g = —1, e%(-1) = (—1)%. However, these phases are fixed to be +1 or —1 by
the boundary conditions at the entangling points of the subsystem through the coefficients n,
appearing in Eq. . In a similar way, for the general case we assume that all the non-zero n,
in Eq. correspond to representations 7 that are in the same block in Eq. , i.e. there is
a single term in the sum . As a consequence, Uy, is fixed to be simply a phase, Uy = ele(h)
and the asymptotic expression in the neighborhood of h reads

Zn(X,L) = Zn(0, L)W e~z KXX)los(L/9) g x 0 he 2(Q). (3.5.7)

— 00

Projecting the charged moment onto the representation r using the orthonormality
of group characters. The main idea of our approach is to use the orthonormality of group
characters to extract the contribution of the representation r from Tr[gp';], i.e. recalling Z,(r) =
Tr[ILp% ],

dim(r)

2.0) = g [ o) Tlarini(o) (358)

Similarly to what has been discussed after Eq. , if we were interested in a symmetry resolu-
tion involving also the quantum numbers labelling the states within an irreducible representation
r (e.g. j* for the case study SU(2)), the prefactor dim(r) (the dimension of the representation)
should be removed. The reason is that the entanglement Hamiltonian K 4 is independent of them
because it commutes with the corresponding charge generators, therefore each quantum number
in a given irrep r gives the same contribution to Tr[gp’i], from which the prefactor dim(r) arises.
Strictly speaking, Tr[gp;] differs from the charged moments built with Tr[helX p"4] because the
former is valid for arbitrary group elements g € (G, while the latter is valid only for elements in a
neighbourhood of the element h in the center of the group. Nevertheless, the knowledge of only
Tr[he'® p4] is enough for our aims because we are going to use a saddle point integral that is
dominated by the elements of the group in some neighbourhood of h € Z(G).

Around h, it is convenient to use the local coordinate chart x — g(x) = he?2a%/*. Replacing the
integral over the whole group G by the integral over the neighbourhood of h parametrised by this
chart, we have

_ dim(r) i zaJe $ (i, wad®
“ln he; >Z?V01(G)/ duthe 2uloe O (he )

dim(r
1), Tad
g Zivol(G) /\/detK )dxZy,(x, €)X, (he . (3.5.9)

heZ(G)
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Now we use the asymptotics (3.5.7), and then we do a saddle point approximation around the
elements of the center of the group,

Zy(r)
: ip(h
s BOOMMO [  b5)
L—o0 heZ(G) 1 0( )
. b dim(G)/2
N Z Zn((),ﬁ)dlm(r)e“p(h)( 27m3n ) % T [he%gzmza’bl(—l(ﬁ,ﬁ)ﬁﬁ ’
Wz () zp Vol(G) k log(¢/€)
Z,(0,0) |Z(G omdn  \ 4@/ o)
= én )Lfoi(c;; (k:log(e/a) dim?® (r)e” Flst/9°" (3.5.10)
1

where in the last step we used that (K (J%, J°) = 6,/2),

2 -1 b b ) 2
T he™ mT5t7 San KU _ i)y o~ ity o Jo”

. _ n%n (2) . _ a%n (2)
= e PO T T iy = ¢ oD dim(r), (35.11)

and C’g) labels the eigenvalues of the quadratic Casimir operator of G. We also remark that
the evaluation of the Gaussian integral holds for J% = O(y/log/?), such that the saddle-point
approximation is valid.

From Eq. for n = 1, we also read that the probability introduced in Eq. is in the
large ¢ limit

7 G 92 3 dim(G)/Q _i @)

p(r) ~ 1Z(0) - dim?(r)e” F1os/) o
Vol(G) \ k log(¢/e)

Interestingly, the normalisation of that probability distribution, Zr p(r) =1, in the large ¢ limit,

leads us to the following asymptotic formula relating the quadratic Casimir operator and the
dimension of irreducible representations of G,

(3.5.12)

lim (27m) ™72 3" dim?(r)e 17 = Vol(G). (3.5.13)

n—0+

Here the sum is over all irreps 7 of G. [This is the reason why the factor |Z(G)| has dropped. It
reenters if one restricts the sum to irreps r that transform identically under the action of the center
Z(@), see also the discussion in Sec. 2 of [121].] This formula may be viewed as an analog of the
one for finite groups, that says that the square of dimensions of all irreps is equal to the order of
the group, since one may regard Vol(G)/(2mn)3(&)/2 a5 the order of some finite approximation
of the continuous Lie group G.

Unfortunately, we have not been able to find formula in the mathematics literature.
It is very likely that it comes from results on the Plancherel formula for Lie groups (see, e.g.,
Refs. [228,229]), but we have not been able to find it in the explicit form (also Ref. [230]
is closely related to this subject). Nevertheless, in |121] we have checked its validity explicitly for
the group SU(N), for some values of N, using the actual form of the quadratic Casimir operator.

Final result. Finally, the SRREs is
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leading to our final result

Sp(r) =8, — dim(G) log(log ¢) + 2log dim(r) — log Vol(G) + log | Z(G)|
i 1
+ dlm;G) (— log k + % + 10g(27r3)> . (35.14)

This is the main result of this Chapter: at leading order, the SRRE satisfies equipartition,
i.e. it is equally distributed in the different symmetry sectors. Interestingly, we find the term
2log(dim(r)), at O(£°) which explicitly depends on the specific representation of the group G,
breaking equipartition. This is different from what was found in the literature for the abelian case,
where the first terms breaking equipartition usually occur at order O((log#)~2) (the two results
are compatible since in the abelian case dim(r) = 1 always). Also the prefactor of the double
logarithmic correction has a universal behaviour which depends on the dimension of the group.
Actually, the entire form (3.5.14) at order O(¢") is universal since the ultraviolet cutoff is fully
encoded in the total entropy.

3.6 Closing remarks

In this Chapter, we considered the decomposition of the entanglement entropy into the various
sector of a non-abelian symmetry. In particular, we studied the resolution of the entanglement
entropy in WZW-models, which are associated to a group G and their symmetry algebra is a
Kac-Moody algebra. Writing the charged moments as a linear combination of the unspecialised
characters of these theories and using their modular properties, we have computed the resolved
partition functions, i.e. the ones which take into account the preserved symmetry by including only
states in a given representation of the group. We first characterised the general scaling behaviour
of the charged moments; then we focused on the integration measure over the group manifold and
the group characters around the elements of its center to extract the symmetry resolved moments
and Rényi entropies. Our physically more relevant findings are: (i) SRRE satisfies equipartition at
leading order; (ii) this equipartition is broken at O(¢") by a term depending only on the dimension
of the irrep; (iii) the coefficient in front of the double logarithmic correction to the Rényi entropies
is universal and it is equal to half of the dimension of the symmetry group of the model; (iv) the
difference S,, — S,,(r), between SRRE and total one, is universal up to order O(¢") and the cutoff
enters only in higher order terms.

It is worth mentioning that while throughout all the Chapter we only wrote the results for the
ground state of a single interval in the infinite line, it is easy to generalise our findings to different
situations such as a finite interval in an infinite system at finite temperature, or finite interval in
a finite system by using standard conformal transformations on the worldsheet.

Finally, our findings also lead to few very natural questions and generalisations. The most nat-
ural one is how other entanglement measures decompose in the sectors of a non-abelian symmetry
and if there is some important difference with the abelian case [101,|116}/118,[119]. A second one
is whether it is possible to generalise the form factor bootstrap program of Refs. [112-114] to the
resolution of non-abelian symmetries. A last one is to identify the holographic dual of the SREE
for theories with non-abelian symmetry and compare it with our results, as already done for the
abelian case in [12§].






Chapter 4

Multi-charged moments of two
intervals in conformal field theory

The following Chapter is devoted to the study of the multi-charged moments for two disjoint
intervals in the ground state of two 1 4+ 1 dimensional CFTs with central charge ¢ = 1 and global
U(1) symmetry: the massless Dirac field theory and the compact boson (Luttinger liquid). For this
purpose, we compute the partition function on the higher genus Riemann surface arising from the
replica method in the presence of background magnetic fluxes between the sheets of the surface. We
consider the general situation in which fluxes generate different twist boundary conditions at each
branch point. The obtained multi-charged moments allow us to derive the symmetry resolution of
the Rényi entanglement entropies and the mutual information for non complementary bipartitions.
We check our findings against exact numerical results for the tight-binding model, which is a lattice
realisation of the massless Dirac theory. This Chapter is based on Ref. [105].

4.1 Introduction

For bipartite systems in a pure state, the von Neumann and Rényi entropies can be used as mea-
sures of the entanglement shared between the two complementary parts. In the case considered in
this Chapter in which A consists of two subsystems A; and Ao, i.e. A = AU Ay, the ground-state
entanglement entropy depends on the full operator content of the CFT, encoding all the conformal
data of the model [206},210,248,249|. It is important to remark that, in this situation, the entan-
glement entropies quantify the entanglement between A and B but not between the two parts of A,
for which one must resort to other entanglement measures such as negativity [151,|152,[250-254].
Nevertheless, from the entanglement entropies, it is possible to construct the mutual informa-
tion , which is a measure of the total correlations between A; and As. The computation of
two-interval Rényi entanglement entropies is a difficult problem, even for minimal CFT's [253255],
as it boils down in general to determine the partition function of the theory on a higher genus
n-sheeted Riemann surface [206,210]. In fact, exact analytic expressions are only available for
the free theories or special limits |176},206,207,210L]249.256-263,266.[267]. Moreover, the analytic
continuation in n to obtain Eq. (1.1.6]) is still a challenging open issue. As we already showed,
the computation of entanglement itertwines with the presence of symmetries in a system. The
symmetry resolution of entanglement in the two-interval case has not been much explored in CFT.
Ref. [129] studies it at large central charge, in the context of holography, while, in Ref. [124], the
charged Rényi negativity is analysed for the complex free boson. Here we take a different charge
for each part of A, which leads to introduce the multi-charged moments of p4 (see Eq, (1.4.23))
that are the main subject of this Chapter. In CFT, they correspond to the partition function

63
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on the n-sheeted Riemann surface, but with the insertion of a different magnetic flux across each
subset of A. We will analyse the previous quantities in 1 + 1-dimensional CFTs with a global
U(1) symmetry. We will assume that the entire system is in the ground state and that the spatial
dimension is an infinite line which we will divide into two parts A and B, with A made up of two
disjoint intervals, namely A = A; U Ay = [u1, v1] U [ug, v2]. If we denote by ¢; and ¢2 the lengths
of the two intervals and d their separation, we have

l14s
(d+61)(d+42)’

where we have also introduced the cross ratio x of the four end-points, which takes values between
0 and 1.

One can further consider other configurations for the magnetic fluxes between the sheets of the
Riemann surface R, (to enlighten the notation, we omit the pedix a’s of R, o here). In general,
if we assume that a particle gets a different phase €!® when it goes around each branch point,
provided they satisfy the neutrality condition oy + ap + a3 + a4 = 0, then the partition function
of this theory is given by

61: ]vl—ul\, EQZ‘UQ—U2|, d= |U2—'U1’, xr = (4.1.1)

Zr 4 ({az}) = Z3H(0) (Vay (1) Vay (01) Vg (u2) Vau (v2)) R, (4.1.2)
or, in terms of the composite twist fields, by
Z 42 ({a}) = (Taa0 (1) T (01) T (02) T (v2)). (4.1.3)
Then the multi-charged moments Z;?“AQ(Q,B) can be treated as the particular case in which
a1 = —ag = « and, due to the neutrality condition, ag = —ay = .

In Sec. we will compute the charged moments Z21°42(a, 3), and more in general the parti-
tion functions Z2142({a;}), for the massless Dirac fermion using the orbifold theory CFT®"/Z,.
On the other hand, in Sec. [£.3], we will adopt a geometric approach to obtain the multi-charged mo-
ments of the compact boson from the correlation function on the Riemann surface R, of Eq. .

Finally, in Sec. [£.4], we apply the previous results to obtain the symmetry-resolution of the
mutual information in these theories. When possible, we benchmark the analytic expressions
with exact numerical calculations for lattice models in the same universality class. We draw
our conclusions in Sec. and we include one appendix, with more details about the numerical
computations.

4.2 Free massless Dirac field theory

We have already learnt that the Dirac field theory described by the action exhibits a global
U(1) symmetry. By Noether’s theorem, this symmetry is related to the conservation of the charge
Qp = [dz1¥Ty.

The ground state entanglement of a subsystem A made up of multiple disjoint intervals in
the ground state of this theory was first investigated in Ref. [176]. For the case of two disjoint
intervals, A = A; U As, it was found that the moments of p4 are

2

Z2(0) = cn [1la(1 — z)] T, (4.2.1)

where ¢, is a non-universal constant.
In this section, we will compute the multi-charged moments of Eq. (|1.4.23]) in the ground state
of the massless Dirac field theory. We will extend the approach introduced in Ref. [176] for the

moments of Eq. (4.2.1), as already done in Chapter 2, We will benchmark our analytical results
with exact numerical calculations in a lattice model.
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4.2.1 Charged moments

In Sec. we explained that the partition function Z,(a) (and, as a consequence, also Z2142({a;}))
can be obtained either by considering the theory on a complicated Riemann surface or by repli-
cating it n-times and working with the orbifold on the complex plane. For the massless Dirac field
theory, the latter approach is more convenient. As done also in let us take the n-component
field

(1

(0>

=1 |, (4.2.2)

Un
where 1); is the Dirac field on the j-th copy of the system. Eq. (1.4.20) describes the effect of the
composite twist fields on the components of ¥ when going around the end-points of the subsystem
A = A; U Ay. This transformation can be encoded in the matrix

0 eia/n
0 6ia/n
T, = R (4.2.3)

(_1)n—1€ia/n 0

In the general case of Eq. , VU transforms according to Ty,, , when winding around the point
u, and to the transpose matrix Té% when going around the points v, with p = 1,2. The matrix 7,
in Eq. , sometimes called twist matriz, was introduced for the case a = 0 in Refs. [156,/176)
and for general a in Sec. Its eigenvalues are of the form

n—1 n—1

ia/n627rik/n k= o
Y 2 ) ) 2

t,=c¢ (4.2.4)

By simultaneously diagonalising all the T,,, with a unitary transformation (which is independent
of a;), we can recast the replicated theory in n decoupled fields v, on the plane, which are
multi-valued,

Uk(e®T(z —up)) = e My (2 — ),

G (2 —vp)) = eiome 2Ry (o). (4.2.5)

For the free massless Dirac theory, this allows us to write the Lagrangian of the replicated theory
as

Lon =Y Li  Ly=1"0uts. (4.2.6)
k

Following this approach, the partition function of Eq. (4.1.3)) factorises into

—1
2
Z 2 ({ag}), (4.2.7)
n—1
2

k
24 ({ay}) =
k——

where Z,?;;AQ ({a;}) is the partition function for a Dirac field ¢, with the boundary conditions of
Eq. (4.2.5).

The main difference between the partition functions Z]f;:AQ({aj}) and the standard compu-
tation of Ref. |176] for Rényi entropies is that the boundary conditions of the multi-valued fields
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around the branch points now depend on the phases ;. This multivaluedness can be removed, as
done in [176] for o;j = 0, by introducing an external U(1) gauge field A/'j coupled to single-valued

fields ¢y. In fact, if we apply the singular gauge transformation
. rx k o~
di(x) = oo WA (1), (4.2.8)

then the Lagrangian for the k-th mode can be rewritten as
Ly = " (c"h + iA’;) D, (4.2.9)

with the advantage of absorbing the phase around the end-points of A; U A3 into the gauge field.
The only requirement that Aﬁ in Eq. must satisfy is that, integrated along any closed
curve C that encircles the end-points of A, the boundary conditions of Eq. for 1, must be
reproduced. For this purpose, we require

2rk — 2rk
j{ dyr = 2001 j{ ayr k= 28 o (4.2.10)
C C

n n n n

Uup vp

where C, and C,, are closed contours around the end-points of the p-th interval. Moreover, we
have to impose that, if C does not enclose any end-point, then fc dy“Aﬁ = 0. Applying the Stoke’s
theorem, the conditions of Eqs. (4.2.10) can be expressed in differential form,

%GMV&/AZ(;E) _ 22: [(O‘Ql’—l + k’) 5(x — up) + <0‘2” = k) 5 — Up)] . (4.2.11)

. 2mn n 2tn  n
p:

Once the transformation of Eq. 1) is performed, the partition function Z,f};AQ({aj}) of the
k-th mode is equal to the vacuum expectation value

Zi 2 ({ag}) = <6"fd2”'5Aﬁ> : (4.2.12)

where ji’ = kayﬁ‘z;k is the conserved Dirac current for each mode. Eq. (4.2.12)) can be easily com-
puted via bosonisation [176], which allows us to write the current in terms of the dual scalar field ¢y,

such that j;’ = "0, ¢ /+/m. If we use this result in Eq. (4.2.12)), and we apply Eq. (4.2.11), then

Zlf;:AQ({aj}) is equal to the following correlation function of vertex operators V,(y) = e~"¢x®)
ZR% ({a))) = (Viepon (u)V_s oo (01)Viey ea (u2)Voky es (v2)). (4.2.13)

Notice that the neutrality condition oy + as + a3 + a4 = 0 ensures that the latter correlator does
not vanish. The correlation function of vertex operators in the complex plane is well-known (see,
for instance, Ref. [269]) and, therefore, Eq. can be easily calculated. Plugging the result
into Eq. and performing the product over k, we obtain

Zi 2 ({a;}) o
17n2

[010o(1 — )] o [dO205 05192 4359 (4 1)0193 (d 4 £5)°2% (d + [y + £5) 14370 | (4.2.14)

where x is the cross-ratio defined in Eq. (4.1.1). When we take ay = —as = a and az = —ay = 3
in this expression, we get the multi-charged moments in Eq. (|1.4.23)) as

l—n2

1
22 (0,8) = emapllile(l-2)] 5 [(1—2) PGP (a215)
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Figure 4.1: Analysis of th:AQ(a, B) for the tight-binding model. In the left panel, we show
th:AQ (v, B) as a function of « at fixed [ for different intervals of lengths ¢1, {9, separated by a
distance d > 0. In this case, the solid lines are the theoretical predictions of Eq. , taking
Eq. for ¢;.q,3. In the middle panel, we repeat the analysis but considering adjacent intervals
(d = 0) and the solid curves correspond to Eq. , with ¢,.4,8 conjectured in Eq. .
In the right panel, we plot ZlA“AQ (a, B) as a function of the cross-ratio x. Here the solid lines
correspond to Eq. using the exact expression for ¢,., g of Eq. , while for the dashed
curves we have considered instead the quadratic approximation for this constant of Eq. .
In all the cases, the points are the exact numerical values for th:AQ (a, B) calculated as described

in Appendix

We assume that all the length scales in this formula have been regularised through a UV cutoff
which is included in the multiplicative constant c¢,.q 3.

An interesting case to analyse is when the two intervals A; and A, become adjacent; that is,
when d — 0. In that limit, the cross-ratio x tends to one such that

01+ Lo

l—z=d
v A

+ O(d?), (4.2.16)

and Eq. (4.2.15)) vanishes. Nevertheless, in this regime, the distance d must be regarded as an-
other UV cutoff, which can be absorbed in the multiplicative constant ¢, g. Therefore, from
Egs. (4.2.16) and (4.2.15]), one expects

1-n?

Z'r?l:AQ (O[, ﬁ) = En;a,,@(gl + 52) 6n

_1
eaﬁ—oﬂéaﬁ—BQ om2n
L 2 , (4.2.17)

(01 + £9)aB

which agrees with the fact that the multi-charged moments Z4142(a, 3) must tend to the three-
point function of primaries (7, o (u1)V—_a+5(v1)Tn—_s(va)), in the limit d — 0.

In Fig. 4.1} we check the expressions obtained in Eqgs. and for ZA142(a, B)
with exact numerical calculations performed in the tight-binding model, which is a chain of non-
relativistic free fermions whose scaling limit is described by the massless Dirac field theory. The
details of the numerical techniques employed are given in Appendix {.A] In order to compare
Egs. (4.2.15) and (4.2.17)) with the numerical data, we need the concrete expression of the non-
universal factors c,.q g and ¢, g for this particular model. When the two intervals A; and A, are
far away, that is in the limit d — oo, the charged moments of A; U Ay factorise into those of A
and AQ,

lim Z242(a, B) = Z21 () Z22(B). (4.2.18)

d—00

Therefore, one expects c¢,..3 to be the product of the two non-universal constants associated to
Aj and Aj as single intervals. The latter were obtained for the tight-binding model in Ref.
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by exploiting the asymptotic properties of Toeplitz determinants. We can also apply here those
results, taking into account that each interval is associated to a different flux, either o or 8. Then
we have ,
l(p—l)_ a2 _ B log 24+Y (n,a)+Y(n,B8)
s = el HO R , (1219)
where Y(n,«) is given by Eq. (2.3.16). Expanding Y(n,«) up to quadratic order in «, then
Eq. (4.2.19) can be approximated as

Crag A € 3 (1 H) 0B 2T (0= (0% +6) (4.2.20)
where ¢, = log2 — 2m2ny(n).

In the limit of adjacent intervals, given by Eq. , the multiplicative constant ¢,., g cannot
be determined using the known results for Toeplitz determinants. However, we can conjecture an
analytical approximation for it at quadratic order in « and 5. When d — 0, we can associate
to each end-point of the intervals u;, v1 = ug and vy the fluxes a, 8 — a and —f respectively.
From the results for one interval of Ref. [90], one can conjecture that each end-point with flux

__Sn_,2 ~ . .
o contributes with a factor e 4#2»® to the constant Cn:a,B, if we restrict to terms up to order
a?. Therefore, the combination of all the fluxes in our case should contribute with a total factor

e~ iy (@*+(B-a)

5 2). We then expect that ¢,. g should be well be approximated by

En;a,ﬁ _ e—%(n—%) log 2+T(n,0)—%(a2+52—aﬁ). (4221)
When a = 8 = 0, the expression above simplifies to the multiplicative constant for the moments of
a single interval obtained in Ref. [268|. In spite of the heuristic reasoning of this result, in Fig. 4.1
we check its validity by comparing it against exact numerical data.

In Fig. we study Zf‘“A?(a,B) as function of «, for various values of 3, ¢1, £ and d.
The points correspond to the exact numerical values obtained as we described in Appendix [£.A]
while the solid curves are the analytic prediction of Eq. (4.2.15) ((4.2.17) for d = 0), taking as
multiplicative constant ¢, o g that in Eq. (Eq. ) We find an excellent agreement.
Finally, in the right panel, we plot th:AQ (a, B) as function of the cross-ratio x, for various values
of a, B, ¢1 and ¢5. The curves represent the prediction of Eq. . The continuous ones
correspond to take as non-universal constant ¢, g the full expression of Eq. , while for the
dashed ones we have used the quadratic approximation of Eq. . The agreement between
the analytic prediction and the numerical data is extremely good, even considering the quadratic
approximation for the non-universal constant. As expected, this agreement is better for small
values of o and [, while, around £, we need to take larger subsystem sizes ¢1, £5 in order to
suppress the finite-size corrections which are well known and chracterised for the charged moments
with a single flux insertion [90].

4.3 Free compact boson

The second theory we focus on in this Chapter is the free (real) compact boson, which is the CET
of the Luttinger liquid, and whose action reads

Sp = SL /dxodxlﬁﬂgoa"(p. (4.3.1)
T

The target space of the real field ¢ is compactified on a circle of radius R, i.e. ¢ ~ ¢ + 27mR
with m € Z. The compactification radius R is related to the Luttinger parameter K as R =
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/2/K. The action of Eq. is invariant under the transformation ¢ +— ¢ + « which, due
to the compact nature of ¢, realises a U(1) global symmetry. The associated conserved charge is
Qb = 5= [ d2104, .

The moments of the ground state reduced density matrix of this theory are well-known. An
exact analytic expression for the two-interval case was obtained in Ref. [206], which was generalised
to an arbitrary number of disjoint intervals in Ref. [260]. In particular, for two intervals, it
reads [200]

2

1—n~=
ZiN0) = cn [(rla(1 — 2)] 5 Fola), (4.3.2)
where ¢, is a non-universal constant and

7 () — OO E)/K)OWOIN(@)K) 53
" OO -

We denote by © the Riemann-Siegel Theta function

Olslul) = Y ainlmee) i) tariime)'-(uro) (4.3.4)

meZn—1

with characteristics €,8 € (Z/2)"!, uw € C" ! and Q a complex (n — 1) x (n — 1) matrix. In
Eq. (4.3.3), the characteristics are zero 0 = (0,...,0) and, therefore, we have used the standard
shorthand notation ©(u|Q?) = O[3](u|Q). The matrix I'(x) in Eq. (4.3.3) has entries given by

.n—1
[o(z) = % > cos [W_S)] sin (7;[) Byn(x), m5=1,....,n—1, (4.3.5)

n n
=1

and
L -x)

Iy(z) ~
with I,,(z) = 2F1(p,1 —p,1,1 — x). The function F,(z) is invariant under  — 1 — z and it is
normalised such that F,(0) = F,(1) = 1. Although the moments of ps are known for all the
integer n, its analytic continuation to complex n and, consequently, the von Neumann entropy of
Eq. is still not available for all the values of the Luttinger parameter.

A remarkable contact point between the theories described by the action of Eq. (Sp)
and is the case K = 1. Notice that, when the Luttinger parameter takes this value, the
function F,,(x) in Eq. simplifies to F;,(x)=1 and the moments of Eq. for the massless
compact boson present the same universal dependence on {1, ¢5 and = as the ones in Eq. (4.2.1))
for the massless Dirac fermion. A detailed discussion on this identity can be found in Ref. [259],
where it is explained the reason why, although these two theories are not related by a duality,
their partition functions on the Riemann surfaces R, arising in the two-interval replica method
are actually equal. Here we find that this identity extends to the partition functions Z;142({a;})
on the surface R, with different twist boundary conditions at each branch point. In general,
when A is made up of more than two intervals and the Rényi index n is larger than two, the
moments of the reduced density matrix in these CFTs (and the corresponding Rényi entropies)
are different [259].

Bp(z) = (4.3.6)

4.3.1 Charged moments

We now generalise the result (4.3.2) to the multi-charged moments in Eq. (1.4.23)). Starting from
Eq. (1.4.19), we will compute them as the four-point function of the field V, on the Riemann
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surface R,,. Since the U(1) conserved current is proportional to 0., ¢, V, is identified in this case
with the vertex operator [84]

Valz) = €25 ¢(2), (4.3.7)
which has conformal dimensions %
2
=pY = (22 43.
@ @ <27r) 2 (4.3.8)

In the following, it will be useful to introduce the rescaled Luttinger paratemeter n = K/(272) in
order to lighten the expressions.

Without loss of generality, let us consider that the end-points of subsystem A are u; = 0,
v1; = x, ug = 1 and v9 = oco. Using Eq. , and given that the composite twist fields are
primaries, we can eventually obtain the expression for an arbitrary set of end-points through a
global conformal transformation. Therefore, according to Eq. , the multi-charged moments
can be derived from the four-point correlation function of the vertex operators of Eq

Z; 2 ({a5}) = Z;1(0)(Vay (0)Vas (2)Vay (1) Vay (00)) R, ) (4.3.9)

on the n-sheeted Riemann surface R, (x) with branch points at 0, z, 1 and oo. This surface of
genus n — 1 can be described by the complex curve
o= 2= (4.3.10)
z—
The correlator of vertex operators on a general Riemann surface of arbitrary genus was obtained in
Ref. [271]. In order to give the explicit expression in our case, we need to introduce some notions
about Riemann surfaces |270].

There are different parameterisations of the moduli space of genus n — 1 Riemann surfaces.
One possibility is through the matrix of periods, which we denote by I'. Thisisa (n—1) x (n—1)
symmetric matrix with positive definite imaginary part. Notice that, according to Eq. ,
the Riemann surface R, (x) is parametrised by the cross-ratio x. Therefore, the corresponding
matrix of periods only depends on z, i.e. I' = I'(x). In order to define it, we need first to specify
a particular homology basis for R, (x), i.e. a basis of 2(n — 1) oriented non-contractible curves on

the surface, which we denote by a, and b,, with r =1,...,n — 1. We also have to choose a basis
of holomorphic differentials v, r = 1,...,n — 1, normalised with respect to the a, cycles. That is,
% dzvg(z) = Ors, 1,s=1,...,n—1 (4.3.11)

Qr

Then the matrix of periods is defined as
| —}1{ dzvs(2). (4.3.12)
br

For the surface R, (x), the normalised holomorphic differentials read

127 (r—1)1
L sin(7l/n)
1

Il/n(x)

n—

1

™
=

(2(z = 1))V (z — &)1, (4.3.13)

vp(z) =

Inserting it in Eq. (4.3.12)), it is then easy to show that the entries of the matrix of periods I'(x)
are precisely those of Eq. (4.3.5)).
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If we now consider four vertex operators inserted at generic points in the surface R, (z) and
with arbitrary dimensions satisfying the neutrality condition oy + ag + a3 + a4 = 0, then its
correlation function is of the form [271]

(Vi (21)Vay (ZQ)Vag (23)Vay (24)>73n(9«") =

H ‘E(zj’Zj/)efﬂIm[w(Zj)fw(zj/)]t-Im[l"(x)_l]lm[w(zj)fw(zj/)} afaj’"'

(4.3.14)
1<5j<j'<4

In this expression, we denote by F(z,2’) the prime form of the surface R, (z), which we will
define precisely later, and w(z) = (wi(2),...,w,—1(2)) is the Abel-Jacobi map, which relates a
point z in the surface R, (x) to a point w(z) in the genus n — 1 complex torus C"~!/A, where
A =Z""14+TZ" . This map can be written in terms of the normalised holomorphic differentials

f Eq. (4.3.1
of Eq. (4.3.13) as .
wr(z):/ vy (modA), (4.3.15)
0

where we have taken as origin the branch point z = 0. The images under the Abel-Jacobi map of
the points z = 0, x, 1, and oo, where the vertex operators in Eq. (4.3.9)) are inserted, can be easily

computed using Eq. (4.3.13). Then we find

w(0) = 0, (4.3.16)
w(r) = gq, (4.3.17)
w(l) = q+ip(x), (4.3.18)
w(oo) = ip(x), (4.3.19)

where ¢ = (1/n,...,1/n) and p(x) = (p1(x),...,pp—1(z)) with

po() = —% nzl [cos [2“(;_1)} sin (fj) + sin {2“(2_1)] cos @)] Bum(x).  (43.20)

=1

Therefore, for the case z1 =0, z0 = x, 23 = 1, 24 = 00, Eq. (4.3.14)) simplifies to

(Vay (0)Va, (%) Vay (1) Va, (OO)>Rn(a:) = Mn(x)(a1+a2)(a3+a4)n H |E(Zj7zj’)
1<5<5'<4

W (4.3.21)

where

M, (z) = e~ ™@)" [ImC(@)] " p(x) | (4.3.22)
Let us now focus on the prime form E(z,z). It can be defined as [270]

o O1(w(z) —w(Z)|(z))
E(z,72') = , (4.3.23)
9(2)\/9(%')
where O 1 is a shorthand notation for the Theta function of Eq. (4.3.4) with both characteristics
equal to (1/2,0,...,0) € (Z/2)"! and g(2) is

N|=

n—1

9(2) = > 1h(2)00, O3 (ull(2))|

r=1

Notice that the holomorphic differentials v,(z) in Eq. (4.3.13) and, therefore, g(z) are singular
at the branch points of the curve that defines the surface R, (z). This means that the correlation

(4.3.24)

u=0 '
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function is in principle not well-defined. In order to solve this issue, the vertex operators
inserted at the branch points have to be regularised by redefining them as a proper limit from a
non-singular point. We will first extract and remove from g(z) the divergent terms at the branch
points. Then, by considering the limit in which the distance between A; and As tends to infinity,
we will fix the correct definition of the regularised vertex operators at the branch points.

Close to the branch points z = 0, x, 1, and oo, the holomorphic normalised differentials v, (z)

of Eq. (4.3.13]) behave as

vzt €) = e [V§*>(z) + 0(61/")} : (4.3.25)
with [e] < 1,
—z7 Q. (2), z=0,
) e (21— 2) V" Qrala), 2=
vy (Z) = (1 . x)_l/nQr’n(x)’ y = 1, (4326)
e~ Qrn(x), z = 00.
and
2ri(r—1) sin(mw/n)
Qrn(z) =€ n (4.3.27)

mndy /(2) '

Observe that, in the four singularities, the divergent term when ¢ — 0 is a global factor et and,
once we take it out, the subleading corrections in € vanish. Therefore, these singularities can be
removed in the correlation function of Eq by defining the vertex operators at the branch
points as the limit

n—1 th
Vé*)(z) = lim (ffnﬁ m ) Volz+€), z=0,2,1,00. (4.3.28)

e—0
In this definition, we have included a possible global rescaling factor k,, which may depend on the
genus of the surface, and we will adjust by studying the limit of large separation between the two
intervals. If we replace in Eq. the vertex operators by the regularised ones introduced in
Eq. , then the resulting correlation function can be written in the form

V)V )V 1)V (00)) () =

= /iihTMn(a:)(al+a2)(a3+a4)n H ’E(*)(Zj, 2[99 (4.3.29)
1<j<j/<a

where hr = ha, + hay + hag + ha, and BE®)(z;, z;) stands for the regularised prime form

01 (w(z) — w(=) ()

EW (2, 2j) = (4.3.30)
VIO /90 ()
with .
99(z) = Y v ()0, O3 (@) . (4.3.31)
r=1

and the expressions of V(*)(Z) at the branch points are those given in Eq. (4.3.26)).
In [105], we conjecture and numerically check the following identities for the regularised prime

forms that appear in Eq. (4.3.29)),

|[E®0,2)] = na'/™, (4.3.32)
_ \1/n

() _ nl-z) /"

|E®)(z,1)] ) (4.3.33)

IE®(1,00)| = n, (4.3.34)
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and
(%) — 1™ —|1g® "
[EY(0,1)] = [E(0,00)] = |[EY(z, 00) YRR (4.3.35)
Plugging them into Eq. (4.3.29)), we finally find
* * * * Knp\2ht ajagn agagn
VROV @VE OVE 0)s,m = ()« 1 -2 (4.3.36)

In Eq. (4.3.9), once the vertex operators V, are replaced by the regularised ones Vé*), we can
exploit Eq. (4.3.36)) to get

2

2h “n 7
Zpr 4 ({ay}) o (ﬁ) D@l - @) T (e (1 - 2)22)E Fy (). (4.3.37)
n
In particular, when oy = —as = «a and ag = —ay = 3, we get the multi-charged moments

Z;?”AQ (a, B). After a global conformal transformation to a subsystem A with arbitrary end-points
(u1,v1,u2,v2), we obtain the following result

Kn 1-n?2 -1

Z5%(0,8) = s ()7 (01— ) (70— 0)) T Fae). (4339

Note that the rescaling factor x,, which was introduced in the definition of the regularised
vertex operators at the branch points, is still undetermined. We can fix it by analysing the limit in
which the two intervals A; and As are far, i.e. d — 0o, as done for the Dirac theory. In that case,
the charged moments Z2142 (o, B) must verify Eq. ({2.18). Since JF,(0) = 1 and the constant
Cn:a,p factorises into those for the intervals A; and As, then Eq. satisfies the limit d — oo
of Eq. if kK, = n.

In conclusion, for the massless compact boson, the partition function on the surface R, with
general twisted boundary conditions is of the form

Zi 42 ({oy})

Zago) L % A A )+ ) ) (4339)

and the multi-charged moments are

1—n2

__K
21 (0,8) = enas (i1 —2) T (6576 (1= 2)°) 7 7 (a). (43.40)

When the Luttinger parameter is K = 1, then F,(x) = 1, and the partition function of Eq.
is equal to the one obtained in Eq. for the massless Dirac field, as we anticipated at the
beginning of this section. Interestingly, the factor in Eq. due to the magnetic fluxes is
the same, when a = f3, as the one derived in Ref. [129] for a large central charge CFT with the
Luttinger parameter K replaced by the level of the Kac-Moody algebra of that theory.

4.4 Symmetry resolution
In this section, we apply the approach described in Sec. in order to evaluate the symmetry

resolution of the mutual information in the two CFTs analysed in Secs. and from the
expressions obtained there for their multi-charged moments Z41:42(a, ).
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4.4.1 Fourier transforms

The first step is to determine the Fourier transform of the multi-charged moments. We
need to know how the non-universal constant cy., g does depend on o and 3. In Sec. we
have concluded that, for the tight-binding model, it can be well approximated if we only take into
account the quadratic terms in « and S. In the following, we will assume that this is in general a
good approximation [85]. Therefore, we will take

_<a2+;232)K
Cnia,B = Cn;O,O)\n e (441)

In the case of the tight-binding model (K = 1), we obtained in Eq. ([#.2.20) that A, = e%".
Therefore, applying Eq. (4.4.1) in the result of Eq. (4.3.40), the multi-charged moments can

be rewritten as K
Z;;h:Az (a,ﬂ) — Z;?(O) [(1 - x)—aﬁ ZIQQEQ_BZ] 2n2n ’ (4_4'2)

where fp = A\plp. The evaluation of Eq. ([1.4.24) using the expression above yields the following
multivariate Gaussian function for the Fourier modes of the multi-charged moments

—9n2n q% log 22 +f1% log 2} +q1 492 log(1—x)
Z{Z‘(o)mre K[4log(l1) log(l2)—log2 (1—x)]

K\/410g(71) log(f2) — log?(1 — )

Zh (g, q) = (4.4.3)

Notice that the Luttinger parameter K enters in the Gaussian factor as an overall rescaling of its
variance.
In the limit of large separation between the intervals, i.e. d — oo (z — 0), Eq. (4.4.3]) tends to

n7r2q% n7r2q%
ZA1:A2 _2Klogl7 _2Klogl7

Jim W - e — (4.4.4)
d—00 w(0) \/10g€1 \/log€2

namely Z:142(q;, go) factorises into the contributions of A; and Ap. This is consistent with the
probabilistic interpretation for the case n = 1: the outcomes of the charge measurements in the two
intervals are independently distributed when the separation between A; and A is large enough.
On the other hand, in the limit of two adjacent intervals, i.e. d — 0 (x — 1), the multi-charged

moments have the form (see also Eq. (4.2.17))

K
i 20 8)_ [BP7E MQ] o (4.4.5)
=0 ZX(0 (01 + £9)oB '
whose Fourier transform is
A _27r2an log Z?qu 1og~z71+q1 a9 [1}05({122)—1}0%(21:%2)2)]
Zn 1: 2((]1, q2) - nie 4K log(£1) log(f2)— K [log(£1£9)—log(f1+£3))] (4.4'6)

A et (1) B ~ _ 72
K \[410g(01) log(F2) — [log(f112) — log(?s + £2)]

Setting v = 3 in Eq. (4.4.2]), we obtain the charged moments ((1.4.16|) with a single flux

ZA(a) = Z24(0) [(1 - x)el@} e (4.4.7)



4.4. SYMMETRY RESOLUTION 75

o020l — 61 =180, =220 — 6, = 1806, =220 0257 ="6,]2 = 100
d=220,q,=0 - d=220,q,=1 d=0,¢=0

Figure 4.2: Probability Z1(q1,¢g2) for the tight-binding model as a function of ¢; at fixed ¢o and
for two disjoint intervals of lengths ¢1, f5, and separated a distance d. The points are the exact
numerical values calculated using the methods of the Appendix [.A] The solid line is the theoretical
prediction in Eq. taking for the non-universal constants the corresponding values for the
tight-binding model indicated in the main text.

In this case, performing the Fourier transform of Eq. (1.4.17)), we end up with

24(q) = RO e (4.4.8)
\/2K10g [(1 - w)g122:|

Taking n = 1 in this expression, we obtain the probability p(q) of having charge ¢ in the subsystem
A, namely p(q) = Z1(q). Now we can plug it together with the result for Z,(a,3) found in

Eq. (4.4.3)) into Eq. (1.4.26)) to obtain the conditional probability p(q1,¢2) of having charge ¢; and
g2 = q — ¢1 in the intervals A1 and A, if the total charge in A is ¢,

2 log [(1 — x)glgg} _2n2 [q% 10gl72+(1§ log 7144142 10g(1*x)+ (q1+q2)? }

_ _ e K 4log () log(€o)—log2(1—x) 4log[(1—z)f1 lo]
K[4log(¢1)log(fs) — log?(1 — )]

a1, q2) =

(4.4.9)
In this expression, ¢, = A\1f,; in particular, for the tight-binding model \; = e!°82T1478  with
~vE the Euler-Mascheroni constant. As a non-trivial consistency check, we have verified that the
probability functions we have obtained satisfy the normalisation conditions

) q
/ ZM N (g go)dgrdga = 1, / p(g1,9 —q1)dgr =1, (4.4.10)

—00 —0o0

in agreement with Eqs. (1.4.26|) and (1.4.25)).

In Fig. 4.2) we compare the expression for Zi(qi, g2) found in Eq. for the case of disjoint
intervals with the exact numerical results obtained for the tight-binding model using the methods
of the Appendix The agreement is excellent. We remark that in Fig. there is no free
parameter when matching the analytical prediction with the numerical data since we know the
expression of the non-universal constants for this particular system. We have also repeated the
same analysis in the case of adjacent intervals (d = 0), checking the validity of Eq. .

4.4.2 Symmetry resolved mutual information

We compute now the symmetry resolved mutual information defined in Eq. ((1.3.6). We need the
probability p(qi,q—q1) derived in Eq. (4.4.9)) as well as the symmetry resolved entropies for A and
its parts A; and A, separately. For the entropies of A7 and As, we can use the results for a single
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interval obtained in Ref. [90] while, for the full subsystem A, it can be derived from the Fourier

transform of the charged moments determined in Eq. (4.4.8) by applying Eq. (1.4.18). The three

symmetry resolved entropies can eventually be written in the form
{2

1 2K 1
S (q) = S — B log <7r log 5"A> - - = O'7T4—2 + og?n?

2 (K log(AJA)) (44.11)

S
(K log(ATA))*

where Si¥ is the total entanglement entropy of subsystem X. In this expression, when X = Ap,
we have to take A = ¢, and 0 = 1 while, if X = A; U Ay, then A = £1/5(1 — z) and o = 2. The
auxiliary quantities 0 and & in Eq. (4.4.11)) are defined in terms of A, as

1
log§ = log A\ +27%¢, &€= — 5200 (108 A V=1 (4.4.12)

For the tight-binding model, we know the explicit value of these non-universal constants,

logd = 27295(1) +1og2, € =(1) +15(1). (4.4.13)

From Eqs. (4.4.9)) and (4.4.11)), we can now obtain an explicit expression for the symmetry resolved
mutual information. Since the conditional probability p(q1,q — ¢1) satisfies Eq. (4.4.10)), we have

2K log(@) log(£3)

IAllAQ (q) — IAl:AQ _ % 10g

4 £2 < 1 1 1 )
— + — — —
K2 logtly logly log(l1la(1—x))

(
2 2
77 ay (¢ —q1) }
I g _ YV 1 dq, 4.4.14

K2§/_OOP(Q1 - a) [log2 0 log? /y n ( )

where 4142 is the total mutual information of Eq. (1.1.10) (when n — 1) and we have introduced
the rescaled subsystem length 65 = 00,. As we anticipated, the symmetry resolved mutual infor-
mation is not a good measure of total correlations between A; and A, in each symmetry sector
since it can assume negative values. Finally, we can also derive the number mutual information

defined in Eq. (1.3.8). Applying in that formula the result for 141:42(q) obtained in Eq. (4.4.14)),

we have

22
(Mg 1-= )

1 1
— +
<10g€1 logEQ log £1€2 1—x) )

ZA1A2 g — |: q1~_|_(q ):|d d
/ (@-q-a) log? ¢ log? 05 e

A1 A llog 2K log(#9) log(#)

. 2 T log (Z‘ffg(l — :U)) '

l\’)\»i

L8
K
s
K

(4.4.15)
Since ¢ = ¢q1 + g2 and

o . Klog/,
/ 24 (g, Q2)q12adQ1dCJ2 = 7T2g L p=1,2, (4.4.16)
—0o0
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then Eq. (4.4.15) becomes

70 7o
Qﬁ&:lb 2K log(f1) log(45) +1_#§2<1~+ Lo 1 >
2 T log(£345(1 — ) 2 K2 \logt; logly log(f1ls(1 —x))
-—w25( O S >. (4.4.17)
K logﬁl log £2 log(£1€2(1 — :L’))

In the limit ¢4, ¢5, d — 0o, this expression behaves as

+ (4.4.18)

1
mam — ™ 5008\ T (0l (1— 7)) | 2

IAl:AQ - 11 |:2K log€1 logfg :|
This result resembles the one for the number entropy of a single interval (see e.g. [90]), where a
double logarithmic correction in the subsystem length also appears, even though, in our case, the
dependence on the parameters ¢1, f5, d is more involved. On the other hand, it is a simple function
of the Luttinger parameter K since, as we already pointed out, the only effect of K in the Gaussian
factor of the Fourier transform of the multi-charged moments is renormalising its variance.

4.5 Closing remarks

In this Chapter, we have computed the multi-charged moments of two intervals in the ground state
of the free massless Dirac field and the massless compact boson, with arbitrary compactification
radius. Using the replica approach, the multi-charged moments are given by the partition function
of the theory on a higher genus Riemann surface with a different magnetic flux inserted in each
interval. We have carried out the analysis of such partition function for the two CFTs under
investigation in full generality, allowing the background magnetic flux to generate a different twist
boundary condition at each end-point of the intervals.

The multi-charged moments analysed here can be used to study the symmetry decomposition
of the negativity in imbalance sectors [116]. A further generalisation is to identify the holographic
dual of the multi-charged moments, which would be the starting point to compute the symmetry
resolved mutual information in the AdS/CFT correspondence, as done for the entanglement en-
tropy in Ref. [128]. Partition functions with twisted boundary conditions, as the ones considered
here, have been also proposed as non-local order parameters to distinguish various topological
phases of spin chains [165,/166]. We think that our analysis for the multi-charged moments can
be useful to make progresses also in that direction. Finally, it would be interesting to obtain a
rigorous proof of the identities for the prime forms that we have found and numerically checked
here.

4.A Numerical Methods

For the numerical test of our field theory results, we consider the following lattice discretisation of
the Dirac fermion, known as tight-binding model,

1 o

H=— > (e +he), (4.A.1)

j=—00
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where c} and c¢; are fermionic creation and annihilation operators that satisfy the anti-commutation

relations {c;, cL} = 0. In terms of them, the charge operator reads

0= 3 <c;cj - ;) (4.A.2)

j==o0

The two-point correlation functions in the ground state of Eq. (4.A.1]) are of the form

(c;r-ck> = W, (4.A.3)

and, due to the particle number conservation, (cjcx) = 0. As well-known [169,171], the moments
Tr[p"] can be calculated from the restriction of the two-point correlation matrix to the subsystem

A, that is (Ca)jr = <c}ck), with j,k € A. The charged moments Z;=41Y42(q) can also be easily
computed numerically in terms of the matrix C4 using the formula [84}90]

L1+l
zi=hz () = T [leg)e™ + (1 - ej)e), (444
j=1

where ¢; are the eigenvalues of C4 and ¢, is the number of sites in the interval A,. In the case
of the multi-charged moments Z41:42(q, ) defined in Eq. , the method used to compute
ZA(a) can not be applied since p4 does not commute with the charges @4, and @4, of the two
parts of A. Following Ref. [133] (which was based on [272]), we rewrite Eq. as

78 (a, B) = ZaTra(papa), (4.A.5)

where 1
pa = Z—eiO‘QA1+i5QA2, Za = Tra(e@QaTibQay), (4.A.6)

A
Although g4 is not a density matrix, it is a Gaussian operator with an associated two-point

correlation matrix, C4, given by

A Lo;a j € A17
(Ca)ij =0y 115"~ (4.A.7)
Tiei? VRS AQ.

Applying the rules for the composition of Gaussian operators [174] and introducing W = 2Cy — |,
we get [133]

. . . . . 1 W
Z{‘LAZ(O(,,B) _ (efla/2 + eza/2)€1 (esz/Q + 615/2)Z2det ( f1+522+ 5) ’ (4A8)
where o,
W11 W12> eiT_ﬂél 0
Wa — e+l i 5 4A9
g <W21 Was ( 0 zig—ﬁﬂb ( )

and the notation W/, p,p’ = 1,2, refers to correlations between sites in A, and A,s. This result
allows to exactly compute the multi-charged moments in the tight-binding model for different
values of o and 3, as showed in Fig. The Fourier transform of ZiAl:AQ (a, B) gives the quantities
ZIA“AQ(ql, ¢2) analysed in Fig.



Chapter 5

Generalised entanglement entropies
in two-dimensional conformal field
theory

In this Chapter we introduce and study the generalised Rényi entropies defined through the traces
of products of Trp(|¥;)(¥;|) where |¥;) are eigenstates of a 2d CFT. When |[¥;) = |¥;) these
objects reduce to the standard Rényi entropies of the eigenstates of the CFT. Exploiting the path
integral formalism, we show that the second generalised Rényi entropies are equivalent to four
point correlators. We then focus on a free bosonic theory for which the mode expansion of the
fields allows us to develop an efficient strategy to compute the second generalised Rényi entropy
for all eigenstates. As a byproduct, our approach also leads to new results for the standard Rényi
and relative entropies involving arbitrary descendent states of the bosonic CFT. This Chapter is
based on Ref. [275]

5.1 Introduction

An old and fundamental result that we reviewed in Chapter [I)is that the ground state entanglement
entropy is universal [17,20,21]. The same is also true for all low-energy eigenstates [153,276].
Indeed, denoting by py the RDM of the state associated to the field T by the operator-state
correspondence (and hence pj is the ground-state RDM), the ratio

Trpy
A

Fy n(A)

= exp[(L —n)(S§Y — ST, (5.1.1)

is universal and calculable in CFT [153,/154]. The universal function F , (A) measures the excess
of entanglement of the excited state |Y) with respect to the ground state value. The simplest
class of excited states in a CFT are those generated by the action of a primary field Y. The von
Neumann and Rényi entropies in excited states of CF'T have then been the subject of intensive
investigations [117}/153.|154,277-290).

Another important quantum information quantity encoding the universal features of CF'T low-
lying excited states is the relative entanglement entropy [119,291-304]. Given two RDMs, p; and
po, the relative entropy is defined as [306,307]

Sa(ptllpo) = Tr (p1log p1) — Tr (p1log po) , (5.1.2)

and can be interpreted as a measure of distinguishability of the two RDMs, providing a sort of
distance between them in the Hilbert space (despite not being a proper metric because it is not

79
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symmetric in p; and pg). In a replica approach, Sa(p1||po) can be obtained as the limit for n — 1
of the logarithm of the universal ratio [291}303]

Tr(pipg ")

1.
Toor (5.1.3)

Gn,a(p1llpo) =

Similar quantities are also the starting point for the replica approach to the trace distance [308-
310]. Both Eq. and Eq. have been studied intensively for the lowest-energy states
corresponding to primary fields. Conversely, the study of descendant states (obtained from the
primaries by the application of conformal generators) has been limited to a very few cases [283],285].
The drawback of the method of Refs. [283,285] is that it becomes more and more cumbersome as
the conformal level increases. Here we develop a strategy to obtain the Rényi entropies of excited
states which is a more efficient way for theories with central charge ¢ = 1 for which we can use the
free boson representation.

As part of this, we introduce a novel quantity that we dub generalised mized state Rényi
entropies (GMSRESs) defined as

n
Ry jisosinggn = T (H Trp |¥,) (%\) ) (5.1.4)

t=1

where |U;,) is the ¢-th copy (1 < ¢ < n) of states |1;) of the CFT. For brevity, we will often refer to
them as generalised Rényi entropies. This object reduces to the usual Rényi entropies of excited
states when |¥;,) (¥;,| = 0;; |V;) (V| for each t-th copy. Let us stress that the states ¢, in each
copy can be different CFT eigenstates, i.e. 1;, # 1;,. Moreover, the CFT eigenstates are also
known in literature as dilatation eigenstates, since they are the eigenstates of the CF'T Hamiltonian
given by the Virasoro generators Lo + Lo (up to a constant), which is the dilatation operator.
These objects also resemble the notion of pseudo-entropies recently introduced in [311,312], whose
reduced density matrix is defined in terms of two different states. Apart from their intrinsic interest,
these generalised non-diagonal entropies represent the building blocks for the calculation of the
entanglement entropies in states that can be written as a linear combination of the elements of the
CFT basis, as happens for example, in the truncated conformal space approach [305.[313-315].

The Chapter is organised as follows. In Sec. we outline the path integral approach to the
second generalised Rényi entropy and we show that it can be rewritten as a correlation function.
In Sec. we focus on the bosonic theory and we develop a CFT approach to compute the second
generalised entropy for an arbitrary state of the CFT. We start from some simple examples and
piece by piece, we lead the reader to the most general case in Sec. Finally, we conclude and
discuss some future perspectives in Sec. [5.5]

5.2 Path integral for the second generalised Rényi entropy

In this section, we focus on the second generalised Rényi entropy and we show that its calculation
within the path integral formalism reduces to the computation of a four point correlator, by
generalising the one for the ground state done in Sec. Let L be the total length of a periodic
1D system, A a subsystem consisting of a segment of length ¢, i.e A = [u,v] with v —u = ¢, and
B its complement. Because of the state-operator correspondence in CFT, each eigenstate |¥;,) is
generated by an operator W;,, acting on the vacuum and placed at the infinite past. Hence, the path
integral representation of the off-diagonal density matrix |¥;) (¥;| is given, up to a normalisation
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-y --.. @
TT'B

Figure 5.1: Left: Path integral representation of matrix elements of |¥;) (¥;|, cf. Eq. (5.2.1).
Right: Path integral representation of Trp(|¥;) (¥;]), as in Eq. (5.2.2).

constant, by

(@ [0 (3 10") [ DpeS T[(6(ota,m = 07) = @) i(r = —0)

x [[6lp(z, 7 =0%) = @"(2))¥;(r = o0), (5.2.1)

T

where the geometry of the integration surface is an infinite cylinder with a discontinuity of the
field configurations at 7 = 0 and S(¢p) is the Euclidean action of the theory we are interested in
(e.g. in the following we will focus on the bosonic CFT). We represent Eq. graphically in
the left panel of Fig.

Let us now compute the off-diagonal reduced density matrix by tracing over the subsystem B

(see the right panel of Fig. [5.1)):

(@) Trp([Ws) (¥)]) [8") = Cy / D@ [ (8(p(a, 7 = 07) — @'(2)))Wy(r = —o0)
xEA

x [[6(p(z, 7 =0%) = ®"(2)))¥;(r = 0), (5.2.2)
T€EA

where Cj; is a normalisation factor. By imposing the normalisation of the off-diagonal reduced
density matrix to be Tra(Trg(|V;) (¥;])) = d;;, we can fix the constant Cj; as

bij = Cij Z (V;(1 = 00)¥y(7 = —00)) . (5.2.3)
Here Z and (¥;(7 = 00)¥;(T = —00)) are, respectively, the partition function and the correlation

function of the two fields.

As already mentioned, we are interested in the second generalised Rényi entropy. We thus
make two copies of Eq. (5.2.2)), and glue them together cyclically such that

901(1:)7-:0—’—) 2902('7;77-:0_)7 902(1:)7-:0—’—) :901('7;77-:0_)’ Vo € A. (524)

Starting from Eq. (5.2.2)), we find the following expression for the elements of the off-diagonal
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T

—x o0

1 7

\Ili’ A/ﬁ)" \I/j/

Figure 5.2: Representation of the spacetime geometry involving a 2-sheeted Riemann surface, Ra,
that appears in computing the second generalised entropy R; ;. in Eq. (5.2.6)).

second Rényi entropy
(@' Trp (W) (W) Trp(|¥y) (Ty]) [@7) = CiiCljr /77@1739026_3(“"1)_5(‘”)

x [T, r=07) = @' (@) [] (602l 7 = 0) — 2"(x)))

€A z€A
X Ui (1 = —00)W;(7 = 00) Uy (T = —00) ¥ (T = 00), (5.2.5)

where the path-integral is done over a 2-sheeted Riemann surface such that the first equality in
Eq. holds. Let us notice that the field p; along A at 7 = 0~ is fixed at ®’, while o at
7 = 07 is fixed at ®”. Thus, by taking the trace over A, i.e. using also the second identification
in Eq. , we obtain an expression for the second generalised Rényi entropy

R jiir gy = Tra(Trp([W;) (i) Trp(|Wi) (i) = CiiCiryr / Dip1 Dipge~5(P1)=5(¢2)

x ] 0(pr(z,m=07) = &'(2))d(p2(z, 7 = 0F) = & (2)) V(7 = —00) (7 = 00) Wy (T = —o0)
€A
X Wyt = 00) = CiyCyyp Za(A) (Wi(r = —00)U; (1 = 00) Wy (7 = —00) W (7 = ), » (5.2.6)

where R is the 2-sheeted Riemann surface that results from the sewing of the two copies of the
original cylinder along the cuts associated with the interval A and Z5(A) is the partition function
in the same geometry. This path integral is over a spacetime pictured in Fig. [5.2] The result in
Eq. shows that the second generalised entropy reduces to a 4-point correlation function.

Before embarking in the calculation of Eq. , we fix the normalisation constants, Cj;’s.
As already discussed, the constants Cj;’s are independent of A. Thus if the segment A shrinks to
zero, we decouple the two Riemann sheets and the 4-point function factorises into a product of
2-point ones:

CijCinIZ2 <\IJZ(T = —OO)\I/j<T = OO)>,R1 <\I/i/(7' = —OO)\I/j/(T = OO)>R = (51']'51'/]'/. (5.2.7)

1

Now if we take the segment A to be the entire system (as the Trp operation is trivial), the two
sheets of the Riemann surface are again no longer connected and

C’ijC’i/j/ZQ <\IJZ(T == —OO)\I’j/(’T = OO)>R1 <\If7;/(7' == —OO)\I’](T = OO)>7?,1 = 5ij’6i’ja (528)

i.e. the four-point function still factorises even though differently with respect to Eq. (5.2.7]).
Hence, the constant may be fixed as

(5.2.9)
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and we can express ratios of the generalised entropies in terms of universal quantities:

Riir
7RZ]]£Z]1J]1 =FF;Fy Fy (U;(1 = —OO)\I/j(T =o00)Uy (1 = —OO)\I/J'/(T = OO)>R2 ,
o 1 (5.2.10)
F, =

V(Wilr = —00)Wi(r = ),

This expression can be easily extended to the n-th order generalised Rényi entropy introduced in

Eq. (51d) as

Riy jis..singn
=F, Fj ... F, Fj, (V;, (T = —00)¥;, (T =00)... ¥, (T = —00)V,, (T = OO)>Rn . (5.2.11)

5.3 Bosonic theory: a CFT approach beyond primary fields

In the following sections, we compute the second generalised Rényi entropy for a massless free
bosonic field theory whose Euclidean action is (we report it here for completeness, but it is the
same action we already introduced in Eq. (4.3.1]))

L
1
S(p) = / dxdr [&raugo(:c,r)augo(xﬁ) . (5.3.1)
0
The mode expansion of the field ¢(x,7) is [269]
4 1 wk(ix—T1 wk(ix+T
e, 7) = o — iIiTWOTJrikZ#k(akeQ T e >). (5.3.2)

Here in Eq. (5.3.2) g is the bosonic zero mode and my is its conjugate momenta. The modes
a_p,a_j can be obtained as follows:

_ 27kt

(& L ik

@ =——5 dze’T"® P, W =T +iT; (5.3.3)
T
_QTFL]/CT
e 2mik
a_p = 5 /d:ve_ L Y050, W=ux—IiT. (5.3.4)
™

Each mode a_g,a_j carries momentum +27k/L.

In Refs. |153,303], Eq. and Eq. , respectively, have been computed for the excited
states generated by primary fields of a free massless bosonic field described by Eq. . The
primary fields of the theory consists just of the vertex operator, Vs, and the derivative field
10, [269]. The general state can be written in terms of the modes as

W3) = ap, . ..ag, | M), [M;) =: ™MP20) - |0), (5.3.5)

with |M;) being the highest weight states and : e™:#¢() : is a vertex operator (:: denotes the
normal ordering prescription in its mode expansion, i.e. positive modes should appear to the right
of negative ones). Here 3 marks the compactification radius, 371, of the boson:

oz + L) = o(z) + 27871, (5.3.6)

and M; is an integer. In the following sections, we develop an efficient strategy to compute the
generalised Rényi entropies involving descendant states.
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5.3.1 A warmup: zero-momentum states with a pair of chiral and anti-chiral
modes

As a first non-trivial example, let us evaluate the second generalised Rényi entropy for the following
(normalised) states that involve a chiral and anti-chiral mode whose momentum sums to zero:

1 B 1 3 1 B 1 _
Ry kb ey = Tra(Trp(s—a_g, @, |0) (O] -—ap, Gk, ) TrB (=0 k304 |0) (O] -—ag,ax,)). (5.3.7)

]{71 kQ k3 k4
We can write the state +a_ja_g [0) as
1 _ 1 _47TkT_ L M($1—1} /) _
1 A-ka—k |0) = e ; dxidzye L )0,y 0(w1) 0y, p(w1/) |0) (5.3.8)

where wy 17 = @1 11 +i7_, 7+ = F£00. Since these states are normalised, the F'-factors of Eq. (5.2.10))
are simply 1. With this representation, we can write Ry, ky:ks ks @S

Ry sk s _ 1 . e%(k2+k4)7’+e—%’(k1+k3)7—,
Ryt 25678 [, ki

Logalvysy,

27i

L
I234 =/ dzydradrsdrge T Fe1thaea—hoza=hiza) (9o (101 ) (w2 )Dp(ws)dp(wa))
0

L .
e / day ey davg daye™ T G130 sy Rz —kaai) (05 @y, )Op(@ar )P (s ) O (@oar))
0

- Iik234?
(5.3.9)

where wy 17 = 1,1/ + 47— and wpor = x99 + 174 are coordinates on the first Riemann sheet while
w3z = r33 + 47— and wy 4 = T4 + 174 are coordinates on the second Riemann sheet.

Let us next compute the correlators appearing in Eq. . The complex coordinate w = x+1i7
parametrises an infinite cylinder of length L and the interval A is identified with the domain
u < w < v. This cylinder can be mapped into the complex plane by the conformal transformation

_ sin(m(w — u)/L)
sin(m(w —v)/L)’

(5.3.10)

which maps the segment (u,v) into (—o00,0). Then, the uniformizing map for Ro, z = £L/2
tranforms the double-sheeted surface into a single sheet. As a consequence, the coordinates become

w13 =T1,3 + 17— = - = em—W/L = ginr _y o = T2 e = _eiTT/2 (5.3.11)

Wo 4 =To 4 + 1T — &4 = e/l = im0 = o TI/2 L = T2, (5.3.12)

each of the points £_ and &, gives rise to two points in the Riemann surface Ro with coordinates
21, z3 and 2, 24, respectively. Thus, we can write 1234 as (25 = 2z — 25)

dz

w=w1 dw

dz dz

wW=w2 dw w=w3 dw

L
2mi homo— dz
-71234:/ drrdzodrsduse T k1o thazs—kos k4"’34)—dw
0

w=wyg

( 1 n 1 n 1 )
2 2 2 2 2 2 | —
R93%14  *12734  R13%24

:7{ % % % d21d22d23dz4e2zi(k1$1+k3$3_k2$2—k4$4)( 212 + 212 + 212 >,
ct Joz Jed Jet Z23%14  *12734 *13°4

(5.3.13)
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1,3 . . ; 2.4 . .
where C_’3 is a clockwise contour about z13 = +e™/2 and C " is a counter clockwise contour
about 294 = +e~mir/2, Using

—imr

22 — €
627ri:1:173/L _ eZWT_/LeQﬂiv/L 1,3
o 2%3 _ eimr?
. (5.3.14)
2mixoa/L _ —2mw7y /L —2miv/L Z274 €
e At = ¢ e 5 —
23, - e—imr

we can evaluate

4
o) —rthar) AT g0k ke, k),

hyss=etl 1
[Timy D(ki)
2 —imr \ F1 2 imT k2
_ Aaki—lgka—lgks—laks—1 | [ #1 — € G —¢
S0k k) = 08 ol ok ok (TS (RS
23 — e~ ks z2 — elmr ka 1 1 1
R , +
<Z3 - 6””"/2> (24 - 6”7"/2> (ngzﬂ 2923y " 2%3234”
where T' denotes the Gamma function. Therefore the second generalised entropy in Eq. (5.3.7))
reads

. )
2173=i6””‘/2
—inr/2

z2 4=%e

Ry koskes ks 1 2
kaikaks _ S(r. by, ko, ks, k)2 5.3.16
Ryq1. H?:l kzif(k‘i)2| (o b, ks, )| ( )

For k; =1,¢=1,...,4, it reduces to

R171;171 . (7 + COS(Q?TT))4
Ripain 642

s Ay by

(5.3.17)

This result reproduces what has been found in [153] for the (chiral) primary field i0p. In a similar
way, we can compute

Roiio  Rigon  sintar
Rypai1  Ripaa 16 cos*(nr/2)’
Ri1,00 _ Roo;1,1 sin* 7r

= = , 5.3.18
Riga1  Riiaa  16sin*(7r/2) ( )

R10:1,0 Sin4(7rr)
Ry 16

The quantity Roo.1,1/R1,1;1,1 in Eq. (5.3.18]) reproduces the results found for the relative entropy
of the state described by the primary operator idy with respect to the ground state, G(pas||pia,)s
in Ref. [303].

5.3.2 An example involving vertex operators
As a second non-trivial example, we choose states involving both the derivative operator i0p and

vertex operators. In particular, we consider one of the states to be

Lo L oo i - 4 .
Voa(w,@) |0) = (;76271-1/&.:)@2/2(;762#1/&.:)(%/2 . pilap(w)+ag(@)) . 0), w=ir_. (5.3.19)
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Therefore the second generalised Rényi entropy we compute is

Rkl:k%Va,&,V_a’_a Tra(Trp(—

1 1
-0y [0) (0] 700, ) T (Vo 0) O Voo o). (5:320)

If we rename V,, and Vg the holomorphic and antiholomorphic part of the vertex operator, respec-
tively, Eq. ((5.3.20) can be reformulated as

Rk ko23Va,a,V_a,—-a 1 _4m _ _
1 E]l 1’ 1.1 Y = 167T4k)2€ L (k1T7 k2T+)1123411/2/3/4/;
L
Ti234 :/ dzydazge’t B R22) (90 (01 ) Dip(wa) Vi (w3) Vo (wa)) ; (5.3.21)
0

= L 27i = =
Tyorzry :/ daydrye 1 (F12y—kazy) (0p(w11)0p(war ) Va(w3)Voa(Wa)) = I1a34-
0

Applying the conformal transformation of the primary fields, we obtain for the four point correla-
tion function involving both derivative and vertex operators the following

_sin(mr) 2 dz dz 1 a?2?
I234 = d:cldxge (k1z1—kaw2) 27 ‘ 4 34
QSIH(W?”/ dw lw= =w1 dw w=w2 \ 279 2132923214224

2)
2.2
_ < sin(mr ) 7{ 7{ dzld22€ T (k1w —kow2) <2 + az34> )
2sin(7r/2) oR 219 Z13%23%14224

Let us notice that in evaluating the correlation function, any one of its term involves a single
contraction of &p(zz) with one other operator: when contracted with another dp(z;), it gives a
factor —1/(z; — z;)?, while when contracted with a vertex operator Vy, (z;) gives —icy;/(z; — zj).
On the other hand, the terms of the correlation function can involve contractlons of Vg, (z;) with
multiple other operators. When contracted with another V,,; (z;) it gives a contribution (2;—z;)*%.
These rules will be useful for treating the most general case in Sec.

Using Eqgs. ((5.3.14)), we get

>]

(5.3.22)

4 2
Tiggy = T 17—~ kﬂ*)LS(Ta a, ki, k),

L'(k1)T(k2)
sin(7r) o
S ki,ke) = | -—F—=
(r, o k1, k2) <2$in(7rr/2)>
A o, 5.3.23
cohtght | (A TN (B o™ NEAL L ata e
21 + eimr/2 29 + e—imr/2 Z%Q 2132932147224 21 3=e!m"/2 )
zgy4::|:€7imn/2
R R - 1
k1,k2;Va,a,V-a,-a — 5 |S’(r7 Q, k;lv k‘Q)‘Q.
Rip11 [Ty kil (F:)?

5.3.3 A more complicated case: two chiral modes

The previous two examples have shown that we can focus only on the chiral states, since the
contributions of the chiral and anti-chiral parts to the GMSREs factorise. Hence, let us consider
an example in which there are states involving more than one chiral mode such as

Ry, ,:00,0),01,1) = Tra(Trp(a—1a—110) (0| arar)Trp(a—1a—1 |0) (0] ajay)). (5.3.24)
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The Fourier expansion of the field in Eq. ((5.3.2)) leads to

_2m(r1+71o) .
a_ia_110) = £ - 1 ; /dxldxgeT(ml"'z?)@wlcp(wl)@wgo(wg) |0) ; (5.3.25)
T
27 (13+74)
(& _2mi
(0lara; = 47T2/da:3d$4e £ (@F24) (0] O, 0(w3) D, 0 (ws).- (5.3.26)

Thus, the generalised entropy in Eq. ((5.3.24)) reads

Rovoananan - 1 1 e nrnirrr)
Ry11. V2! (dr?)t

2me

L
X / dry ... dege T (P1FT2mT3m2akT5ATT=T8) (9 o) ... Duep(wr)), (5.3.27)
0

where ﬁ normalises the states in Eq. (5.3.24]). Once we perform the conformal mappings from the

two-sheeted Riemann surface Rs to a single complex plane, the previous integral can be computed
through the residue theorem. The points that the w;’s are mapped onto are given by

ir/2 —inr/2 _ _eiTr’r/Q
) ) = )

yr=e ys =€ Y3 ys = —e /2, (5.3.28)
The difference with respect to the computations involving one single mode is that now the poles
seen by the spatial integrals can arise both from z; = y; but also from z; = z;. For future
convenience it is useful to write down the correlation function (9,,¢(21) ... 0.9 (2s)) so that all
occurrences when there are contractions involving z;’s near the same point (one of the four y;) are

explicitly written, i.e.

1 1 1
(0:,0(21) . .. Oz5p(28)) = (12345678)" + —- (345678)" + —- (125678)" + —- (123478)’

212 234 256
1 / 1 / 1 / 1 / 1 /
+ =5 (123456)' + ——5 (5678)" + ——5 (3478)’ + ——5 (3456)' + ——5- (1278)
278 212734 212756 212778 ?34%56
1 ' 1 '
+ —— (1256) + —— (1234) + ——————. (5.3.29)
Z?2>4Z$8 252)62%8 2%2'22%42%6278

We use the prime, i.e. {...)’, on the correlators to indicate that there are no contractions involving
(1, 2) or (3, 4) or (5, 6) or (7, 8). Hence, we can evaluate the primed correlation functions as

11 1
(12345678)" = = +
Z.%:l 2 (i —v)* (ye —w)*
ijkl all distinct
1 1 1 1
(i —yi)% (Wi — ) (Y5 — ) (ye — 1)?’
. 1 1 1 5.3.30
(1---20 —12i---8) =8 Y - _ S i=1,2,3,4; (5.3.30)
ki (yj —uk)* (v5 — v)* (vk — W)
j<k<l
—_— — ~ !
(12— 12i+-2j —12j---8) =2 i< j=1,2,3,4
kzd (k. — )4

k,l distinct from 4,7
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Let us now plug the results found in Eq. (5.3.30]) in the integral in Eq. (5.3.27)). We must evaluate
integrals of the form:

L
2m 1
PES / dridroe’t l(xl+x2)zTaw1 zlanZQ

0 12
= . 1 1 1
:7{ dzljl{ dzpe T (T1H72) ghmiv/R 5/ (z101) f (22, 51),
oL c? 21— y1 22 — 1 (21 — 22)
. 1 (5.3.31)
I3 = / dl’ldlbge%ri(zl_m)Tawlzlawgz?y
0 %13
x 1 1 1
= 7{ dz/l]{ dzge’T (M=73) 5[ (21, 91) f (23, y2),
. Jes 21— Y1 23 — Y2 (21 — 23)
where
2 *\2
Zi (%)
wiys) = ’ 5.3.32
f(zis95) %ty ( )

In order to do the first integral, we will take 71 < 7o (without loss of generality), such that the
contour C* is inside C?, i.e. we can first perform the integral C! followed by C? (similarly for
the integral along C_?;), with the result

. 1 72 2w N ami
Iy = — 471_2627r(7—1+72)/Le4mv/Lf(y1’yl)iazf(z’yl”z:y1 = —?e (it 2)64"1”/Lf(y1,y1)2,
1
1 2 (77,
I3 :4W2m€ ASE S)f(ylayl)f(y27y2)'

(5.3.33)

The dependence on 7;’s cancel in Eq. , thus even though some w;’s are mapped onto the
same point once 7; = £oo, if we keep them finite, we can do the integral and then take the limit,
obtaining a finite result. We can then perform all the integrals along the lines discussed above and
put everything together to get

R . 1 2
LD@D:ED.AD _ - [(7 +c08(27)) (1606 + 335 cos(2mr) + 106 cos(4rr) + cos(67r))

Ritix 1l 2006
B sinb(wr) (7 + cos(2mr))2 sint(7r)  sin®(7r)
2 1024 256
88123 + 37256 cos(27r) + 4604 cos(4mr) + 1080 cos(67r) + 9 cos(8mx) (5.3.34)
131072 ) o

We observe that this result coincides with the second Rényi entropy for the first descendant in the
tower of a CFT with central charge ¢ = 1, i.e., the state associated with the stress-energy tensor
T =L_51 ({Lp,p € Z} from the Virasoro algebra [269]).

5.4 GMSREs for arbitrary bosonic states

In this section we report the results for the generalised Rényi entropies involving arbitrary bosonic
CF'T states. To set the stage for the most general case, we first consider the case involving states
with arbitrary mode content but no vertex operators.
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5.4.1 Generalised mixed state Rényi entropies without vertex operators

Using what we have learnt from the previous simple examples, we now want to treat a much more
general case, involving an arbitrary (even) number of modes but without vertex operators, i.e.

~ = A1A2A3A,4

N1 N2 N3 N4
TrA(TrB(H A—k; |0> <0| H akNlJri)TrB(H A—kn, 4Nyt ‘O> <0‘ H akN1+N2+N3+i))7 (5'4'1)
=1 =1 =1 =1

where N = Ny + Ny + N3 + Ny is the total number of the modes. Here k1,...ky are all positive
Mk

integers and the A;’s denote the normalisation of the states aTle So.a_ k]z; ~|0) which are given by

J

M; M; )
Ay =100 T a) [ a-x, 0D = . (5.4.2)
[1% /K™ (i)

Using the integral representation of modes, we have to compute the following correlation function:

N1 No N3
<H 8%‘90(“‘%) H 8Wi+N1 (P(wi+N1) H 8wi+N1+N2 ‘p(wiJer +N2)

i=1 i=1 i=1
Ny N N/2
Hawi+N1+N2+N3 P(Wit N1+ Na+N3)) = Hawizi E H (z — )2’ (5.4.3)
=1 i=1 oESN 02i—1 T2

02;<02i+1
01<03<...09N—1

where the second line comes from the conformal mapping from the two-sheeted Riemann surface
to the plane. We can recognise that the last sum over o € Sy, with Sy the permutation group of

the N indices, can be compactly rewritten as Hf (ﬁ) i where Hf denotes the Hafnian
v <i4,5,<
of a matrix B
N/2
Hi(B) = 2N/2N/2' > 1 Bocimnyoe (5.4.4)
ogeSN 1=1

an object which contains (N — 1)!! terms. Let us now consider the needed integrations focusing
on one of the term in the above sum, i.e.

N/2

1
o (5.4.5)
i=1 (2‘721’—1 - ZU2i)2
Its contribution to Ry, . ky/Ri1,1,1 is
N/2
(_1)N1+N362mf(P1+P3—P2—P4) H W(kUZi—l7 k‘g%, Yooi_1s yazi)' (5.4.6)
i=1

The factor (—1)N1+"s comes from the N contour integrals in total, N7 + N3 that are clockwise
and N2 + Ny that are counterclockwise. Here P; (the total momentum of the state) are given by

N;

P = Zkﬂzz; Ny i=14, (5.4.7)
j=1
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and the y;’s, i =1,..., N, are defined as

87271'7“/27 1<i<Ny;
- eimr/2, N1 +1<4¢<N;i+ No; (5.4.8)
Yi —e™/2 Ny 4+ Ny+1<i<N;+ Ny+ Na; 4.

—e /2 Ny 4+ Noy+ Ng+1<i<N;+ Ny+ N3+ Ny.

The evaluation of W (k;, k;,yi,y;) in Eq. (5.4.6) (for conciseness, we use the subscript (,7) rather
than (o9;—1,09;)) leads to

k‘ifl k‘i—l Fki_l+1 7 — . .
ﬁ lk() k( ! )‘r(kfwjiuzf)(aifk)(Z—?/“yl)
+ k; . e — ). e
Wik aey) =4 <@ e 2w VSV (549)
8k _1ak'—1 ( i(ziyyi) f ](Zj:yj)> i # yj:
Z2i=Y; 7 )

(Z._Z.)2
Y %=Y;

1“(/’ﬂ) (k;)

This first case above (y; = y;) can be obtained by exploiting the product rule for higher-order
partial derivatives, i.e.

0%(hg) = Y R |(aﬁh)(m) (5.4.10)

Bty=a

whose proof can be done by induction. Using this rule for h = f(z;,y;) and g = 1/(z; — zj)?, taking
the derivative with respect to z;, setting z; = y;, and then doing the integral in z;, we obtain the
first line of Eq. . This corresponds to the assumption 7; < 7, but we can explicitly check
that nothing changes for z; <+ 2;. We have applied this same logic in solving the integral I1 in
Eq. . The second case of Eq. is analogous to the solution of I13: it can be obtained

by simply applying the residue theorem since there are no contractions involving z;’s (i = 1,... N)

near the same point (one of four +e**7"/2). To summarise, we have
R
gl,...,... A1A2A3A4( )N1+N3 2mi L (P1+P3 —Pr— P4)Hf (W) (5411)
1,1;1,1

where W is the matrix which enters in Eq. ( - This result can be extended to generalised
Rényi entropies with index n. The total number of modes is now given by N = Z 1 N;, the set
of N points y; is defined by

iw%(r+m) N k m+1 —1, .
e = {e Z <k<>” m even; (5.4.12)

i (=r+m—1) Z PN <k<>” m“ —1, modd,

while the formal expression for W (k;, kj, y;,y;) is the one defined in Eq. (5.4.9)) with the following
definition for f’s:
Zn _ eiﬂ"l‘

S [ meven;
flziy) =4 —77° ZZ _ i (5.4.13)
n—1 _n—j—1 Zﬂ_j( r+m_1)7 modd.
Z] 0 % e
Thus Eq. (6.3.17) becomes for generic n
M = Al e A2n(—1)zioddN 27”L(Z'Lodd Zieven Pl)Hf (W) . (5414)
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5.4.2 Generalised mixed state Rényi entropies with vertex operators

The most general case involves states with arbitrary vertex operator content:

a,02,03,04 a1 A2 AO3 AOC4
Ry = AT AP AR AY

N1 No N3 Ny
TrA(TrB(H a—, |a) (ol H a’kN1+i)TrB(H kN Ny +i |ag) (o H akN1+N2+N3+7;)) (5.4.15)
=1 =1 =1 =1

where the states |«;) are defined via

L 2xi

|a1’3> = (72 .eTwa173)0¢%,3/2 : eia1,3<ﬂ(wa1,3) . |O> = Cay s eia1,3:<p(wa173) : |0>, Way 3 = —ico
iy ’ ’
<a2,4 = <O’ (2L~e_%wa2’4)a%’4/2 : eia2,4<p(wa274) = <0| Cag g * eia2,4go(wa2‘4) o Wagy = 100
T ) )
(5.4.16)

and the A?j are the normalisation of the states where now the vacuum is replaced by the state
created by the vertex operator, i.e.

N; N;

AF =1/((ay] 11 a; 11 aplaz))' 2. (5.4.17)

i=14+N1+-Nj_1 i=14+N1+Nj_1

Eq. (5.4.15) can be rewritten as

R011706270431044 _1\N
kl,-..,kN — ( 1) —QT‘” 7{\7:1 JikiTiAalAQQAa3Aa4
Ri11. (27T)Ne L

[t ]

L
></ dxldxg...dx]veLC”k’mZC(wal,wQQ,wQS,wm,wb...,wN), (5.4.18)
0

where o; = 41 if the corresponding mode a is a creation/annihilation operator, the factor (—1)¥
comes from representing each a in terms of d,¢(w), and

C'(Way s Warg s Wagy Way , W1, - - -, WN) 1S given by
Ny
C(War » Wag» Wargs Wy WL+ -+ WN) = Cay Cous CoryCory | [ Ouoy p(wi) €01 #(9o1) gi020(0a2)
=1
No N3
X H awr‘rN1 So(wi-i-]\h) H 8Wi+N1+N2 So(wi+N1+N2)ela:aw(w%)emzlw(wml)
i=1 =1
Ny
X H8wi+N1+N2+N3¢(wi+N1+N2+N3)>‘ (5'4'19)
=1

This correlation function can be evaluated by considering all the possible contractions among
operators: e®?(&) must be contracted to all other operators, with a contribution (& — &)™
when contracted with another ¢’®%(&) and —ic;/(& — 2;) when contracted with dp(z;). The
operators p(z;) must be contracted with one operator at a time, giving a factor —1/(z; — 2;)?
when contracted with another dp(z;). These rules were the same already used to evaluate the

correlation function in Eq. (5.3.21)).
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By summing up all these contributions, we get

C(wa17wa2,wa3,wa4,0¢)1,...,WN):M(Oé]_,OZQ,Oég,OQL)
al (67107
§ :E : 1y
XHawizi <82190 ZN()O +Z 2 Hazl
— /
i=1 1#1
4 N o
()
YN e ([T
i,j i<y’ i) I,

N

4
0y Z e T 2o MY ey
2P
— z)(& — % —z .

1,5,k 1'<j <k, Z v / k k/ l?él,] k i1,82,...,iN J=1 (§Z‘7 ])

(5.4.20)

The prefactor M (aq, ag, a3, aq) encodes all information about the purely vertex operator part of
the correlation function:

(103 w, (103 w, (103 w, ’La w,
M(a17 062, Oé3, Oé4) = C(chachCBCOUL <6 ISO( &1)6 QSO( &2)6 SSO( &3 4SO( &4 / ’31 =Yi

E.u

2:1
. T\ @1oetazoy T\ d1ogtazas
= Sin <7 COS (7)
2
_a . a-Gr i ; 21,2 ,2_,2
) ao‘/281n(7rr)o‘a/2(e zwr62mv/R)(a1+a3 aj a4)/2’ (5421)

with & = (a1, ag, a3, aq). When a1 = —ag = ag = —ay, M (a1, a2,a3,a4) = 1 as also found in
Ref. [153].
Writing the correlation function in this way allows us to express Ral’azgv?”a“ in terms of Rényi
entropies that do not involve the vertex operators, RO 0 0% , as follows:
aq,002,003,004 0,0,0,0 0000
ki,...kn ki,...kn kh ki kN ~
—_— = M(Ozl a9, (X3, (4 |: N(k)Lkz a)
Riaa, a2, a3, 44) Rii1, Z R]l,ll,]l,]l ’ (
RZ 00,0 -
1yeenrk kig,.-kN _ —
+ Z R : N(k’h? kiz)Lkil (O‘)Lk‘iz (a) +eot
= 1,1;1,1
RZ’QO’% Fonyie ok
1y---5h9g g inN_9 PN _ _ _
> = AN N (kg iy s Kin_y) L (@) Ly (@) - Ly (@)
11<t2,<IN_2 LI;1,1
N
+ ] L (a).} . (5.4.22)
i=1

where E\/ indicates that the operator does not appear in the Rényi. Here the coefficients N (k;)
arise as normalisations of the states after some of the creation/annihilation operators have been
removed since we are dealing with Rényi entropies involving only properly normalised states. So
for example N (k;) for i < Nj reads

N N
(o TT3s aw, TT52; any o))/

N(ks) = .
((on | T2, an, TN a,laa))'/2

(5.4.23)
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The functions L; are defined as

4
ij (07) = Z ai]ij
=1

(5.4.24)
2T ke L
I e T Ti%R; / d ﬁixjojkj 5
= e L o
VT oy 2,
The integral above gives
L =0,e T 771 s
7 rw0s £ (2 ky) = (5.4.25)
E kj—1 £*5 (2, k .
F(}w)a’z; Loty i # J

Zj—Yi

The terms like e 7 %% allow one to recover the factor e T F1+Ps=P2=Pa) iy Eq. (5.4.6). Eq. (5.4.22))
is the main result of this Chapter. Despite its involved expression, it provides an efficient way to
compute any generalised mixed state Rényi entropy of a bosonic CF'T involving arbitrary excited
states.

5.5 Closing remarks

In this Chapter we considered the generalised mixed state Rényi entropy defined in Eq. .
We developed a strategy to compute the aforementioned quantities for a bosonic CFT using the
representation of its Hilbert space in terms of massless modes and highest weight states created by
vertex operators. This procedure allowed us to recover some known results about the entanglement
of low-energy excitations represented by primary fields [153,303] and of descendant states [283].
Exploiting the techniques of Sec.[1.4.3], one can aso numerically check our results for some simple
excited states, as it is reported in [275].

Although we provided explicit results only for a bosonic theory, our approach can be extended
to a generic state of a CFT written as a product of modes of primary fields (for example the
Ising CFT). Our results represent the starting point to apply the truncated conformal space ap-
proach [305L[313] to the evaluation of the Rényi entropies in both equilibrium and non-equilibrium
situations. We use the results herein to describe the time evolution of the second Rényi entropy
after a quench in the sine-Gordon model [315], as we are going to illustrate in the following Chapter.

A straightforward use of our results is the computation of entanglement measures involving
two CFT states such as the relative entropy (292,303 and the trace distance [308,1309]. Another
relatively simple extension concerns the resolution of entanglement in systems endowed with an
abelian symmetry [84]. A more challenging idea would be to derive similar non-diagonal objects
for the negativity [151,152].






Chapter 6

Post-Quantum Quench Growth of
Rényi Entropies in Low Dimensional
Continuum Bosonic Systems

The growth of Rényi entropies after the injection of energy into a correlated system provides
a window upon the dynamics of its entanglement properties. In this Chapter, we develop a
simulation scheme by which this growth can be determined in Luttinger liquids systems with
arbitrary interactions, even those introducing gaps into the liquid. We apply this scheme to an
experimentally relevant quench in the sine-Gordon field theory. While for short times we provide
analytic expressions for the growth of the second and third Rényi entropy, to access longer times,
we combine our scheme with truncated spectrum methods. This Chapter is based on Ref. [315]

6.1 Introduction

The time evolution of the Rényi entanglement entropy in out-of-equilibrium QFTs nowadays plays
a crucial role in disparate situations ranging from quantum gravity and black hole physics [34,
35| to experiments in cold-atom and ion-trap setups [79,88,/89,316]. Very effective numerical
techniques, based, e.g., on tensor networks allow us to compute their behaviour at not-too-long time
scales in lattice systems [317-320]. Conversely, simulation algorithms performing well for generic
interacting field theories are not available yet (although Continuous Matrix Product States [321-
323| represent a promising framework). The main goal of this Chapter is to introduce and develop
a new simulation scheme which in principle should work for a large class of 1d QFTs. The key idea
is to use as computational basis the one of the Luttinger liquid and write a general exact expansion
for the Rényi entropies. The coefficients entering in such an expansion can be effectively calculated
by truncated spectrum methodologies (TSM) [305}313,314].

The root of the effectiveness of our algorithm is that Luttinger liquid is a cornerstone for the
description of a wide variety of quasi-1D systems [204}[324}|325], spin-charge separation in 1D
metals and nanotubes [326,[327], power-law correlations of the dynamic structure function in 1D
cold atomic systems [328.329], and the fractionalization of magnons into spinons in quasi-1D spin
chains [330,/331]. Even when a Luttinger liquid is gapped out by an interaction, the underlying
bosonic description of the unperturbed liquid provides an excellent starting point to understanding
any underlying phenomena. Here our fundamental idea is to use the unperturbed liquid as the
starting point for the description of a wide variety of non-equilibrium dynamics.

The main object of interest here is the Rényi entropy of a bosonic system with a time-dependent

95
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reduced density matrix, p(t). In this chapter, we will denote it as S, () to stress the time depen-
dence.

While here we apply our machinery to the computation of time-dependent Rényi entropies,
our framework also allows for the determination of time-dependent relative Rényi entropies 306,
307,[3331334]. We start with a review of the non-equilibrium Luttinger liquids in Sec. which
provides the computational basis for the evaluation of the dynamical Rényi entropies. We analyse
their early and longer time behaviour in Secs. and respectively. Finally, we discuss some
possible outlooks in Sec.

6.2 Model for Non-Equilibrium Luttinger Liquids

To explore the non-equilibrium Rényi entropies in non-equilibrium Luttinger liquids, we will con-
sider a canonical Hamiltonian density describing their dynamics:

H(t) = /dxéi(@ﬂf +T12) 4 271 (t) cos(Be). (6.2.1)

@(x,t) is a real compact Bose field which admits the following mode expansion [269] (see also

Eq. (5.3.2) for it = 7 and m = 0)
2mm

4 1 T T
o(z,t) = @o+ Hot + ﬁ—Laz +1 7 (aleng(x_t) — a_leQLl(”t)). (6.2.2)
140

The parameter § is related to the Luttinger parameter, K, of the theory via 8 = (2K)~1/2. K
determines the power law correlations in the model when J; = 0. This mode expansion assumes
the boson has compactification radius 27/, i.e. p(x+ L,t) = p(z,t)+ %’rm, where m denotes the
winding number, which is related to the U(1) charge of the sector. The operator ¢y is the ‘center
of mass’ of the Bose field and Il is its conjugate momentum, which has permitted values nf, with
integer n. These obey the commutator [¢g, IIg] = i.

The bosonic Hilbert space emerges from an infinite set of highest weight states marked by the
bosonic winding number and the value of conjugate momentum:

In,m) = e"PP0+12500) gy (6.2.3)

These highest weight states |n, m) are defined by acting with vertex operators involving the boson
and its dual on the vacuum |0). The dual boson, O, can be defined via the relation

0:0(z,t) = Opp(z, t). (6.2.4)

The quantum number n gives the momentum of the bosonic zero mode for the state while the
quantum number m gives the U(1) charge of the state. The full Hilbert space is then constructed
by the acting with the right and left moving modes (a,, and a,,) of the field on the highest weight
states:

M M
@) =[] ax, [ ] @ In,m). (6.2.5)
Jj=1 Jj=1

The energy and momentum of such a state is

o m? U M 1
E _ 2 202 I{? b —
v L( 5+4BQ+Z D 12),
j:



6.2. MODEL FOR NON-EQUILIBRIUM LUTTINGER LIQUIDS 97

J

M M
P, = 2% ((n —m) + z::l kj — ; kj) (6.2.6)

The 1/12 term in Ey reflects the fact that the vacuum energy in the conformal limit on the
cylinder does not vanish if it is assumed to be zero on the plane. The a, /a, satisfy the following
commutation relations:

[aTM am] = n5n+m,0; [dny dm] = n(sn—i-m,O; [ana am} =0. (627)

These commutators, together with the relation for the commution of the modes with vertex oper-
ators

[an, €B°O)] = —BeiBe(0) (6.2.8)

allow one to compute generic matrix elements of the states with the vertex operators appearing
in the sine-Gordon Hamiltonian.

After this generic introduction, we will now specify the computational basis we use to explain how
time-dependent Rényi entropies, S, (t), can be computed in a non-equilibrium setting. Starting
from Eq. (6.2.5), all states |¥;) of the J; = 0 theory have the (unnormalised) form:

U = [[an, [Ja-nls), |v) = e™#0)0). (6.2.9)
k=1 k=1

Here the |v;) = n;8, with n; an integer, are plane waves states of the zero mode g of the boson
and N;/N; is the number of chiral/anti-chiral modes in the state |¥;).

We now want to imagine that we have done a quantum quench or that J(¢) has some non-trivial
time dependence. We are going to suppose that we are tracking the time dependence of the state,
lo(t)), of the system via the following representation:

lp(t) = 3 ai(t)| W), (6.2.10)

where |¥;) are the states just discussed of the unperturbed bosonic theory. The corresponding
density matrix of the system is

p(t) = on(t)er ()W) (W51, (6.2.11)
i?j
It will be with the density matrix in this form that we attack the problem of computing S, (t).

6.2.1 Quenching from Luttinger Liquids to the sine-Gordon Model

Let us focus on the second Rényi entropy, Sa(t), for simplicity. Imagine that we perform a partial
trace of region B of the system (= AU B) from the density matrix in Eqn. |6.2.11} The second
Rényi entropy will then take the form

Sg(t) = —log( Z al(t)O{](7‘/')*057,/(15)06‘7/(t)*_RL]J/J/)7
Z'7j774'/7j/
Ry = Tra(Tep|W)(V;|Trp|Py) (V). (6.2.12)

Here we exploit the general closed form expressions for the GMSREs, R; ;. for bosonic field
theories discussed in Chapter
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We now want to consider a specific quench, imagining preparing the system in the Luttinger liquid
ground state (i.e., taking J;=0 in Eqn. and observe the dynamics of the system by turning
on at t = 0 a finite J;. For J; > 0 the dynamics of the system will be that of a far-from equilibrium
sine-Gordon model. How far from equilibrium can be quantified. The energy of the ground state
of the sine-Gordon model is

By = LA2tan(r€/2)/4, A, =c(p?)J >

(o) = e

VAT (/2 + €/2) | (6:213)

al(1 — B2/2)\ 1/(2-5)
2I(6%/2) )

where & = 32/(2 — 8?) and A, is the gap of the sine-Gordon soliton excitation. c¢(3?) was first
determined in [337]. On the other hand the energy of the pre-quench state |¢(t = 0)) relative to
the post-quench Hamiltonian is —7/(6L) and so the quench pumps in a finite energy density of
tan(mé/2)A2 /4 at large volumes into the system.

The sine-Gordon model is integrable and while integrability does not allow us to determine the
non-equilibrium time evolution of the system, it does provide us with knowledge of the dynamically
generated non-perturbative scales in the problem. This include the gap of the solitons, Ag, above
in terms of Jy. It also includes the gaps of solitonic bound states, the breathers. In sine-Gordon’s
attractive regime, 8 < 1, the model has K _1J breathers with gaps

Ay, =2Agsin(mné/2), n=1,---,[¢]. (6.2.14)

For § <« 1, the model has a large number of breathers much lighter than the soliton and it is these
excitations that dominate the dynamics. In this Chapter we will be focusing on the attractive
regime and will suppose that 8 < 1. With knowledge of these scales, it is possible to write down
scaling behavior of various quantities post-quench. We will focus on both the time-dependent
Rényi entropy density as well as the order parameter, C(t) = (cos(5y))(t).

A quantity O(t) with scaling dimension a is going to have a scaling form

O(t) = A}, 90(Ap, L, Ap,t) (6.2.15)

where go is a dimensionless scaling function. For the order parameter C, a = 2, while for the
Rényi entropy densities, S,/L, a = 1. We now will determine these scaling forms in the limit of
early and late times focusing on the experimentally interesting limit of system sizes LAy, > 1.

6.3 Early Time Analysis: UPT

At early times, we can use unitary perturbation theory (UPT) to determine the leading order term
in Ji to the scaling forms. At the heart of unitary perturbation theory is a similarity transformation
that transforms the original unperturbed set of bosonic states to an energy-diagonal one where
time evolution is easily evaluated. We adapt the unitary perturbation theory (UPT) of Ref. [338].
The main idea of this formalism is to bring the Hamiltonian into energy diagonal form. To do so
we introduce a canonical anti-Hermitian transformation,

2
S =151 + %SQ +O(J}). (6.3.1)
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We will apply it to the Hamiltonian

H = Hy+ Hi,
27 1
Hy=— a_pag + a_pa +7T2——,
0= "7 Zk:( kak Kk) + 5 — 75 (63.2)
B% L
2
H =J; <I7/r> / dx : cos(Bp(x)) : .
0

The action of S upon H in Eqn. (6.3.1)) is given by

1 1
e SHe™® =Hy+ Ji(Hy + [S1, Ho)) + Jlg(i[sz,Ho] + [S1, Hi) + 5[517 [S1, Hol]) + O(J}),
=Ho + J1Hi diag + J{ H2 giag + O(J}).

(6.3.3)

We define S such that the matrix elements of H,, 4iqq with respect to two eigenstates, |n),|m), of
Hy are only non-zero if F,, = F,,. Hence, we find that S satisfies at first order in Ji,

Hy

wn B, E

Sl,nm = En—Em " # " (634)
0 En = Lm,

and at second order,

_ [Pt B4 B,
S2.nm = n b (6.3.5)

E,=E,.

The transformed Hamiltonian Hy/p jiqg reads to second order in Ji,

(n|H1 diaglm) =(n|Hi|m); En = En
HyniHk 6.3.6
<n’H2,diag’m> = Z M, E,=FE,. ( )
En - Ek
k,Ex#En

We can apply this formalism to find the time dependence of an observable A

(A(1)) = (0le™* Ae™""|0)
= (0|e™FetHaiagteS A5 ¢~ HHaiagt ¢S 0) (6.3.7)

= <0|e_SeS(t)Adiag(t)e_S(t)eeS\(D ,

where S(t) = etfldiagt SGe=tHaiagt = Ay (t) = etHaiagt Ae=!Hdiast, We expand first the inner transfor-
mation as

1
es(t)Adiag(t)eis(t) = Adiag(t) +[S(0), Adiag(t)] + 5[5(75), [S(2), Adiag(t)]] + O(Jf’), (6.3.8)
and then the outer back transformation

e 55 Agiag(t)e ™ e = Agiag(t) + [S(t) — S, Adiag(t)]
+ % ([S, 1S = 25(t), Adiag(D]] + [S(2), [S(£), Adiag (1)]]) + O(JF).  (6.3.9)
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Therefore we can write down (A(t)) in terms of its matrix elements as

(A(t)) = Ao + Z (0S0k (1) Adiag,ko(t) — Adiag,00(t)0Sko(t))
J

1
+ 5 D (050 (£)3Sk1(t) Adiag10(t) + Adiag 01 (£)55k1 (1)0510 (1)
kl

—25S0k () Adiag k1(t)0S10(t)) + O(J}), (6.3.10)
with §.Sk;(t) = Ski(t) — Sk

We now use UPT to compute the time-dependence of the state of the system, |¢(¢)). To do
so, we write |¢(t)) in terms of the states of the unperturbed bosonic theory |¥,) via:

(1) = 3 aa()Wa). (6.3.11)

By choosing the observable A as pu, = |¥,) (Vy|, we can use Eq. (6.3.10) to compute the time
dependence of the density matrix elements

cav(t) = (@(t)]pav|e(t)) (6.3.12)

to second order in J; as

(1425, S1.06S1k0(1 — cos((Ey, — Eo)t)) a=b=0
eMEo=Eb) G 1o — S0
_|_% S Sk S ko(1 — et Fo=ER)t _ oiEx=Ep)t 4 oil(Fo=Enly g =0 b #0
—itFa=F0) ) 44 + 5100+
LS, 81 0k St pa(l — eiER—FO _ ilFa=ER)t | i(Ba=F)t) £ b =0
—(1— ei(Bo—Ep)t _ gi(Ea—Eo)t | €i(E“7Eb)t)Sl,0a51,bo a,b#0
(6.3.13)

cap(t) =

This will allow us to back out the ag(t)’s.
At small 3, the number of states we need to consider in the post-quench density matrix at
leading order in the cosine coupling, Ji, and leading order in § include

|0;0;0) = [0), |0;0;m ==+1) = etmBe(0) [0), |n;nym==+1)= fa,nd,nelmﬁw(o) |0),

n
In,l;n,l;m=0,£1) = ma_na_ld_nd_leimm’(o) |0),
1 , 6.3.14
In,l;n+1;m==+1) = 0 pa_ya_p_e™?0) |0) | ( )
20n1/2 /nil(n + 1)
1 .
. . e = a a ’Lm,BQD(O)
In+1ln,lym==+1) = SNEN ey a_p_1G_pa_1€ 0) .
The energies of these states are given by
27[_ T S
By it o deom = - (Q_mi + Y _li+m?B7). (6.3.15)
i=1 i=1

We will further focus on the contribution of states involving chiral modes such that 22221 n; <2
as these states provide the dominant contribution to Sa2(¢). Thus we consider the contribution of
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states: |n;n;0,£1),n = 0,1,2;]1,1;2;+1);|2;1,1; £1), and |1,1;1,1;0,£1). Using Eq. (6.3.13),
the coefficients, oy, n(t), describing these states’ time dependence post-quench are:

eit(En;n;I*EO;OO _ /82 B2 52 o B2
i1 (E) ( Fot = Eo;o;o (. <L> e (L) ;
eit(Eo;0,1—FEoj00) _ 1 27 B> o B2
041(t) = J1L ~i¢J1L | — t:
ot ( Eo,0:1 = Eo;050 ' < L > i < L > ’

2m 25
ago(t) =1 - 2J7 L7 ( I >

1-— COS(E() 0; ilt 2 ﬁ 1-— COS(Ek;k;ilt)
E2 Z k2 E2
0:0:41 e

2 22 4
~ 1 J2L2 (;) 1+Z%

k0

et (B1,1;1,11—Foj00) _ q o B2 1 2t B2
J1 8L <> ~ —iJ,B*L <> t;
( Ei1.1,1.1 — Eop ! L 9 /1 L

Z [ Hy 1,1;1,1,000Hko (1 — e~ ¥Br=Foo)t _ i kP p0)t
EL#0,E1,151,150 (Ex — Eoo)(Eri,10 — Ey)

2\ 27°
+ e—i(E1 1;171;0—E0;0)t)1| ~ —3J12L2t2 <7T> 64.
L b

1,151,141 () =

== N

a1 1:1,10(t) =

2
o1 (1) = —aooq 1.1 (1) ~ —— 3 t.
1,121 () = —ag;1,1,-1(¢) ~ 2\[1J1,6’ R < R>

(6.3.16)

With these coefficients in hand, we can plug them into our generalised Rényi entropy machinery
to compute the time-dependence of the second Rényi entropy (see [315] for more details). Putting
everything together, we find

2\ 2 447
So(t) = Sage = LPJ} (L”) 25" (110g%(2) - <) + O(t?)
27 2p°
= 0.17L*J} (L) 2% + O(t3). (6.3.17)

We have kept only terms up to O(3%), and we neglected the contributions due to states |1, 1;2; £1)
because they are O(39).

We see that Sa(t) behaves as 2. The 8* dependence of S3(t) means that we cannot ignore
the contribution of states of the form |n > 0;1 > 0;m), i.e. states with a non-trivial bosonic mode,
a—p,a_p, content. Thus So(t) probes at early times not just the zero mode dynamics of the field,
©(t), but its field theoretic nature.

While we do not report here general formulae for the GMSREs needed to compute the third
Rényi entropy, S3(t), (these are considerably more involved as they involve computing 6-point
conformal correlation functions on a 3-sheeted Riemann surface), we can compute the hand-
ful of GMSRESs needed to compute S3(t) at early times. Doing so for the sextuplets involving
|0,0),|n,£1),n =0,1, we find

2

Ss(t) = L*JF ()78 f(8). (6.3.18)
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where f3(/3) for small 8 reads

f3(8) ~ (—3; + 3log %73 log 3> Bt (6.3.19)

We again see the 34t? dependence and again find that we cannot ignore the contribution of states
with non-trivial bosonic mode content.

Like with So(t) and S3(t), we can use unitary perturbation theory to compute the time depen-
dence of the order parameter, C'(t) = (cos(fBy))(t). Here we find that the contribution of states
involving only vertex operators, |0;0;m = 0,+1), determine C(¢) at leading order in 8 and ¢ to
be:

C(t) = —(2m)"12° 7, 32421257, (6.3.20)

We see that this contribution comes in at O(?). At early times C(t) is then determined solely by
the dynamics of the compact zero mode of the field, i.e. the problem is quantum mechanical not
quantum field theoretic.

Using this framework, the scaling form, go, simplifies to

go(z,y) = 2™ )= ho(y/x). (6.3.21)

Here m is the order in J; that gives the leading order correction to gg in unitary perturbation
theory. For the cosine order parameter, m = 1, while for the Rényi entropies m = 2 (see the
Supplemental Material in [315] for further details).

6.4 Longer Time Analysis: TSM

While UPT can be used to compute the early time behavior of the growth of C(¢) and the Rényi
entropies, for longer times we need to use a wholly numerical approach. The natural choice
here is the truncated spectrum methodology (TSM) [305,313,314]. This method provides for a
controlled computation of non-equilibrium quantities in a field theoretic setting. It employs as a
computational basis the states of the unperturbed Luttinger liquid, i.e. the |¥;)’s, precisely the
states for which we now know how to compute the generalised mixed state Rényi entropies. It
gains its name from the need to introduce an energy cutoff, E., above which we exclude states in
the Luttinger liquid basis. While we do not report here the technical details (see [315]), we discuss
the results we obtain.

6.4.1 TSM results: Discussion

As a validation of the accuracy of our TSM results, we demonstrate scaling collapse. Fixing LAy,

we expect data collapse if we plot our post-quench data for Sy/(ApeL) and cos(Sy)/ Af; against
tAyo for different values of J; and L. This is what we find, as illustrated in Fig. Here we
present data that have been extrapolated in the TSM cutoff, E. — oo (for Sz and (cos(B¢)) and the
GMSRE exclusion parameter, W — 0 (see the Supplemental Material in [315]). If |&;a;00,0| < W
(@; is the time-averaged counterpart of a;(t)), we exclude the contribution of R; ;. i to Sa(t) in
Eq. . Because we work with computational bases of size Ng, ~ 10%, computing all R; . ji’s
would require the computation of ~ 10'¢ different quantities — something that is computationally
prohibitive. Fortunately the contribution of the vast majority of GMSREs is negligible (because
|ovi (t) o (t) o () oy (t)| is negligible) and we need to only compute a very small fraction of GMRSEs
in order to compute Sa(t).
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Figure 6.1: The growth of the second Renyi entropy (left panel) and of the order parameter (right
panel) for an equal bipartition of the system as a function of time for different system sizes and
postquench couplings J; chosen such that Ay L is constant and thus scaling collapse is expected.
Error bars (blue dots) arising from the extrapolation procedure are shown. We see the expected
scaling collapse.

’ B \ Ji \ Teys \ S2(00) = Saga | REMT | (cos(Bp))(o0) | (cos(Byp))ther \ sgromer cos(Bip) SOV h \
3/20 0.1 0.45 0.16 0.66 —0.43 —0.17 0.009Ap2 | —0.003Ap2
1/+/8 ] 0.0375 | 0.29 0.058 0.19 —0.42 —0.31 0.005Ap2 | —0.023Ap2
1/v/2 | 0.0375 | 0.24 0.023 0.093 —0.41 —0.32 0.01Ap | —0.14Ap

Table 6.1: Here we report for three values of 8 the late time values of Sy and cos(Bp), comparing
them to their thermal values as determined by the effective temperature T,;¢. The post-quench
values of J; are chosen such that Ay (8)L are constant. We also report these quantities’ early

time growth rates. All values of S, cos(Sy) are scaled by Ay L/2, Af; .

The S5(t) data at 3 = 3/20 presented in Fig. [6.1]show collapse for four different values of J; and
L (chosen such that Ay L is constant within a few percent) over a time window of (0,100/Ap3). We
provide error bars associated with the extrapolation procedure. However for Sy the extrapolation
procedure is particularly robust and the error bars are small. For the collapsed (cos(8))(t) data
in Fig. 6.1} we are restricted to a more narrow time window (0,40/Aps).

At very early times, UPT predicts quadratic growth in time of Sa(t) and (cos(B¢))(t). After
UPT breaks down, both of these quantities experience a window in time where they grow linearly.
We report this growth rate in Tab. for three different values of 3. We see that with increasing
B, the growth rates increase in magnitude.

At late times both Sa(t) and (cos(Sy))(t) saturate. We expect Sa(t) to approach its late time
value via a correction vanishing as log(t)/t3, valid for integrable quenches with coherent quasi-
particles [339]. Using this as a fitting form, we report the value of So(t = o) in Tab. We
see that asymptotic value of So(t) is extremely sensitive to the value of 5. The late time value of
(cos(By)) however is not. We see its final value is almost § independent. Because (cos(B¢p))(t)
approaches its asymptote by oscillating about it, its value can be determined most readily by
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performing a time average over the data obtained after the initial linear growth.

One useful metric to which we can compare the t = oo values of Sy and cos(By) are the
values that would be obtained if the ensemble governing late time dynamics was thermal. Because
we know the amount of energy injected by the quench, we can use the analytic expression for the
energy of the sine-Gordon model arising from the thermodynamic Bethe ansatz (TBA) to compute
both the effective temperature that governs the thermal ensemble with this same energy and then
the t = oo values of Sy and cos(Sy) [340,341]. We see the expected thermal values of Sa(t = co) far
exceed that of its post-quench extrapolated value. Because the sine-Gordon model is integrable,
the generalised Gibbs ensemble that governs late time behaviour is going to involve contributions
from the higher conserved quantities in the theory. The system is thus more tightly constrained
and so the asymptotic value of the entropy S5 will be smaller than would be expected in a thermal
quench. We also see that the magnitude of cos(B¢) is in general larger than would be expected
from the thermal value. As this expectation value is directly related to the interaction energy, we
can see that the GGE arising from the quench favours interaction over kinetic energy uniformly
for different values of 8 in comparison to the thermal ensemble.

6.4.2 Computation of Power Spectra of Sy(¢) and C(t)

As a final comparison between the behavior of Sy(t) and cos(By)(t), we consider the power spec-
trum of the late time oscillations of these two quantities. This is, in effect, a spectroscopic probe of
the post-quench Hamiltonian: the frequencies at which power appears here is at the differences of
energies of the excitations [342,[343| of the post-quench sine-Gordon Hamiltonian. For Sy(t) these
differences involve four excitations while for cos(5y)(t) the differences involve two excitations. In
Fig. [6.2] we present the results of the power spectra. Because of the ability to compute accurately
Sa(t) out to longer times, our spectroscopic information for Ss(¢) is much resolved in energy than
that for cos(Bp)(t).

Let us now explain how the power spectrum presented in Fig. [6.2] for the set of parameters
L = 20,8 = 3/20,J; = 0.4. In order to isolate the oscillating behaviour of Ss(t), we do a

Power spectrum of S, and cos(B¢): B =3/20

0.000100 — IS () (Dol 12)]2
(b2;9;9;9) — 0.01|(cos(Bp)) ()AL, [2
(b2;b4;g9;9)
0.000075
.
[
£ 0.000050
o
((b1,b1);b2)
((b1,b1);(b1,b1)")
0.000025 ((b1,b1);9;9;9)
‘“ b1);b2;((b1,b1));g)
0.000000+

0.0 0.2 0.5 0.8 1.0 1.2 1.5 1.8 2.0
w/Dp2

Figure 6.2: We analyse here 5 = 0.15 the oscillation frequencies of the late time behavior of Sy and
cos(fB¢) via Fourier transform (FT). The notation (e, e2) labeling peaks in the FT of (cos(5¢))(t)
indicates a frequency w = |E,, — E,,| where E,, is the energy of excitation e;. The b;’s refer to

states with single breathers, (b;,b;) refers to a state with two breathers, while g is the ground
state. Similiarly the notation (e, ez, €3, e4) indicates a frequency w = |E] — Eg + E3 — Ey|.
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running time average using
t+At.avg

So(t)

y:t—At.avg

for Ay qug = 27/ Ay, over a time window T' = |t — t1] = ]132.§ — 6.8] = 126. We then perform a
discrete Fourier transform (DFT) on the time series Sa(t) — S2(t) — ¢, for t € [t1,t2], where € is
chosen such that Sa(t) — Sa(t) =€ as t — oc:

B 2At.avg

T

N
Sa(wn) == 3 (Sa(t) — Sa(t) — e)e kAL =1 N. (6.4.2)
k=1

The time averaging serves to suppress frequencies, wy, < wp,. Here the frequencies, wy,, of the
DFT are defined as w,, = %n where At = 0.4 is the time step and N = T'/At.

The time dependence of Sa(t) can be understood in terms of the eigenstates, {|E;)} of the
post-quench Hamiltonian. A contribution to Sa(t) of the form |E;)(E;|E))(E;| comes with a time
dependence, e(Fi—EjtEy—E) [315]. So the peaks in the Fourier transform will correspond to
quadtuplets (E;, Ej, Ei, E). In general, several possible combinations of the groundstate (g) and
excited states are present. Looking at the low-lying energies of the states |E;), we can identify the
quadtuplets for each peak in the power spectrum. In the spectrum, the first excited state is the
second breather (an excitation involving the first breather alone is forbidden by symmetry) and
is denoted as by. The next two excited states are (by,b1) and (by,b1)’ and are two-particle states
of two first breathers. They are distinguished by the momentum carried by each constituent by
(although the total momentum of the state sums to zero). The fourth excited state is the fourth
breather, by.

For the Fourier transform of the cosine operator, we do a DFT on the function C(t)—C(t = 0),
i.e. we subtract the asymptotic value in order to obtain a power spectrum with C'(w = 0) = 0.
To perform the DFT, we use as a time window 7' = |40 — 5| = 35. In this case, the peaks in the
Fourier transform correspond to pairs (E;, E;) rather than to quadruplets: in the computation,
terms like (E;| cos(By)|E;) appear and provide a e®(Fi=Fi) dependence to C(t). Let us notice that
the dominant peak in the DFT of C(t) is due to the contribution of the first excited state, i.e.
the second breather by, while the amplitude of the next largest peak is due to contributions from
(b1,b1) and (b1, b1)’, the two low-lying energy states after bo.

6.5 Closing Remarks

We close this Chapter by commenting on applications to quenches in cold atomic systems. The
quench considered here (that of joining two Luttinger liquids) has been performed experimentally
in Ref. [344] while the time evolution of C(t) has been computed in Refs. [345,[346]. Our ability
to compute Sz(t) to relatively late times (in comparison to C(t)) gives us the time window needed
to see equilibration in this system. At small 3, the equilibriation time is 3 to 4 times longer than
that needed by C(t) to begin to oscillate about its t = co value. In our spectroscopic analysis of
the late time oscillations of Sa(t) and C(t), we can see the outsized role played by the breather
excitations of the post-quench Hamiltonian. Importantly we see the post-quench dynamics cannot
be described by the lowest breather alone. Finally our determination of a Ttz for the post-quench
dynamics and corresponding thermal values of So(t) and C(t) allow us to quantify the importance
of the higher conserved quantities in the GGE governing post-quench dynamics.

We mention that while the quasiparticle picture [46] provides the exact time evolution of the
von Neumann entropy (n = 1) for arbitrary integrable models [47,48|, the same is not true [347-
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350] for the experimentally accessible Rényi entropies for which our approach is the only viable
methodology for both integrable and chaotic post-quench dynamics. We remark that, although
we present new and interesting results for the out-of-equilibrium Rényi entropies, the goal of this
Chapter is not providing fundamental physical insights on the specific quench dynamics of the
coupled Luttinger liquids per se, but rather using it as a playground for a simulation scheme ideal
to compute the entanglement in more generic 1d QFTs.
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Entanglement and symmetries: exact
results
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Chapter 7

Symmetry resolved entanglement in
gapped integrable systems: a corner
transfer matrix approach

Let us start the second part of this thesis with the study of SRREs in gapped integrable lattice
models. We use the corner transfer matrix to investigate two prototypical gapped systems with
a U(1) symmetry: the complex harmonic chain and the XXZ spin-chain. While the former is a
free bosonic system, the latter is genuinely interacting. We focus on a subsystem being half of
an infinitely long chain. In both models, we obtain exact expressions for the charged moments
and for the symmetry resolved entropies. While for the spin chain we found exact equipartition of
entanglement (i.e. all the symmetry resolved entropies are the same), this is not the case for the
harmonic system where equipartition is effectively recovered only in some limits. Exploiting the
gaussianity of the harmonic chain, we also develop an exact correlation matrix approach to the
symmetry resolved entanglement that allows us to test numerically our analytic results (as also
done for the scalar field in Chapter [2)). This Chapter is based on Refs. [98] and [99).

7.1 Introduction

For the ground state of critical one-dimensional systems with an underlying conformal field theory,
the vVNEE shows a remarkable universal scaling depending only on the central charge ¢ (e.g., see
Fo. (T213)).

Such a universal behaviour is not strictly a prerogative of the gapless models, but it also
occurs for gapped models in the vicinity of a quantum phase transition in the regime in which
the correlation length ¢ is large but finite [20]. Indeed, using ideas from the famous proof of the
c-theorem by Zamolodchikov [183], already exploited in Sec. it has been shown that for a
bipartition of an infinite system into two semi-infinite halves, the leading behaviour of entanglement
entropies is generically [20]

c 1
S, ~ 3 <1+n> log €. (7.1.1)

This result can be elegantly recovered for integrable lattice models through the Baxter corner
transfer matrix (CTM) [179], as reported (and generalised) in many references [20,|182}246,351-
357]. We will discuss explicitly this technique in the following sections. The CTM approach
provided exact results not only close to the critical point, but gave generalisations also to the
regime in which the correlation length, &, is small. When the subsystem A is a finite interval
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of length ¢, as long as ¢ > &, the Rényi entropies are just twice the value in Eq. as a
consequence of cluster decomposition in the ground-state of these theories. However, as £ becomes
of the order of £, a complicated crossover takes place that is not captured by CTM and requires
more complicated techniques, see e.g. Refs. |156,/175L/199,358].

In the spirit of exploring the relation between entanglement and symmetries and in particular
how entanglement is shared between the various symmetry sectors of a theory [84,86], in this
Chapter we ask whether and when the equipartition of entanglement proven in conformal invariant
systems [85] survives away from criticality. Thus, we study how the total entanglement splits into
the contributions coming from disjoint symmetry sectors in gapped integrable models, using CTM
techniques. We carry out this analysis for two non-critical quantum lattice models with a U(1)
symmetry, namely the double or complex harmonic chain (which is a free model) and the XXZ
chain (which is genuinely interacting). To this aim, we first calculate the charged moments of the
RDM, and then obtain the contributions of the sectors by Fourier transform.

In Sec. [7.2| we give an overview of how the RDM of an off-critical quantum chain is related to
Baxter’s CTM. For integrable models whose weights satisfy a Yang-Baxter relation, the eigenvalues
of the RDM can be determined exactly. In Secs. and we exploit these exact results for the
computation of the SRRESs, for the complex harmonic chain and XXZ spin-chain respectively. We
also benchmark the analytic results in Sec. [7.3] against exact numerical computations. In Sec.[7.5
we find analytic expressions for the full counting statistics in gapped XXZ spin-chain, pointing
out its relation with the entanglement resolution. We conclude in Sec. [7.6] with some remarks
and discussions. Some technical details about the complex harmonic chain can be found in the
Appendix.

7.2 The corner transfer matrix and the entanglement entropy

In dealing with the geometric bipartition considered in this Chapter (i.e. two semi-infinite half
lines) the corner transfer matrix provides an exact form for the reduced density matrix [180] and
hence it is a formidable tool for the derivation of the charged moments and SRRE. In order to
understand how the CTM works, we give a brief review of the construction of the RDM.

Generally, a direct computation of the density matrix of a system is tough. A trick to address
this problem is to use the fact that the density matrix of the quantum chain is the partition function
of a two-dimensional classical system on a strip [359-361]. The latter can be solved by means of
the transfer matrix 7" and we can identify the eigenstate |¥) of T' corresponding to its maximal
eigenvalue. Given the Hamiltonian of the quantum chain H and its lattice spacing a, the transfer
matrix is T = e~*H up to a prefactor; hence |¥) is the ground state of H. One then obtains the
reduced density matrix of a subsystem A of the chain by tracing over all the coordinates belonging
to the complement of A. Therefore p4 is the partition function of two half-infinite strips, one
extending from —oo to 0 and the other from +oo to 0.

The CTM plays a crucial role: it connects a horizontal row to a vertical one. Choosing
the lattice in a clever way [179], when the model is isotropic, the four possible corner transfer
matrices |179] are all equivalent and the partition function is just TrA*, with A the CTM. Going
back to our quantum problem, the reduced density matrix is [180]

A4

pA

We will deal with integrable massive models satisfying the Yang-Baxter equations; in this case, it
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is possible to show that Eq. (7.2.1]) has an exponential form given by [1804359)

e—Horm
In the cases we are interested in, Hcry (the entanglement or modular Hamiltonian) can be
diagonalised as |180]

o0

Hcrv = ZEjnj, (7.2.3)
=0

where n; are number operators and €; are the single-particle levels of the entanglement Hamil-
tonian. The result provides exact eigenvalues and degeneracies of the RDM (i.e. the
entanglement spectrum of the system [335,362]), from which one calculates straightforwardly the
entanglement entropies [20]. We comment that this approach to the computation of the entangle-
ment Hamiltonian provided exact results about lattice statistical mechanics and it goes parallel
to alternative routes towards the study of this operator, like the one in axiomatic field theory
provided by Bisognano and Wichmann that we already mentioned in Chapter We will come
back to this also in Chapter

Eq. contains no information about the distributions of the eigenvalues ¢; into the various
symmetry sectors (indeed, it has exactly the same form for models with discrete and continuous
symmetries). In order to use it to compute the SRREs in gapped integrable models, we should
complement Eq. with some other input providing the symmetry resolution, but this should
be done on a case by case basis, as we are going to show.

7.3 The complex harmonic chain

In this section we use the CTM to derive the SRREs for a double or complex harmonic chain
that is U(1) symmetric and its continuum limit is a non-compact massive complez boson, i.e.
a Klein-Gordon field theory. We will find an analytic expression for the charged moments as
functions of a and we will discuss its limit close to the conformal invariant critical point, when the
correlation length ¢ is finite but large. Then we will use this result to compute the SRREs. All
the analytical results will be compared against exact numerical computations based on correlation
matrix techniques [169,|171}366].

7.3.1 Brief recap of the free complex scalar field and its lattice discretisation

The meaning of the symmetry of a double harmonic chain is clearer in the field theory language
and so we first consider a free complex scalar field ¢(x) described by the Hamiltonian

H= / dr [ @)T1(z) + 0up! (2)rip (@) + mPf ()(a)| (7.3.1)

with II(z) being the field conjugated to ¢(x). We use the dagger to denote the complex conjugation.
We can as well rewrite the model in terms of two scalar real fields ¢, () and ¢, (z)

1 )
px) = ﬁ(qﬁz(w) +ipy(2)), (7.3.2)
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and the same for II(x). In these variables the U(1) symmetry is an O(2) rotation in the plane
(¢, ¢y). The Hamiltonian (|7.3.1)) in terms of these variables is

1= [ do [IE(0) + @ups @) + (@] + 5 [ do [M(a) + (Quipy () + mPel (o)
= He(po) + Hr(p,). (733)

where in the second line we stressed that it is a sum of two identical Hamiltonians Hg for the real
fields ¢, and ¢,. One introduces the modes az (p) and a;(p) for each field i = x, y and momentum
p. The Hamiltonian and the conserved charge are instead better written in terms of particles and
antiparticles modes operators

(al(p) + ial(p)). (7.3.4)

Sl

am:%m@+%w» b(p) =

The Hamiltonian is

H= / pa(p) + b (p)b(p)), (7.3.5)

(with €2(p) = m? + p?) while the conserved charge is

Q= / p) — bt (p)b(p)), (7.3.6)

i.e. the total number of particles minus the number of antiparticles. The conserved charge can be
as well written in real space and its value in a given subsystem A is the same integral restricted
to A, i.e.

Qu = /A da(at (z)a(z) — b (2)b()). (7.3.7)

For the construction of the RDM for the lattice version of the complex Klein-Gordon field
theory, we start from discretising each of the two real Hamiltonians in Eq. . The lattice
discretisation of each of them is the harmonic chain, i.e. a chain of L harmonic oscillators of mass
M =1 with equal frequency wy, coupled together by springs with elastic constant &k (hereafter we
set wg = 1 — k), i.e. the lattice discretisation of the Hamiltonian Hpg is

L
Huc(q) = Z (pl woql ) Z “k(giv1 — )7, (7.3.8)

=1

where variables p; and ¢; satisfy standard bosonic commutation relations [g;, ¢;] = [p;, p;] = 0 and
[¢i, pj] = i0;;. Hence, the lattice version of the complex field theory is the sum of two of the above
harmonic chains in the variables ¢, and gy, i.e.

Hene(gs +igy) = Huc(gz) + Huc(gy)- (7.3.9)

which we call complex or double harmonic chain.

The reduced density matrix, p4, for half of the real harmonic chain was explicitly constructed
by Peschel and Chung in [167] in the large L limit. The trick is to relate p4 to the partition
function of a two-dimensional massive Gaussian model in the geometry of an infinite strip of width
L with a cut perpendicular to it [363]. Due to the integrability of the Gaussian model, in the
case where L is much larger than the correlation length, the Hory for the harmonic chain may
be written in a diagonal form as in Eq. , where now we explicitly have

= (V1 —k2)

Horva =Y (2 +1)eBlf;,  e= — T (7.3.10)
j=0
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Here I(k) is the complete elliptic integral of the first kind, i.e.

(7.3.11)

” do
I(k):/ T 3
0 1—k2sin*#

and f3;, /BJT- are bosonic annihilation and creation operators (satisfying [£;, BJT] = ;). They are
related to the ladder operators a; of the original chain by a generalised Bogoliubov transforma-
tion |167] as
BJ = Zgj,-ai + hjiaz. (7.3.12)
€A

Notice that the transformation mixes a and a' so it does not conserve the number operator.

The RDM for the double chain is clearly factorised in  and y part, i.e. the entanglement
Hamiltonian is the sum of two Horas in Eq. one with 3, ; and one with 3, ; ladder opera-
tors. Now we proceed as follows. First we rewrite these two entanglement Hamiltonians in terms of
the local ladder operators a,; and a,; using the inverse of the Bogoliubov transformation .
Then, using the lattice analogue of , ie.

1 1
tni = —=(a;i +b;), al,=—=(a] +0]),

\1/5 T \/15 o (7.3.13)
ayi = —(a; — b;), aizibi_ai'

we rewrite the entanglement hamiltonian in terms of local ladder operators for particles and
antiparticles. This is clearly quadratic (it is the rewriting of a quadratic operator after two linear
transformations and so it is quadratic) and commute with the charge operator. Hence, via another
Bogoliubov transformation (see Appendix

X = Zgijaj + h”bj’ Zhlj a; + gzg 55 (7314)
jeA JEA

which conserves the charge, the entire entanglement Hamiltonian of half-chain is brought into the
form

Z (25 4+ 1)( a o+ ’y;rfy]) (7.3.15)
§=0

The charge operator restricted to the semi-infinite line is just the discretisation of Eq. ([7.3.7)),
ie.

Qa=) ala;—0blb;. (7.3.16)

JjEA

Once we apply the Bogoliubov transformation in Eq. (7.3.14), we have
o0
j=0

up to an unimportant additive constant that we neglect.
Since the «; and ~; operators in Eq. (7.3.15) commute, the RDM factorises as

pA = pA @ P, (7.3.18)
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where we denoted the RDM for «; and ~; with p% and p)) respectively. For the charged moments,
we need to compute Trp’}‘eZQAO‘, but using also that @) 4 is the difference of the number of «;’s and
v:’s, see Eq. (7.3.17)), the trace factorises as

Zu(a) = Trp @4 = Tr[(p})"e™NA°] x [Tr(p)"e N30, (7.3.19)

where N§ = ZjeA a}aj and N} = ZjeA ’y;*yj. The two factors are equal, except for the sign of
a. It is very instructive to see how this factorisation happens for a chain of two oscillators as we
report in Appendix.

If for a single harmonic chain, we introduce the quantity

Fp(a) = log[Trp%etNao), (7.3.20)
then we have that the charged moments of the complex boson are given by
log Z,, () = F(a) + Fp(—a). (7.3.21)

We stress that Fj,(«) is not the log of a local charged moment because in the single harmonic chain
there is no local U(1) symmetry.

In the following we show how to compute F),(«) by CTM methods for a single harmonic chain
and after we use to get the charged moments.

7.3.2 Charged moments from CTM

Here we first compute the quantity F,,(«) for a real harmonic chain and from this Z,,(«) is simply
derived from Eq. ([7.3.21). In the above subsection, N4 and p4 for the single chain have been
already written in the same basis and the derivation of F),(a) amounts to compute the trace

U | SOt | (R
Fale) _ Tr€ 97007 777 j=0k=0 = = (7.3.22)
7w = — , 3.
(Tre_ ijo Eﬂ%) lo_OI ie—@ﬂ'l)ﬁk H 7(2]+1 enert)
=0 k=0 j=0
whose logarithm is given by
e .
= anog[l — e~ (@D _ Zlog e~ (ZiHl)entia] (7.3.23)

This formula is exact and can be easily computed numerically, since it converges very quickly. It
is plotted in Figure as a function of « for various values of wg and n, but we will discuss its
properties later.

The charged moments for the complex harmonic chain, cf. Eq. , are

ﬁ —(25+1) )

Zn(a) = e @efnle) — _

oo oo
H —(2j+1)en+ia H —(2j+1)en— za)
J=0 J=0
0,(0le—cm
= 7, 20eT™) g o

Oa(Gle= )’
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where in the last equality we factor out the total partition sum

—(2j+1)e €)2n

o
Zn H 1 — e 2j+1 671)27 (7325)

and use the following definitions of the theta functions 0, (z|u), r = 2, 3,4 [368]

o0

GQ(Z‘U) _ Z u(k+%)2 ei(2k+1)z’
k=—0o0
05(z|u) = Z Uk’ kx| (7.3.26)
k=—0o0
Oa(zlu) = 3 (—1)Fub” 2k,
k=—0o0

The shorthand 6,(u) stands for 6,(0ju), r = 2,3,4. Notice that the entire o dependence in

Eq. (7.3.24) is encoded in the denominator of Eq. (7.3.24)) and that Z; = 1, but Z;(«) # 1. Also
the total Rényi entropies of the complex harmonic chains are

1 2 > ,
Sn=1—logZn = > Inlog (1 — e~ D) —log (1 — e~ D)), (7.3.27)
7=0

i.e. the double of a real harmonic chain.

Poisson resummation and critical regime.

A drawback of the form is that it does not directly allow a direct expansion in the critical
regime, i. e. for small e. Moreover, we cannot perform an Euler Mac-Laurin summation (as for
a = 0, see [20]) since the function f(z) = log(1 — e~2%) diverges for x — 0. However, following
Ref. [182], we can obtain the asymptotic expansion for small € by using the (generalised) Poisson
resummation formula:

e}

Z f(e(bj +a)|) = 2b > f<27;k> ?mikal/b. (7.3.28)
j=—00 € k=—00 €
where ~
:/ f(z) cos(yx)dx. (7.3.29)
0

In order to use this resummation formula for Eq. (7.3.23)), we must choose a = 1/2, b =1 and
fra(x) = —log(1 — e72meHe), (7.3.30)

which allows us to rewrite the sum (|7.3.23)) as

M

<
Il
o

Fo(e) = ) (nfra=0(e(j +1/2)) = fn.ale(i +1/2)))

(7.3.31)

—_

= — Z nfla 0| ]+1/2)|)_fn,a(|6(j+1/2))|)'

j=—00

\V)
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The cosine-Fourier transform of f,, o(z) is

Fraly) = Z;;a [@(em, 1,1— %) — (e 1,1 + %) : (7.3.32)
where ® is the Lerch transcendent function, defined as
o
D(z,8,a) = 2 Grar (7.3.33)
If a =0and n=1, Eq. simplifies to the known value [182]
froly) = ylz - % coth (%y) . (7.3.34)

Plugging Eq. (7.3.32)) into the Poisson resummation formula, we rewrite log Z,(«) in such a way
to isolate the contribution of the term k = 0 which gives the leading divergence in the limit € — 0,
i.e.

Lig(e'®) nrm? & i TE o1l T 2k
Fola) =—2¢ ) 1T 1 R opn TF
(@) 2en 12e ; (=1) 272 k2 +(=1) o O |t

(7.3.35)

e o= (—1)F , ink , ink
O, 1,1 — —)—d(", 1,1+ —)|.
e e T e L
Here we have introduced the polylogarithm of order 2, Lis(2).

We are now interested in the critical region of the parameter space in which the correlation
length £ (inverse gap) is large but finite. In the critical regime £ > 1 (or equivalently € < 1), the

correlation length of the model behaves like

2
log € =~ — + O(). (7.3.36)
€
Using the results of Ref. [367], the last sum over k in Eq. (7.3.35) in the limit € — 0 behaves like

i€’ o= (—1)F - imk - itk ne e
O, 1,1 — —) - 1,1+ —)| —» — — 7.3.37
2w &k (% L1- ) — @ L1+ 20 2 (7.3.37)
and hence the only non-vanishing terms in the asymptotic expansion close to € = 0 are
Lig(e’) nn? n
F = — — 4+ —log?2 7.3.38
w(a) = 250 - T 4 Blog2+ O), (73.38)
whose real part is
1 raN2 o 1 n n
=|—=—) ——+———|1 —log2 3.
Re[F, (a)] [2n (%) e e 12] 0 &+ 5 log 2+ O(¢), (7.3.39)
because i ] : af )
Re|Lis (e 1 /a\2 7o T
- (Zy 2=, 7 7.3.40
n n (2) 2n 6n ( )

The charged moments for the complex harmonic chain are now given by Eq. (7.3.21)), i.e.
log Z,(a) = Fy(«) + F,(—a) and, in the limit € — 0,

n \21 omn | 6n 6

Notice that while F,,(«) is generically complex, log Z,,(«) for the complex chain is real and even
in a. The expression tells us that the leading term in the charged moments diverges
logarithmically with £ and matches the result found in replacing £ with the inverse of the
mass of the continuum theory.

log Z,(a) = [1 ( a )2 _ Jof + 1 n] log& +nlog2+ O(e). (7.3.41)
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Figure 7.1: Charged moments for the harmonic chain: we report the real (top) and the imaginary
(bottom) part of F,(a), Eq. , as function of « for different values of wy. Everywhere, the
dashed lines are the asymptotic expansions for ¢ — 0 and o # 0 up to O(e), cf. Eq. .
As discussed in the text, the convergence to the critical result is not uniform and it is slower for
smaller a # 0. The function log Z,,(«) for the complex chain is twice the real part of F),(«).

Discussions.

We concluded our exact computation of the charged moments and we are now ready to critically
discuss our findings. Eq. is very suggestive. It tells us that the leading term in the
“charged entropies” diverges logarithmically with & but with a non-standard prefactor. Indeed,
in the conformal field theory of the compactified boson, it has been found that when o # 0,
the additional term in the logarithm is proportional to o [84] , while here we also have a linear
contribution in «. Obviously the two results are not in contradiction, because the continuous
limit of the harmonic chain is non-compact and the prefactor of a2 in Ref. [84] diverges when the
compactification radius is sent to infinity.

Another interesting fact is that the limit o« — 0 and the expansion for € around 0 do not com-
mute, as a difference with other known cases (we believe that the origin of the non-commutativity
is the non compact nature of the continuum limit). Indeed, if we consider first the limit o — 0 in

Eq. (7.3.35)), the last sum gives

> en 1 km?

~1)¥ | = =5 + = coth | — 3.42
Z( ) [ 2k27r2+2kco (en)]’ (7.3.42)
k=1
leading to the known formula of the Rényi entropies of a real harmonic chain, that in the critical

regime € — 0 is [20,(182] (see Eq. (7.3.27))

2
™ 1+n log2
Sp=— — O(e). 7.3.43
"T 12 n ;- TO (7.3.43)
On the other hand, if we invert the order of these two operations, we obtain the divergent term

in Eq. (7.3.37). Considering now the charged moments of the complex chain, log Z,(«a) =
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2ReF,,(«), the divergent term cancels, but the finite part is not the total moment log Z,,
in Eq. . This fact implies that the approach of log Z,(a) to the critical limit € — 0 is
non-uniform in a: exactly at o = 0 the charged entropy approaches , but for any non-zero
o the limit is that as a consequence is reached for smaller and smaller € (i.e. wp) as a gets
closer to 0.

All these aspects are evident in Figure where we show (for a > 0 since F,,(—a) = F;}(«®))
the exact result Eq. (or equivalently ) together with its critical limit, Eq. .
As we discussed above, the former converges to the latter as wg, therefore €, decreases, but in a
non-uniform way. Indeed, while for large « (i.e. close to ) the two curves are very close also when
wp is not so small, for smaller and non-zero values of «, we need much smaller wg to approach
the critical limit. For a = 0 the limit is different. It is also clear that for higher values of n, the
convergence is slower and starts at smaller values of wg. The last observation is a well known fact
for « = 0, cf. Ref. [182], and it is not surprising that the effect is amplified in the presence of a
flux.

7.3.3 Symmetry resolved moments and entropies via Fourier trasform

The symmetry resolved moments Z,,(q) are obtained as Fourier transform of Z,,(«) in Eq. ([7.3.24)),
ie.

Tda T da 1
Zn(q) = / e 7, () = Zna(0]e™ ) / 2 eiqa (7.3.44)

Lo o2t Oa(Gle ey
The integral in the rhs of the above equation can be found in Ref. [368] (exercise 14 at page 489),
obtaining

O —ne(2k—1 2 e

Zn(Q) _ H (1 Ii e_;“k )> e—ne\q| Z(_1)ke—nek26—ne(2\q\+1)k ’ (7'3‘45)
k=1 k=0

which is our final result for the symmetry resolved moments. It is likely that the sum in Eq.

can be rewritten in terms of some special functions, but we did not find any particularly useful

expression. We define the sum as

o
By (u) = ultl Y (~1)Ful o G+ D, (7.3.46)
k=0
which can be written in few different equivalent ways that are useful for investigating diverse
properties:
oo oo
By(u) = S (—1)PuF HRHACERD) — g lal=3 57yt 2)% 2lalk (7.3.47)
k=0 k=0

Clearly in terms of this function we have

OO — g—€(2k=1)\n 2
Z@=1] <(1 o ) @y(e"), (7.3.48)

k=1

where we used the explicit form of Z,, in Eq. (7.3.25)).
The SRREs are now easily deduced from Eq. (1.4.18]), obtaining

|-

[e.o]

2 —4€ —zNe
= 1_n;{nlog(1—e 2k) _log(1 — e ™2 k)} + =1 1% @, ()

Sn(q) = ! log [

1—n

(7.3.49)
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Taking the limit n — 1, we get the von Neumann entropy

o] . 9ed /-
 9cje2e P! (e~ e
Si(g) =23 [log(l _em29) _ 16;767 +log Dy(e™") + Ee_eque—ne)‘ (7.3.50)
j=1 ¢

The critical limit ¢ — 0 is easily understood if one focuses on the variation in ¢ of moments
and entropies, rather than on their absolute values. Indeed from Eq. (7.3.48)), it is easy to see that

Zn(Q) _ (I)q(e_ne) =0 €7n2q262/2

Z.(g=0)  Dole—m) (7.3.51)

where the last limit is performed by expanding to the second order in € each term in the sum ,
making carefully the sum in terms of { functions, and finally re-exponentiating the result. We stress
that this critical limit is not the Fourier transform of the critical limit for Z,(«) in Eq. be-
cause the two limiting procedures do not commute. The critical behaviour of the resolved entropies
is then easily worked out as

Zn(q) ne’q*

lo i
1—-n & 21 (q)

Sn(q) = + 0(e), (7.3.52)

which is valid also for n = 1 without any particular limit. Also in the critical limit, it is worth to

mention the behaviour

sr 1
Sn(g=0) =5, —log?7r + fgn

+o(1), (7.3.53)

which signals the presence of a subleading term proportional to loge ~ log(log ¢). Such a term has
not a unique interpretation and origin for the (complex) harmonic chain. Indeed, we know that the
total entropy of a massive free non-compact boson has such subleading terms in log(log¢) [177] in
the small mass limit, but even that double logarithmic terms appear generically in the symmetry
resolution, also for the critical compact boson [84,/90]. Let us now critically discuss our results.
First of all, there is a very important difference compared to the conformal gapless case [84], i.e. the
absence of equipartition of entanglement [85]: the Rényi entropies depend explicitly on q.
This dependence is reported in Figure (a) where, in order to show its variation, we plot it as a
continuous function of ¢, although only integer values are physical. The lack of exact equipartition
is not surprising; also in critical models the leading terms for large ¢ show equipartition [85],
while some subleading terms depend explicitly on ¢ [84,90]. In panel (b) of Figure we focus
on the critical limit of Rényi entropies plotting Sy, (q) — Sp(¢ = 0). As e — 0, the
result approaches the critical form , but clearly the convergence is not uniform: it is faster
for smaller ¢ and n. Indeed, since this dependence is all encoded in the function ®,(e™"¢), the
parameter that must be small is not €, but ne. On the other hand, the higher order terms in e,
that have been neglected in , become important for large q. Another interesting feature
of the SRREs for this complex harmonic chain is an effective equipartition in two limits. The
first one is the limit of large ¢. Indeed, in Eq. the entire ¢-dependence is encoded in the
function ®,(e™"¢). Looking at Eq. , it should be clear that all the terms with gne > 1 are
exponentially suppressed. Practically, the total sum is more or less the same for all ¢ such that
neq 2 1 (from Eq. this is equivalent to ngm? > log ¢ in the critical region). Hence, there is
an effective equipartition among all ¢ 2 1/(ne). Actually, since the only physical values of ¢ are the
integers, this fact implies that there is an almost exact equipartition (with the exception of S, (0))
of the entropy if ne > 1, which corresponds to wg > 10~* (for n = 1). In panel (c) we report the
von Neumann entropies S;(q) for several values of wy, showing that, as ¢ becomes large enough, the
entropies S, (¢) do not depend on g anymore. We also explicitly report the (approximate) crossover
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Figure 7.2: SRREs for the complex harmonic chain. Panel (a) shows S, (¢q) as functions of g for
different values of € and n. Panel (b) reports S,,(¢) — Sn(¢ = 0) for small values of ¢, showing
the validity of the expansion in the critical regime . The critical limits in Eq. are
also reported as dashed lines showing its accuracy for small ne. The panel (c) shows the effective
equipartition of entanglement for ¢ = 1/e (these crossover values are reported as dashed vertical
lines). The panel (d) shows S, (¢) as function of wy for different values of ¢ and n.

values for ¢ ~ 1/e (as function of wy is given by Eq. ), showing that it correctly captures
the change of behaviour. Finally, we have effective equipartition also in the critical regime, but in
this case also for small g. In fact, Eq. shows that the g-dependent term is proportional
to €2, while the leading term of S, (q) (say for ¢ = 0) diverges as e~ '. Thus the ¢-dependence is
suppressed as €3 and there is an effective equipartition. Even if for large ¢, the expansion (7.3.52)
breaks down, we do not expect that Sy (q) — S,(0) becomes of the order S,,(0) and so there is
an effective equipartition for all ¢g: the numerical analysis of Eq. seems to confirm this
expectation. The functional form of the leading g-dependent term in Eq. is reminiscent
of the one found for free fermions [90].

7.3.4 Numerical checks

In this subsection we test the validity of the results in the previous ones against exact numerical
computations. We work only with an infinite real harmonic chain with finite wy. For the
complex case, we just combine the results for two real chains. Let us consider a bipartition where
the subsystem A is given by ¢ contiguous lattice sites. Let us call X4 and P4 the £ x £ matrices
of the correlators restricted to the subsystem A, where X;; = (giq;) and P;; = (p;p;). The explicit
forms of these correlators in the ground state of the gapped harmonic chain have been already
reported many times in the literature (see e.g. Refs. [15,366L[369]) and we are not going to rewrite
them here. Let us denote by oy, with k = 1,...,/, the eigenvalues of the matrix X P4. We
introduce the vectors |n) = ®£:1 |ng), products of Fock states of the number operator in the
subsystem A, namely N4.
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Figure 7.3: Numerical results for the charged moments for an interval of length ¢ embedded in
the infinite harmonic chain. We report the real (left) and the imaginary (right) parts of F,(«)
as a function of the subsystem length ¢, for different values of n = 1,2,3 and fixed wg = 0.1.
The numerical data for an interval of length ¢ (divided by 2) are compared to the analytic CTM
prediction : as £ is moderately large, the agreement is perfect. The charged moments are
just log Z,,(a) = 2Re[Fy,(a)].

The reduced density matrix of A can be written as [370,371]

d 1 op —1/2\"

where the non-negative integer ny is the k-th element of the /-dimensional vector n. Since N4 =
>_jeanj is the number operator in the orthonormal basis made of the states [n), we can write

Tpeita) = 3° ﬁ Lk +11/2 <Z’; . 1@)"1 " ginea, (7.3.55)

n k=1

Summing over the possible occupation numbers ny from 0 to oo, we get

/
1
]: 0 - -
) ey ey oy

Tr[petNae (7.3.56)

This relation holds also in higher dimensions and for a generic shape of the subsystem A provided
that £ is the number of sites in A. Notice the similarity of Eq. with the analogous result
for fermions (cf. Refs. [84,90] and Eq. ): there are only some different signs, reflecting the
different statistics. The formula allows us to check numerically the results obtained via
the CTM approach, and also the field theory predicitons for the scalar field in Chapter [2| Finally,
the charged moments for an arbitrary subsystem A for a complex harmonic lattice model are

1 1

l
2 _ _ 1 - - . (7.357
ey =y e ey

Zn(a) = [Tx[pie™4®

We comment that the machinery exploited here is also the tool to benchmark our analytical
predictions for the free scalar theory in Sec.

We now consider Fy,(a) = log Tr[p"e?V4?] for a real harmonic chan. The numerical data for
F,(a) for an interval of length ¢ should converge to the double (because of the two end-points) of
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Figure 7.4: Numerical results for the symmetry resolved moments for the complex harmonic chain.
(a): (Square root of the) symmetry resolved partition sums Z,(q) as function of ¢. The numerical
data for n = 1, 2,3 are compared with the CTM prediction for two values of wyp. (b): The
same quantity is plotted against the subsystem size ¢ for different values of ¢ = 20,40 and fixed
wo = 0.1, showing the convergence towards the CTM prediction forn=1,2,3.

the CTM prediction for the semi-infinite line (with one-endpoint) as soon as ¢ becomes larger than
the correlation length £. In Figure we report the numerical data for (half of) the real and the
imaginary parts of Fj,(«) for different values of n and cr. We have set wp = 0.1, so that after a short
crossover in £, the data saturate. The CTM prediction is also reported for comparison,
showing that the analytical result perfectly describes the saturation values. The charged moments
for the complex harmonic chain are just log Z, (o) = 2Re[F,,(«)] both for numerics and analytics
and so Figure is a direct test also for them.

We now take the Fourier transform of the numerical data for Z,(a) to test the validity and the
accuracy of the CTM predictions for the symmetry resolved moments and entropies. In Figure[7.4]
we report the (square roots of the) numerically calculated symmetry resolved partition sums Z,(q).
We compare the data for n = 1,2, 3 with the CTM prediction (|7.3.45)). The latter perfectly captures
the ¢g-dependence, as shown in the panel (a), and gives the value at which the data saturate when
studied as functions of ¢, panel (b). Finally, in Figure we report the SRREs for several values of
g,n,wp. For large ¢, the numerical data converge to (twice) the CTM predictions in Egs. ([7.3.49)
and . Notice that for the larger values of wy the saturation values do not depend on g
because of the effective equipartition, but for smaller wy they clearly do. As wg becomes much
smaller (such that € ~ 0.1), we expect again effective equipartition, although we do not report
such data here because they require very large /.

7.4 Gapped XXZ spin-chain

In this section we study the SRREs in the anisotropic Heisenberg model in the gapped antiferro-
magnetic regime using the CTM approach. The resolved moments are computed starting from the
explicit expressions for the eigenvalues of the RDM and their degeneracies. Then the SRREs are
deduced and their critical regime is investigated. The discrete Fourier transform of the resolved
moments allows us to compute the charged moments and to discuss their behaviour in the critical
regime.



7.4. GAPPED XXZ SPIN-CHAIN 123

0.5

0.4;

ESESENENY
— DI = N
SESESES
P . . ek

SSSS
o9

I
I
SOOO

DO DO =

SIS

Figure 7.5: Numerical results for the SRREs for the complex harmonic chain. The numerical data
forq=1,2,n=1,2 and wg = 0.1 and 0.01 are compared with the CTM predictions and
, to which they clearly approach. Notice that the convergence is slower for smaller wg. For
wo = 0.1 we have an approximate equipartition, but this is not the case for wg = 0.01.

7.4.1 Symmetry resolved moments and entropies

The Hamiltonian of the anisotropic Heisenberg model (also known as XXZ chain) is

Hxxz =) [“f”fﬂ + 5o+ AUJZ'UJZ'H} ) (7.4.1)
j

where ¢’, i = x,y, 2 are the Pauli matrices. The model has a conformal quantum critical point
for A =1, it is gapless when |A| < 1 and gapped when |A] > 1. We consider this model in the
antiferromagnetic gapped regime with A > 1.

The XXZ chain is solvable by Bethe Ansatz techniques; unfortunately this framework is not very
effective to study the entanglement properties both in the coordinate [172] and in the algebraic 372,
373,375-380,/645] approach. On the other hand, the CTM solution for the XXZ chain is a powerful
tool to compute the entanglement entropies; in this approach, the reduced density matrix is related
to the partition function of the six-vertex model on a strip with a cut. In Ref. [180] Hcry has
been found to be of the form with

€; = 2€j, e = arccoshA\, (7.4.2)

and n; being some fermionic number operators. Since in the thermodynamic limit, the ground-
state of the gapped XXZ spin-chain is doubly degenerate we should clarify which state we are going
to deal with in this section. The entanglement Hamiltonian together with selects
by construction the ground state that does not break the inversion symmetry, i.e. the one that in
the limit of large A is (|N1) + |N2))/v/2 where |N;) are the two possible Néel states. However, we
prefer to work with the more physical symmetry breaking state |V;). In CTM approach this can
be constructed with an entanglement Hamiltonian of the form where the sum over j starts
from 1 rather than 0, i.e.

o
Herm = Z €nj, €; = 2¢j, € = arccoshA. (7.4.3)
j=1
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In the remaining part of this section we always focus on the symmetry breaking ground state with
the above Horym. If one is interested into the other state, analogous results may easily be derived.

The entanglement spectrum is obtained by filling in all the possible ways the single particle
levels in (i.e. setting all n; equal either to 0 or 1). The resulting levels are equally spaced
with spacing 2e and highly degenerate. The degeneracy of the level 2es, with s =) iJ (see )
is Dy (s), the number of partitions of s into smaller non-repeated integers (including zero). (Notice
we use the non-standard symbol Dy (s) instead of ¢(s) to avoid confusion with ¢, the charge sector.)

We want to characterise how the entanglement of the semi-infinite line A with respect to its
complement splits into the different sectors with fixed magnetisation S, = > ;05 /2. We indicate
with ¢ the possible values, in the subsystem A, of the difference of the magnetisation with respect to
the antiferromagnetic Néel state chosen as a reference configuration. Such variable ¢ is quantised in
terms of integer numbers (each spin flip leads to a change of magnetisation of 1), i.e. ¢ € Z. With
a slight abuse of language, we will refer to ¢ as the magnetisation, although it is a magnetisation
difference. To derive the SRRESs, we first write Z,(q), defined in , as

Za(g) = Y A, (7.4.4)

sE Sy

where Ag are the eigenvalues of the RDM and the sum is restricted to the levels with fixed value
of q. Using Eq. ((7.2.2) and the explicit expression of the entanglement spectrum from Eq. ((7.4.3)),

we can write
th(q7 3>6—2nes
S
n o
( Z Dh(s)e—2ss)
S

where Fy,(q, s) is the number of eigenvalues at level s with magnetisation q. The degeneracies
Fi(g, s) have been studied in Ref. [364] with a combination of perturbation theory and integrability

arguments. The final result for the bipartition of our interest is Fy, (g, s) = Ph(%h(q)) [364], with
Pn(n) the number of integer partitions of n and my(q) = q(2¢—1). Using this result and changing
variable in the sum of the numerator in Eq. (7.4.5)) as (s — mu(q))/2 — s, we obtain

Z Ph(s)ef4nes

Z,(q) = e 2reaal) = > (7.4.6)

(7.4.5)

Zu(q) =

where we have also exploited that Py (n) is non vanishing only if n is a positive integer.
The two sums in ([7.4.6)) can be conveniently rewritten in terms of generating functions

[e.9]

A = S Dulsly’ =
s=0 5=0

k=1

(1+y"). (7.4.7)

8

k=1

Setting x = e~4"¢ and y = e~ 2¢ in (7.4.7)) and plugging them into (7.4.6) we obtain

e—2neq(2q—1)
Zn(9) = = =~ : (7.4.8)

H <1 — 674”61“) H (1 + efzek)n

k=1 k=1
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We remark that Z;(g) is normalised to one, i.e. > .- Z1(g) = 1, as it should be from the definition
(7.4.4). This is consistent with the interpretation of Z;(q) as a probability. The denominator of
Eq. (7.4.8) can be expressed in terms of theta functions and then Z,(q) reads

Lin —e\]15 ,—4ne(qg—1)?
2 k(e 12 ¢ 1
Zalg) = nle”)] . L (149)

[n(e=2mt (o2 {[(em] % — [w(e )] |7 O (e 2n)

w

where k and &’ are defined as

1 N S A()
(u) = B2 (u)’ (u) 1 (u)? B(w) (7.4.10)

Notice that ¢ = 1/4 is exactly the mean magnetisation of the subsystem in the critical limit € — 0,
as we can check by computing ¢ = [ dgqZi(q), since we are dealing with the symmetry breaking
ground state. Notice that the dependence on ¢ in Eq. is entirely encoded in the Gaussian
factor and it is symmetric for ¢ — 1/2 — q. Moreover, exploiting the asymptotic behaviours [98],
we have that in the critical regime Z,(q) becomes

21+n 2
Zalg) >/ — D e sne(ni) gminela—1)? (7.4.11)

where we keep the Gaussian factor in order to have a meaningful result. Once the resolved moments
Z,(q) have been worked out, the SRREs follow straightforwardly

Sn(q) = L Z [n log (1 — e_4€k) —log (1 — 6_4"61‘;)} , (7.4.12)

o
1—n
k=1

and, taking the limit n — 1,

Si(q) = i Lﬁf’il ~log (1 - 6_4€k>] . (7.4.13)

k=1

Notice that as A > 1, S,(¢q) — 0 (see also Figure [7.6), since in this limit the selected antiferro-
magnetic ground state is a product state. If we would have considered the non-symmetry breaking
ground state (|[N1) + [N2))/v2, A > 1 we would have found S, (q) — log2, as for the total en-
tropy [20,/182,246]. We stress that although there is entanglement equipartition, the functions
Sn(q) are not equal to the total entropies S,, because there is a non-vanishing fluctuation term like
in Eq. forn=1.

Remarkably, the expressions and for the SRREs and SREE do not depend on
q for any value of n, i.e. they exactly satisfy the equipartition of entanglement for any value of A.
In the critical case, only the leading terms satisfy such equipartition [85,90].

The relation between the correlation length of the model and ¢, in the critical regime & > 1,

is [179]
71'2
log & = - + O(€), (7.4.14)

which combined with Eqgs. ([7.4.11]) provides the expansions of the SRREs in the critical regime

1 1 1 log & 1 logn
Sn(q) = ﬁ <1+n) 1ng— 21Og< - ) +§10g2+m,

1 1 lo log2 —1
Sl(q):6log§—2log< 7gr§>+ g2 )

(7.4.15)
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Figure 7.6: Magnetisation resolved moments and entropies for the XXZ spin-chain. The left panel
shows the results for Z,(q), Eq. , against ¢ for different values of n =1,2,3 and A = 1.1, 3.
In the middle panel, we report again Z,(q) at fixed ¢ and as function of A (full lines). As a
comparison, we also report the asymptotic expansion for A close to 1 (dashed lines). In
the right panel, we report S,,(¢) and its critical limit, respectively Eq. and Eq. , as
function of A for n = 1,2,3. We recall that S,,(¢) does not depend on ¢ because of entanglement
equipartition.

We notice that the term —% — % log(log &/m) appearing in S1(q) in Eq. is canceled exactly
by the fluctuation entanglement entropy once we consider the total von Neumann entanglement
entropy. Indeed, using that the probability is pn(¢) = Z1(gq), we write the fluctuation entropy as
— [dqZi(q)log Z1(q). Using , computing the gaussian integral in ¢ and then taking the
critical limit, we find

o
- | duz@oszi@) = 5 + 5 logllogé/), (7.4.16)
—0o0
which exactly cancels the contribution from the configurational entropy. This is in complete
analogy with what has been found for critical systems for the loglog ¢ term [90] (see also Chapter |2)).
In Figure [7.6] we report symmetry resolved moments and entropies. The possible values of ¢
are just integers, but since Z,(¢q) becomes quickly small as ¢ increases, we consider arbitrary real
values. As anticipated, Z,(q) has a peak at ¢ = 1/4 and shows a clear Gaussian shape for all A.
The exact result is well approximated by its critical limit for A close to 1, but the
approach is not uniform and it is worse for larger ¢ (as well as larger n). Clearly, the maximum
of Z,(q) is a decreasing function of n. In the last panel of Figure we report the SRREs as
functions of A (as we stressed because of equipartition, they do not depend on ¢). Notice that the
window of A for which the critical limit of S,,(¢) in Eq. is a good approximation of the
exact expression is wider for smaller values of q.

7.4.2 Charged moments via Fourier series

The charged moments are obtained from the resolved ones Z,,(q) by inverting the formula ((1.4.17)),

i.e.
o0

Zn(@) = Y Zn(q)e . (7.4.17)

q=—00
Plugging in the above equation the result for Z,(¢) in Eq. (7.4.8) and using the definition of the
theta function 0s(z|u) (7.3.26]), we obtain

03(5 — inele=4m)

ﬁ (1 eb) ﬁ (1+ em)”'

k=1 k=1

Zn(a) = (7.4.18)
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Setting o = 0 and exploiting the infinite product representation of 03(z|u) |368|, we get

ﬁ (1 + €—2enk>

Zn(0) = 2 , (7.4.19)
H (1 + efzek)n
k=1

as found in [20]. As for Z,(q) in Section we can express Zp(a) in terms of theta functions
obtaining

14+n n .
273 e 1€ [k(e™9)] 03(§ — ine|e )
= . 4.
Za(a) : e (7.4.20)

e em2)) (e = e

Gl

Zpn(@) in the critical regime is obtained using the asymptotic expansions of the theta functions [98],
finding

1—n 7r2 1 a2 ca
Zn(a) = 272" ¢ 35 (") e~ T T (7.4.21)
Taking the logarithm of Z,(a) and using (7.4.14) we have
1 /1 a? Q log 2
log Z,, (o) ~ [12 (n — n> — 877271} log & + i~ (1—-n) 5 (7.4.22)

Here, the linear term in « is just the mean magnetisation in A, g = 1/4.

The leading term in Eq. is very suggestive. Indeed, for the critical compact boson, in
the case of A being an interval of length ¢ embedded in an infinite 1D system, log Z,, («) diverges
logarithmically with ¢ as [84]

log Z, (o) ~ [1 <1 — n) — o K} logl+ ... (7.4.23)

" 6 \n 212n ’
as we have already remarked in Sec. The prefactor of Eq. is exactly half of the
conformal result for K = %, which is the Luttinger parameter at A = 1. The multiplicative
factor 1/2 is simply understood because in our geometry there is a single endpoint instead of two
as in the conformal case. It is natural to wonder under what hypotheses this can happen since we
have seen that it is not true for the harmonic chain. Moreover, for the SRREs, the CFT result is
Sn(q) — Sp = —3 log((2K/m)log £) + O({°) [84,85|, which is the same as in Eq. with the
replacement ¢ — ¢ and with K = 1/2.

7.5 Full counting statistics in the gapped XXZ spin chain

The process of measurement in quantum mechanics is intrinsically probabilistic: the measure of a
given observable generically provides different outcomes in identically prepared systems. Hence,
the probability distribution (PDF) of an observable is a natural quantity to consider in any quan-
tum mechanical system and provides much more information than the average value of the same
observable. In many-body systems, these PDF's, or equivalently their full counting statistics (FCS),
have been the subject of intensive investigations since many years with a focus mainly on local
observables (i.e. defined in a given point or lattice site) or global ones (i.e. extensive quantities
involving the entire system). Only in recent time, the attention shifted to observables with support
on a finite, but large, subsystem embedded in a thermodynamic one, partially motivated by some
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Figure 7.7: Entanglement spectra of the gapped XXZ spin chain in the three configurations we
consider here. Left: Semi-infinite line. Center: A block of ¢ contiguous spins with ¢ even. Right:
A Dblock with ¢ odd. We report the logarithm of the eigenvalues of the reduced density matrix €,
in units of 2¢, with e = arccoshA, as function of §57 (cf. ) Each tilted square signals the
presence of an eigenvalue with degeneracy given by the nearby number. The dashed-red parabolas
are envelopes of the location of the largest eigenvalue of the RDM at fixed 657. Notice that in the
left and in the center, the towers of degeneracies are independent of §.S7. Conversely, on the right,
i.e. for odd blocks, there are two towers depending on the parity of 4.57.

cold atomic experiments [383-388] and by the connection with the entanglement entropy of the
same subsystem [66-68,389}[390} 392395/ 650]. In spite of a large recent literature on the sub-
ject [272,1396-421], results based on integrability for one-dimensional exactly solvable interacting
models are still scarse (see [409,410]).

The FCS of a conserved charge within an extended subsystem is strictly related to the charged
moments introduced in Eq. in order to study the SRREs. Thus, it is natural to adapt
the techinques developed for the entanglement resolution to the computation of the FCS. In this
section, we provide an explicit exact calculation for the PDF and for the FCS of the total transverse
magnetisation within an extended subsystem in an infinite XXZ spin chain. As also done in Sec.[7.4]
we focus on the antiferromagnetic gapped regime with A > 1 and, being the total transverse
magnetisation (ZJ o; /2) conserved, the FCS can be directly obtained from the entanglement
spectrum of the subsystem. Indeed, the RDM p, of the subsystem is organised in blocks of fixed
magnetisation (quantised in terms of integers or half-integers up to ¢/2 depending on the parity
of £). Following the discussion in Sec. |7.4.1} it is convenient to focus on the difference of the block
magnetisation with the Néel state, i.e.

557 = ZZ: (UQJ _ (_21)J> . (7.5.1)

7j=1
The probability of a measurement of the subsystem magnetisation with outcome 457 = ¢ is just
the trace of the block of p, in the sector with 5% = ¢, i.e.

P(q) = Trpdly = Y A, (7.5.2)
s€Sy

where II, is the projector on the sector of magnetisation 65% = ¢, As are the eigenvalues of p;, and
Sy stands for all the eigenvalues in that magnetisation sector (notice that > P(q) = Trpy =1 by
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construction). Similarly the FCS generating function is defined as (they can be also written as the

n = 1 charged moments in Eq. (1.4.16]))

G(X) = Trpee™5i = P(g)e; (7.5.3)
q

its derivatives in A = 0 provide the moments of the observables 657. Hence the exact knowledge
of the entanglement spectrum also provides the FCS of the total transverse magnetisation (in
general it provides the FCS of any conserved charge). As discussed in Sec. for the ground state
of the XXZ spin chain in the gapped regime, the entanglement spectrum has been obtained in
Ref. [364]. We exploit its knowledge here to reconstruct the PDF and the FCS of the subsystem
magnetisation.

7.5.1 Recap on the entanglement spectrum

As done in Sec.[7.4.T] in the following we consider an infinite XXZ chain in the symmetry broken
ground state, i.e. the one that for large A converges to the Néel state. This state is doubly
degenerate, so there are two equivalent states which are mapped into each other by the translation
of one site. As already discussed in Sec.[7.4.1] when the subsystem is half of the chain, the result
for the degeneracy of the eigenvalues of its RDM, py, with 65} = ¢ at level s is given by Fi,(q,s) =
Ph(%h(q)) [364], with my(q) = q(2¢+1) (the other degenerate state —sometimes called Antineel
for A — oo— is obtained by sending ¢ — —q with the net effect of having my(q) = ¢(2¢ — 1)).
The first panel of Fig.[7.7] reports the structure of the entanglement spectrum of a semi-infinite
subsystem based on this result. Exploting with n = 1 and , we obtain p(q) when

the subsystem is half of the inifinite chain. It reads
e—26q(2q+1)
P GG

where € is given by . The subscript h has been introduced just to stress that the result
holds for the case of semi-infinite subsystem, in contrast with the results reported in the
following subsections for finite blocks.

Now, still following the approach of Ref. [364], we explain how to use these results to obtain the
entanglement spectrum of a finite large interval. As long as ¢ is larger than the correlation length,
the reduced density matrix py of a single interval with two boundaries factorises into pr, ® pr, where
pr/r are the reduced density matrices for the semi-infinite lines having the left /right end-point
of the interval. The combination of these two spectra into a single one is graphically reported in
Fig. We show both cases for even and odd subsystems (center and right respectively). For
an even subsystem we should combine two different spectra mp(z) = my(xz) = (22 + 1) and
mp(z) = mya(x) = x(2x — 1) from left and right. Conversely, for odd blocks, the left and the
right spectra to combine are equal, e.g. mp(z) = mgr(z) = x(2x + 1). The final results for the
degeneracies are reported in the figure. In the even case, we have that the degeneracy at fixed ¢
at level s can be written as Fe(q, s) = Pe(%e(q)) with me(q) = ¢® and p. generated by

s _ 1 (L+ak)?
;)Pe(s):c =1] gl (7.5.5)

k>1

(7.5.4)

leading to the generating function for the total degeneracy De(s) of level s

D De(s)a® =[]+ 25> (7.5.6)
s=0

k>1
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Figure 7.8: Full counting statistics generating functions G(\) for the gapped XXZ spin chain for
three values of A. The left (right) panel is the real (imaginary) part of G(\). The symbols are
the iTEBD data that perfectly match the superimposed analytic predictions (full lines for odd ¢
and dashed for even £). The data are for infinite chains and subsystems equal to ¢ = 200 (circles)
or 201 (squares). Notice that the real parts for even and odd ¢ are qualitatively similar, but
quantitatively different.

Notice that while the generating function for De(s) is the square of the one for Dy(s), the same
is not true for P.. Again we employ the convention P.(x) = 0 for negative numbers and for
half-integers.

For odd blocks, it is more complicated to combine the two spectra for even and odd ¢g. The
degeneracies of both sectors have the generating function

b s _ (1 — ka)3 757
ZOPO ()" =[] (1 — 2F)2(1 — 29k)2’ (7.5.7)

k>1

where even (odd) powers of x correspond to even (odd) values of q. However, a single generating
function for different ¢ is not a too useful tool to write symmetry resolved quantities. Exploiting
some identities of theta functions 6 3, we can extract the even and the odd part of we are
interested in. After some algebra we get (for x > 0)

17( 1+( 19

(02(a") =5 (B3(a)
2 Pl )’ = = G 1 () ) (7.58)

which does depend on the parity of ¢. Hence the degeneracy of the level s with fixed q is
Fol(gq;8) = Po(s — mo(q)), (7.5.9)

with m.(q) = ¢*> — ¢. Indeed m,(q) and my(g) + 1 are the two parabolas in Fig. envelopes of
the largest eigenvalues of the RDM for even and odd ¢ respectively The generating function for
the total degeneracy Do(s) of level s is the same as D, (s) in Eq. (7.5.6).

7.5.2 Full counting statistics: even number of sites

The easiest way to get the PDF pe(q) for the interval is to combine the PDF's at the right and left

boundary as
o0 oo

pe(d) = Y prla)prla—a) = Y pala)pa(a — q), (7.5.10)

q1=—00 q1=—00
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where we used that the PDF at the two boundaries are pr,(q) = pn(¢1) and pr(q) = pn(—q). The
sum is easily rewritten as

pe(q) = N2 2=V N~ o =2eCararl/2” (7.5.11)

q1=—00
The remaining sum over g; does not depend on g, for integer q. Hence the PDF is Gaussian
Pe(q) = Noe 2%, (7.5.12)

and the normalisation factor is Nyt = ¢ ¢~20°¢ = f3(e~2¢). The FCS is the Fourier series (7.5.3)
which immediately leads to
_ 05 e™)

Ge()‘> - 93(6_26)

Notice that this is real and even in A. As a cross check, the same result is re-obtained by directly
summing over the eigenvalues of the RDM with the degeneracies reported in Fig. (to perform
the sum, one exploits the product representation of the #3 function [368]).

The FCS generating function is directly measured in iTEBD simulations [422], as explained in
details, e.g., in Refs. [406./416]. The results in the thermodynamic limit for three values of A > 1
and for £ = 200 are shown in Figure The agreement is always excellent (data and predictions
are superimposed) for all considered values of A. We mention that as A gets close to 1, one should
consider much larger values of ¢ to reach such good agreement due to the diverging correlation
length at the isotropic point.

(7.5.13)

7.5.3 Full counting statistics: odd number of sites

Also for this case, the PDF can be obtained combining two single-boundary ones as

o0 o0

po= Y, pula)pr(g—a) = Y pula)pu(a— ), (7.5.14)

q1=—00 q1=—00

where we used that the PDF at the two boundaries are the same. Again, the sum is easily rewritten

as
00

Polg) = N2 @0 3 o xCa—0? (7.5.15)
q1=—00
However, this time the remaining sum does depend on the parity of q. Performing this sum, the

PDF is
03(e*), g even,

7.5.16
ba(c=5), g odd, (7.5.16)

Po(q) :Noe’zé(quq) « {

with A easily obtained from the normalisation.
The FCS is the Fourier series ((7.5.3) which, after some manipulations using the properties of

theta functions, leads to
2
0 (i _Av —4e
Go(N) = ( slie— 3¢ )> . (7.5.17)

03 (i67 6_46)

Notice that this FCS has a non-vanishing and non-trivial imaginary part, but satisfy Go(\)* =
Go(—A). Again, as a cross check, this result is re-obtained by directly summing over the eigenvalues
of the RDM with the degeneracies reported in Fig. [7.7]
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Also for odd ¢, the analytical prediction is tested against iTEBD simulations in Figure
In these simulations, we measure the FCS of the operator S and not 6.57; hence the numer-
ical data have been divided by ¢”*/2. After this normalisation, the agreement between data and
prediction is extremely good in all considered cases.

7.5.4 Byproduct: symmetry resolved entropies

In order to further highlight the relation between the FCS and the SRRESs, in this subsection we
compute the SRREs for subsystems made by a finite number of sites. The symmetry resolution
of the entanglement spectrum reported in Figure [7.7] allows us to access the symmetry resolved

moments (|1.4.17)) as
Z ) ‘Fa(% S)e—Qnes
Z.(q) = § A= , 7.5.18
n(Q) = s (Z] Da(s)e—Qes)n ( )

where o € {h,e,0} and F,(q, s) and D,(s) are respectively the degeneracies of the s-th eigenvalue
for fixed ¢ and total for the three cases of interest. In the definition of the SRREs given by (|1.4.18))
only the ratio Z,(q)/ 27 (q) matters and therefore the dependence on D, (s) cancels leading to

Zn(Q) Z ]:a(q, 8)6_2n€5 Z Pa(5>e—2anes
M) (s il > (7.5.19)
Zl (Q) < ZS Fa (q7 8)6_255) < ZS pa(s)e—2a65>
s—ma(q)

where a € {h,e, o} and in the last equality we used Fu(q,s) = Po(—%>%) (with a = 2 for semi-
infinite and even ¢, while a = 1 for odd /¢) and shifted the sum as (s — mq(q))/a — s (notice that
the actual value of m,/(q) is unessential).

Combining with @ = h and , we recover the SRREs for the semi-infinite line
given by .

Now we derive the entropies for a finite interval of both even and odd length. For even ¢, the
two sums in with @ = e can be rewritten in terms of generating functions (with
r = e~*"¢) obtaining

oo
(1 +€—4n5k’)2 (1 +e—4ek)2
> [log o i "l — }

5 (q) = *=2 — . (7.5.20)
Very importantly, the SRREs are not the double of the single resolved entropies for the
half line as it is the case for the total one (mathematically this is a consequence of the relation
between the generating function for De(s) and Dy (s), but not for P, and Py). Also, these SRREs
are independent of ¢ and hence satisfy the equipartition of entanglement [85] exactly.
In the very same fashion, we can repeat the calculation for odd /¢, setting o = o in and
obtaining the more cumbersome expression

e}

Splg) = L !Z (n log(1 + e k) (1 — e 2F) (1 — (—)ke 2k

T 1-n
k=1
_ log(l + e—4enk)(1 _ €—2enk)(1 _ (_)ke—Qenk)>

+ 2 g () — mlogate) + 2L tog fafe5) o 92<e‘8€>] - (75.21)
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Hence, for odd ¢, the SRREs do depend on the parity of ¢ and the equipartition of entanglement
is explicitly broken.

We finally mention, as a highly non-trivial crosscheck, that it is possible, but cumbersome, to
sum over the various sectors ¢ in order to recover the total entanglement through , both for
even and odd /.

7.6 Closing remarks

In this Chapter we found exact results for the SRREs of half line in infinite integrable systems in
the gapped regime. We considered two models for which the RDM (and therefore the entanglement
spectrum) of the subsystem can be obtained through the Baxter CTM. We applied this tool to
investigare the symmetry resolution of entanglement in the massive regime of the complex harmonic
chain and for the XXZ chain in the antiferromagnetic gapped regime. Finally, we computed the
FCS of the transverse magnetisation in gapped XXZ chains within a spin block of length ¢, for ¢
larger than the correlation length.

Let us mention some possible directions for future investigations motivated by the results we
have presented in this Chapter. A first and natural question is to understand what happens when
integrability is absent: while a general treatment seems impossible, the results for the entanglement
spectrum in Refs. [364,381] suggests that in some non-trivial regimes general results may be derived.
Finally, one expects that the symmetry resolved entanglement should help in reconstructing the
entanglement (or modular) Hamiltonian, but it is still unclear how. This issue is very timely given
the large current effort devoted to understand the structure of the entanglement Hamiltonians
both in field theories and lattice models, as we will explain in Chapter

7.A Details for the complex harmonic chain

7.A.1 A two-site chain with complex oscillators

For a single harmonic chain with two sites, the RDM has been worked out e.g. in [167]. The
entanglement Hamiltonian of one site is

Ha =ef7B. (7.A.1)
For this site, the 8’s are related to the a’s as
B =acoshf +a'sinhf, (7.A.2)

which is the specialisation of Eq. (7.3.12)) to the case of A being one site. Here ¢ = (1 + w3/4)1/4,
but its explicit value is unimportant. Hence, in terms of the ladder operators a,a’, 4 can be
rewritten as

1
Hao=c¢ <2(aT2 + a?)sinh 20 4 a'a cosh? § + aa’ sinh? 9> . (7.A.3)

Rather then one real harmonic oscillator, we consider a complex one, which is the same as two
real harmonic oscillators described by the ladder operators az, a;, 1 = x,y such that the only non-
vanishing commutators are [a;, aZT] =1, i = x,y. Therefore, the entanglement Hamiltonian of these
two real harmonic oscillators is simply the sum of two single ones:

1
Ha = Z € <2(aj-2 + a?) sinh 26 + ajai cosh? 6 + aiaj sinh? (9) . (7.A.4)

1=,y
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Let us rewrite Eq. (7.A.4)) in terms of the particle and antiparticle ladder operators a and b in

Eq. (7.3.13), i.e.

1 1
(7.A.5)
1 1
- —(a—b f— bt —ah).
W= e e \/ﬁz’( a)

One can check that [a,a!] = [b,b!] = 1, while all other commutators vanish. Plugging Eqs. (7.A.5))
into Eq. (7.A.4]), we obtain

Ha=¢ ((aTbJr + ab) sinh 20 + (a'a 4 b'b) cosh? 6 + (aa’ + bb') sinh? 9) , (7.A.6)
or, equivalently (up to an additive constant we can absorb in the normalisation factor of the RDM)
Ha=c¢ ((aTbJr + ab) sinh 20 4 (a'a + bb') cosh 29) . (7.A.7)

One can bring Eq. into a diagonal form through Bogoliubov transformations, i.e.

o = coshfa + sinh 6 b, al = coshfal + sinh b,

7.A.8
v = sinh @ a + cosh 0 b, At = sinh @ a’ + cosh 0b, ( )

where [a, af] = [y,7] = 1, while [a,7] = 0. As a result, one finds that the RDM for one single
complex harmonic oscillator p; has the form

p1 = Ke 1A, Ha=¢ <oﬂLa + 4 ) . (7.A.9)
Since the operators v and « commute, we can rewrite Eq. (7.A.9)
(o) (v)
pr=Ke 4" @ e Ha (7.A.10)

7.A.2 The Bogoliubov transformation for a chain of arbitrary length

For a real harmonic chain of arbitrary length 2L, the entanglement Hamiltonian for half system
is [167]

L—1
Ha=> BB, (7.A.11)
§=0

where the eigenvalues €; depend on L and in the thermodynamic limit are given by Eq. (7.3.10))

while for L =1 by Eq. (7.A.1).
The ladder operator 3; as function of the local ladder operators are given by Eq. (7.3.12), i.e.

i€A
Hence, the entanglement Hamiltonian in terms of local operators is

Ha=) ey, (g;kljgjiza;[l air + g5 hiinal al, + B3 i aiai, + h;‘k1jhji2ai1a;[2) . (T.A13)

J 11,82
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Therefore, the entanglement Hamiltonian of a complex chain is just the sum of two real ones with
local ladder operators a, ; with a = x,y as in the case of two oscillators in the previous subsection.
Such H 4 can be rewritten in terms of the particle and antiparticle ladder operators in Eq. ,
obtaining (up to constants)

Ha = ij Z ( gzljg]lz + hu]h]lz)(a Qjy + b bzz) + gzljh]22 ubzg + hzlggyzzallbm) , (7T.A14)

11,82

which we can put in the diagonal form

Ha=)_ejlata +7]7). (7.A.15)
7=0

by the transformation (|7.3.14)).






Chapter 8

Symmetry resolved entanglement in
2d systems via dimensional reduction

We continue with the study of entanglement resolution in 2d many-body systems of free bosons and
fermions by dimensional reduction. When the subsystem is translational invariant in a transverse
direction, this strategy allows us to reduce the initial two-dimensional problem into decoupled one-
dimensional ones in a mixed space-momentum representation. While the idea straightforwardly
applies to any dimension d, here we focus on the case d = 2 and derive explicit expressions for two
lattice models possessing a U(1) symmetry, i.e., free non-relativistic massless fermions and free
complex (massive and massless) bosons. Our derivation gives a transparent understanding of the
well known different behaviours between massless bosons and fermions in d > 2: massless fermions
presents logarithmic violation of the area which instead strictly hold for bosons, even massless.
This is true both for the total and the symmetry resolved entropies. Interestingly, we find that
the equipartition of entanglement into different symmetry sectors holds also in two dimensions at
leading order in subsystem size; we identify for both systems the first term breaking it. All our
findings are quantitatively tested against exact numerical calculations in lattice models for both
bosons and fermions. This Chapter is based on Ref. [100].

8.1 Introduction

One of the most fascinating aspects of the entanglement entropy in the ground states of extended
quantum systems is that it scales with the area of a subsystem rather than its volume, as it happens,
instead, for generic eigenstates in the middle of the spectrum. We have already mentioned in the
introduction that this feature is known as area law |15]. In higher dimensions, massless systems
behave rather differently depending on the fine details of the model. It is impossible to mention
all aspects of the problem, but the most striking feature is that while free massless non-relativistic
fermions show logarithmic violations of the area law [97,/423-430,/650], in free massless bosons it
strictly holds |170L/194,423,/431-433]. Despite in general it is not known how the entanglement
scales in interacting massless bosons and fermions, there are indications that the structure found
for free systems should be robust also against interactions, see e.g. Refs. [188,434-444].

A natural and transparent way to see this fundamental difference between free bosons and
fermions is dimensional reduction, a strategy for the computation of the entanglement entropy
first suggested in [170] and since then exploited in many different circumstances. The idea is very
simple: if the subsystem of a free 2d model is translational invariant in one compact direction
(that we call transverse, say along the y-axis), we can perform Fourier transform in this direction
and reduce the problem to the sum of 1d ones, for which exact results are known. Two examples

137
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T =
o \\ /// “./ 4 S
l

Figure 8.1: The geometries of the 2d systems we study in this Chapter: along the longitudinal
z-direction the system is either infinite (left) or finite with length L (right). In both cases, periodic
boundary conditions are imposed along the transverse y-direction of size N. The geometry is then
either an infinite cylinder (left) or a torus (right). The entangling region is always a periodic strip
of length ¢ along the z-axis, as highlighted in green.

of geometries for which the dimensional reduction works are shown in Figure and they are
the only ones we will consider in this Chapter. Actually, this technique can be straightforwardly
applied in generic dimensions d (with d — 1 compact ones), but we focus here in 2d for clarity
of the presentation (the only difference in the final result is just the sum over many transverse
components).

The organisation of the Chapter is the following. In Sec. we will do a brief recap of the
needed 1d results for bosons [98] and fermions [9091]. Secs.[8.3]and [8.4]are the core of the Chapter,
where we derive our results for total and symmetry resolved entropies for fermions and bosons,
respectively, by applying the dimensional reduction. Step by step, we benchmark our analytic
results against exact numerical computations. We draw our conclusions in Sec.

8.2 Omne-dimensional recap

In this section, we provide an overview of the the results about one-dimensional models that we
will need for the dimensional reduction in the following sections.

We start by considering the one-dimensional tight binding model, i.e., the free spinless fermions
described by the Hamiltonian

1
Hpp = 3 Z <C:;r+1cz‘ + C;rCi+1> + ZMCI% (8.2.1)
1

1

where p is the chemical potential. We only focus on the ground state here. When |u| < 1 the
theory is gapless. The Jordan Wigner transformation maps the model to the spin-1/2 XX chain
in a magnetic field. We consider the subsystem A to be an interval made of ¢ consecutive sites.
For large ¢, the asymptotic scaling of the entanglement entropies is given by [268],445]

_ 1+nt

5 los (2¢sinkp) + T”(O), (8.2.2)

Sn
where krp = arccos(u/2) is the Fermi momentum. The leading logarithmic term in Eq.
is universal and follows from conformal field theory [17,/20,21,/62]; in contrast, the non-universal
constant Y,,(0) has been derived using the Fisher-Hartwig conjecture [268]. For a finite system
of length L with PBC’s, the same form also holds replacing ¢ with %sin%e [20]. In the one-
dimensional tight-binding model, the generalised Fisher-Hartwig conjecture has been also used to
obtain the asymptotic behaviour of the SRREs at leading and subleading orders [90,/91]. The
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charged moments are

ikpl 1 1 2 ra\2 )
log Z(a) = = [6 <n - n) + - (%> } log 2¢sinkr + Y, (a) + o(1), (8.2.3)
where T, («) has been defined in Eq. (2.3.16). Taking the Fourier transforms and expanding for
large ¢, one gets for the SRREs at the leading orders [90]

logn

Sn(q) = Sn — %log (i log(2¢sin kp)> +

The first term breaking equipartition appears at order O(1/(log¢)?) [90].

Exact results are available also for free bosonic systems on the lattice, i.e., for the harmonic
chain. In this case, one exploits the Baxter corner transfer matrix (CTM) approach [179], as we
reviewed in Chapter In the following, we will mainly be interested in systems with a U(1)
internal symmetry. We then consider a complex bosonic theory which on the lattice is a chain of
complex oscillators (we dub complex or double harmonic chain). The entanglement resolution has
been also investigated for off-critical quantum bosonic chains through the Baxter’s CTM for the
bipartition in two semi-infinite systems, as we described in Chapter

8.3 Two-dimensional Free Fermions

In this section we compute the REEs and the SRREs in the ground state of a two-dimensional
free fermionic system. For the total entropies, our results confirm the known logarithmic violation
of the area law [424-428], which generalises also to the symmetry resolved analogue.

8.3.1 The model and the bipartition

Let us consider a quadratic fermionic system on a two-dimensional square lattice with isotropic
hopping between nearest-neighbour sites. It is described by the following Hamiltonian

1
Her = =3 Y(ele-+ e+ Y e 3.1
(i) i

where p is the chemical potential for the spinless fermions ¢;, with i = (i1,42) a vector identifying
a given lattice site, and (i,j) stands for nearest neighbours. Specifically, we consider a set of N
coupled identical parallel chains, hence N is the finite length along one direction (say the y-axis).
In the other direction, say the z-axis, the system is either infinite or finite with length L. PBC’s
are imposed along the y-axis. The subsystem A is a (periodic) strip of length ¢ along the z-axis,
(see Figure. Given the special geometry we consider, we can take the Fourier transform along
the transverse y direction. The partial Fourier transforms ¢;, , and its inverse are

=

1 1 N=
~ _ —2mijr/N _ ~ 2mijor /N (
Cirr = Cj.j€ Cirga = Cj,r€ 8.3.2)
1, 1.7 ; 1.2 . ;
VN 4 N
j

Ja

I
o
-
Il
=)

leading to the Hamiltonian in mixed space-momentum representation

N-1

Hpp =Y Hy0). (8.3.3)
r=0
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(r) _ 2zr

The operator H () is the Hamiltonian in the k;, ’ = %7 transverse momentum sector:
Y
1 L
Hkg(f) = —5 Z (é;{réi—i—l,r + h.C.) + Z MT&Z‘L,réLW (8.3.4)
i=1 i
where
[y = L — COS k'?(f), (8.3.5)

and L is the length of the chain along the x-axis. In this way, the Hamiltonian is mapped to a sum
of N independent one-dimensional chains with chemical potential u, depending on the transverse
momentum k:l(f).

We focus on the critical regime of the whole 2d system, which is in attained for 0 < p < 2. In
terms of the one dimensional systems, this constraint on u means that all transverse modes with

|pr| < 1 are critical, while the others are not. This inequality is satisfied for

req, = |o,aecostt DN [ U }N (1 _ arccos(u — 1) D) N — 1] . (8.3.6)

21 21

The inner extremes of the intervals are not part of €,. The case u = 0 deserves particular
attention: when dealing with a finite number of chains, also the mode r = 0 has to be removed

from €,. This difference is irrelevant in the limit N — oo when the fraction of critical chains is
arccos(u—1)

simply given by —
Since the Hamiltonian is a sum of different sectors, the ground state density matrix factorises

and so does the RDM N
pa=Qr = & ryin- (8.3.7)
r=1 " req,

In the last equality, we stress that the only relevant modes are the ones corresponding to critical

1d chains. The blocks corresponding to non-critical chains are projectors on the 1d vacuum state,

i.e. without fermions. As a consequence, hereafter, we only take into account the gapless modes,

which belong to €2,. The RDM pﬁ(r) of the 1d subsystem associated to the r-th mode can be
Y

written as [169,1711366]

A -1 ~t <
P = det Ckér) exp Z[log(Cky) - 1)}i7jcj,rcj,r , (8.3.8)
,L'7j
where the matrix Ck(’") = (63 ,Cjr) is the correlation matrix restricted to the r-th subsystem A. The
Yy )

entanglement entropy is easily expressed in terms of the eigenvalues of such correlation matrix.

We start by considering the model in the thermodynamic limit in the longitudinal (z) direction,
ie., L — oo (Figure left panel). For the ground-state of N infinite chains the correlation
matrix C of the whole (two-dimensional) subsystem can be written as

Yy

where C’km reads
Y
o sinkf(i —7)
Com(ij) = —"——=
v (i — j)

as a function of the Fermi momentum k! of each r-th chain (u, is given in Eq. (8.3.5)). This is
due to the factorisation of the Hilbert space into the different modes, which corresponds to a block
diagonal structure of the correlation matrix: each block is associated to a transverse mode and,
as a consequence, to a given 1d ground state.

kE = arccos i, (8.3.10)

T
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8.3.2 Rényi and Entanglement Entropies

From the structure of the Hamiltonian in Eq. (8.3.3]), the Rényi entropies can be computed by
invoking the one-dimensional results [268]: the entanglement entropy is additive on tensor products
and therefore decomposes as

1 1
S Q) rle | =D Shs S = 6(1 + ﬁ) log(2¢sin k') + T, + o(1), (8.3.11)
reQy Y reQy,

where Y, is T, (e =0)/(1 — n) in Eq. (2.3.16]).

Note that in our setting, the Fermi momentum of each transverse mode-chain can be explicitly

written down as
9 2
sinkl = \/1 - (u — cos (;\7)) . (8.3.12)

Plugging this relation into Eq. (8.3.11)) we get

520 _ fN(,u)N<1+:l) log(20) + ()N, + %(1—1—%) Z log [1 - <,u—cos (2]7\777“>>2] ;

6 refly,

(8.3.13)
where fy(u) denotes the fraction of critical modes (i.e., the number of modes belonging to €2,
divided by N). It is useful to define also the quantity

An(p) = % > log [1 - (u — ¢os (2]7\7»2] , (8.3.14)

refl,

so that we have

1

S(1+ %) (£ (1) log 20+ An() )N + N fv () Yo, (8.3.15)

S2d —
" 6

As aforementioned, when N — oo the prefactor of the logarithmic term simply becomes

Nfoo(p) = chosfr“_l). (8.3.16)
In the left panel of Figure we report fn(u) as function of N for a few values of u, showing the
approach to N — oo.
In the right panel of Figure we report a similar plot for Ay (i), as function of N for four
different values of u. As N increases, it approaches an asymptotic value that can be explicitly
calculated. In fact, in the limit of large N, the sum in Eq. (8.3.13) turns into

1Z:lo 1— — cos @ 2—>
2 & a N

refly,
N arccos(u—1)

(8.3.17)

1 —log(2m\/pu(2 — p)) +log N

2

7 i dx log (1 — (- COS(x))Q)

where we have subtracted the (divergent) contribution from the upper extreme of integration,
corresponding to the modes r = {foo ()N, (1 — foo(p)) N}, which are excluded from the sum in
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Figure 8.2: Left panel: The fraction of critical modes, fn(u), is plotted as a function of length N
of the transverse direction for four different values of chemical potential u. The curves approach
the constant value reported in Eq. and plotted as dashed lines. Right panel: The function
An(p) in Eq. as a function of IV for four different values of chemical potential p. For all
i, the curves approach A (u) reported as dashed lines including the correction up to O(1/N),
which are clearly important to have a good match even for N as large as 200.

the left hand side (see Eq. (8.3.6)). The explicit computation of the integral gives

N arccos(u—1)

/. dx log (1 —(n— COS(:L‘))Q) =

5 [7[' log(1 + 4p + 2u% — 2(1 + p)v/p2 + 2u)+ arccos(p — 1) log(4(1 + p 4 v/ 12 + 2u))+

+ Im(Li2(e2iarccos(u—1))+2L12(eiar0cos(u—1)(l+u+ /H2+2M)))]7 (8.3.18)

where Lip is the dilogarithmic function Liy = > 72, ;—I; Once again, the case p = 0 deserves
particular attention because also the divergence coming from the lower extreme of integration in
has to be subtracted (i.e., the limits 4 — 0 and N — oo do not commute). Thus, one
has to carefully perform a Taylor expansion of the integrand around both extremes of integration.

The final result is
2 —2logm+ 2log N

N
The logarithmic correction for small values of N is evident in Figure[8.2) for all values of p, but it
is more pronounced for p = 0, as clear from the analytic expressions. Hence the total entropy for

large N is
2d __ foo(:u)N l N l
Sat = Sl (1 + n) log 20 + (1 + n)Aoo(u) 4 foo ()N, (8.3.20)

which we recall is valid at order o(¢°) and O(N?). We will see that to have a good agreement with
numerical data at finite but large ¢, it is needed to keep the log N contribution in Ay (u).
When both £ and N are large, it is useful to look at the special case of the subsystem A being
a square strip with N = /¢, when Eq. (8.3.20)) is rewritten as
Joo (1) 1

1 1
2d _ - il = 0
Spt = o (1+ n)ﬁlog2£+€6(1+ n>Aoo(u)+foo(u)€Tn+O(f ). (8.3.21)

AN(0) = Ax(0) = —log 2 — (8.3.19)

(Actually, any choice of N and ¢ proportional to each other, N = af, would be equivalent, with
just an overall factor a, but for simplicity let us just think to a = 1.) Let us briefly comment
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Eq. . It shows the expected logarithmic correction to the area law and our derivation
gives a clearer understanding of such behaviour: it is a simple consequence of the fact that we are
dealing with an extensive a number of critical chains, i.e. proportional to N = ¢, whose entropy
obeys a logarithmic scaling so that each of them contributes proportionally to log# to the total
entropy. Moreover, it also agrees with the result obtained by the application of Widom conjecture
(see, e.g., [424-426]) that provides an explicit formula for the prefactor of the leading term of the
entanglement entropy of free fermions in any dimension, i.e., S; = C#4~!log /¢ + O(¢?~1), with C

given by
1
C = / / Ng - Nyp|dSzdS,, 8.3.22

where A is the considered subsystem with volume normalised to one, I'(x) is the volume in momen-
tum space enclosed by the Fermi surface, n,, n, are the unit normals to the boundaries of these
volumes and the integration is carried over the surface of both domains. In the case of interest for
this Chapter, given the compactification along the y direction, the Fermi surface is defined by the
solutions of S, = 0 (with S, = p — cosk; — cos ky). By performing the line integrals, Eq.

becomes
arccos(p — 1)

3 ’
in agreement with Eq. (8.3.21)). We stress that while the leading terms in the two approaches are

identical, the dimensional reduction provides an explicit prediction also for the subleading term
proportional to £, as in Eq. (8.3.21]), which cannot be derived by Widom conjecture.

C = (8.3.23)

Some generalisations.

The same approach is straightforwardly adapted to the computation of the entanglement entropies
in the case of Dirichlet (open) boundary conditions (DBC’s) along the transverse direction (y-
axis), i.e., imposing ¢;, o = ¢j, v = 0. Although these boundary conditions break the translational
invariance in the transverse direction, one can use the Fourier sine transform (rather than the
standard one). The only final difference is that the set of modes €, in corresponding to
critical chains will now start from r = 1 (instead of r = 0). The same strategy applies when the
total system is a finite block of L sites along the z-direction, with PBC’s (see the right panel in
Figure (11.1))). In this case, the only difference is that the scaling of the one-dimensional Rényi
entropies for a system with PBC’s reads

1+n 2L . /wlyN .
Spt = o log (7 sin (f) sin k‘]F) + Th. (8.3.24)

Therefore, we have for any finite IV

n+1

S?d —
" 61

[ () log (% sin (%)) v AN(M)] N + fy(W)NTy, (8.3.25)

and similarly for large N with fy(u) — foo(p) and An(p) = Ao(p).

Numerical checks.

We now benchmark the results for the total entropies against exact numerical calculations obtained
by the free-fermion techniques reported in Sec. In Figure [8.3| we report the numerical data
of the Rényi entropies for different values of the index n and chemical potential u, both for infinite
(panel (a)) and finite (panel (b)) system size. We fix the transverse direction N to be equal to the
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Figure 8.3: Leading scaling behaviour of the Rényi entropies S2¢ of 2d free fermions both for
infinite (a) and finite system size L (b) in the longitudinal direction. In the transverse direction,
we fix the periodic size N to equal ¢, the subsystem length in the longitudinal direction. The
numerical results (symbols) for different values of p and n are reported as function of ¢. They
match well the theoretical prediction of Egs. and ; the dashed lines in (a) are
the leading behaviour o« £log ¢ which is clearly not enough accurate. The non-universal coefficient
proportional to the area, 2¢, in Eq. is well captured by the numerics, as highlighted in

(c).

longitudinal subsystem length ¢, so that the subsystem A is a square with PBC in the transverse
direction. We also properly choose the values of p and ¢ such that £f;(u) is an integer number to
eliminate effects due to partial fillings of modes. The theoretical predictions for the leading scaling
in Eqs. (8.3.21) and ({8.3.25)) are also reported for comparison. These include both the leading
term and the subleading one proportional to the area (2¢) between the subsystem A and the rest
of the system.

It is evident that the analytical results correctly describe the data. We also report (as dashed
lines) the sole leading universal behaviour o< flog/: this universal term alone does not match
the data for these values of ¢, highlighting the importance of the subleading terms oc ¢ that we
calculated analytically here. In the panel (c) of the same figure, we plot the data for the von
Neumann entropy where we subtracted the leading term f;(u)¢log¢ to show the non-universal
subleading terms found in Eq. alone.

8.3.3 Symmetry Resolved Entanglement Entropies

The same dimensional reduction technique can further be used to compute the SRREs. Indeed,
from Eq. the particle number Q = >, c;rci is a conserved U(1) charge of the model in
arbitrary dimension. The strategy is exactly as before: we consider a finite system in the transverse
direction with PBC and so reduce to a one-dimensional problem for the charged moments and then,
via Fourier transform, we get the SRREs.

Charged moments.

Because of the factorisation of the RDM (8.3.7)) and of the additivity of the conserved charge, we

can rewrite

. .~ (1)
Pae I = Q) 1) e, (8.3.26)
reQy, Y
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Figure 8.4: Leading scaling behaviour of the real and imaginary part of the charged moments
log Z2(c) in 2d free fermionic model for an infinite cylinder with transverse length N = ¢, equal
to the subsystem length in the longitudinal direction. The numerical results (symbols) for several
values of a and n are reported as function of ¢ for different p’s. Different colours represent different

choices of the parameters n, «, u. The corresponding analytic predictions (continuous lines), Egs.
(8.3.28) and ({8.3.34)), are also reported.

where QX) is the charge operator restricted to the r-th transverse mode. This factorisation allows
us to rewrite in terms of the one-dimensional results for the charged moment

log Z2 (a) = Y log Z)(a (8.3.27)
reQy,

and, using the explicit 1d result Eq. (8.2.3]), the sum is performed as

log Z2%(a) ~ iga — [(13 (n— 711) + % (;)2] (fn(p)log2+ An(p)) N + Nfn(p)Th(a).
(8.3.28)

The first term in Eq. (8.3.28)) is purely imaginary and it is the average number of particle within
A, for large N explicitly given by

NY
qzi

arccos(u—1)
3 /0 dx arccos(p — cos ). (8.3.29)

It is extensive in the subsystem volume (N/), as it should, and at half-filling, u = 0, it reproduces
the simple result § = N¢/2.

In Eq. (8.3.28)), it is useful to write Ty, (a) as
To(@) = Y(n) +v(n)a? + e(n, ), e(n,a) = O(a?), (8.3.30)

where

[ 14w
m / dw[tanh®(7mnw) — tanh(mnw)] log H (8.3.31)
o 5

In Ref. |90] it has been shown that the quadratic approximation of Eq. (§8.3.30) is appropriate
for many of applications since e(n,a) < y(n)a?. In particular, this approximation allows for an



146 CHAPTER 8. SYMMETRY RESOLVED ENTANGLEMENT IN 2D SYSTEMS

explicit analytic computation of the symmetry resolved moments Z,,(q). Therefore, hereafter we
will keep only the terms up to O(a?) and we rewrite (8.3.28) in the compact form as:

log Z24(a) ~ log Z24(0) + igor — a*(Bn fn (1) log 20 + C,) N, (8.3.32)
with
1
B, = 220’
™n (8.3.33)
)
27m2n

InF igurewe report the numerical data both for the real and the imaginary part of log Zfld(a)
for different values of n and «. Here the system is an infinite cylinder of circumference ¢ and
the subsystem A is again a periodic square strip with longitudinal length equal to £. Here and
throughout this section, the values of p and ¢ are chosen such that £fy(u) is an integer number.
Moreover, when p = 0, we focus on the case ¢ even. The theoretical prediction in Eq.
is also reported for comparison, showing that the analytical result correctly describes the data
as long as |a| < 7w (as well known already in 1d, see e.g. [90,91]). The oscillating corrections to
the scaling become relevant when o moves close to £7. The reason is that some terms in the
generalised Fisher-Hartwig approach become larger and Eq. is not a good approximation
at the considered intermediate values of ¢ [90,91]. In the figure it is evident that these oscillations
arise also for n = 1, contrarily to what happens for a = 0.

A simple but interesting generalisation of the calculation we just presented concerns the ge-
ometry of a torus as depicted in the right of Figure [LI1.1l The longitudinal size of the system
is L. The charged moments are again obtained by summing up the contribution of the different
transverse modes as critical 1d chains, using the finite size form with the chord length. Summing
up the contributions of the the transverse modes we get

log Z24 () ~

o [1 1 2/« 2L 94
~i0q — f(n—f)—l-*
6 n n

(52 )| & [ wtorton 22 sin (51)] + Aw(] + ¥t Yot
(8.3.34)

Symmetry resolution.

We now can compute the Fourier transform Z2¢(q) of the charged moments using the leading order
terms of Z2¢(a) taking into account the effect of the non-universal pieces. This Fourier transform
is

T do ™ do .
i) = [ e zie) = 220 [ e, (8.3.35)
g 2m g 2m
where the coeflicient of the quadratic term is
b, = NB, fn(u)log2¢ + C, N. (8.3.36)

For large subsystem size ¢ and/or N, we can treat the integral by means of the saddle point
approximation and use as domain of integration [—oo, +00], getting

ZQd(q) ~ Z2d(0)6_4N(anJErq(;)aig 20+Cn) 1 (8 3 37)
n 4= “n AN (Bn fn (1) log 20 + Cy)’ o
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Figure 8.5: The probability Z24(q) for 2d free fermions with chemical potential u = 0 (left) and

= 0.5 (right). The red symbols are the numerical values and blue lines are the analytical
prediction (8.3.37). In the main frame led(q = @) is shown as a function of ¢, whereas in the inset
we fix £ and led(q) is plotted as a function of q.

where ng(a) is given in Eq. (8.3.28)) and we report it again for completeness in a coincise form
fora=0
7%(nf%)N
ng(O) — ((%)fzv(#)eAN(u)) e Y(MNfn(n) (8.3.38)

In full analogy to the 1d case, the probability distribution functions given by these moments are
still Gaussian with mean ¢ and variance that for large £ and N grows as /N log /. An equivalent
result was already obtained in Refs. [91,94] for Fermi gases in arbitrary dimension using the
Widom’s conjecture. The novelty of this formula is an exact prediction for the coefficient C,, that
renormalises the variance at order O(¢) and, as we will see, will play a crucial role for an accurate
computation of the SRRESs.

Let us briefly discuss the terms that have been neglected in the derivation of Eq. (8.3.37
which are the same as in 1d [90]. The main approximation is to ignore €(n,«) in Eq. (8.3.31
which induces a correction going like 1/(Nlog/). Finally the corrections coming from having
replaced the extremes of integration 7 with £oo are really small: they decay as e~ n /by, i.e.,
exponentially in N.

The accuracy of Eq. is checked for different values of p in Figure where we report
the numerically calculated Fourier transforms and the analytical prediction. It is evident from
the data in the main frames and in the insets that both the ¢ and the ¢ dependence of Z,(q) is
perfectly captured by our approximation.

With these ingredients at our disposal, we are ready to compute the asymptotic behaviour of

the SRRE, given by

(a—2)?
1 Z24(q) 1 Z240) e @n (4mb,) V2
S2d(q) = 1 o~ 1 L n . 8.3.39
w0 =7 Lo [22‘% >n] T=n B (Z3N0)) e (dby) )
After some simple algebra, we can write
1 2N 1
S24(0) = 530~ 10w (22 () 08(20) + Fcli)bs + As)) + 52
2 T 2(1 —n)
n —ny(n

(q - () = #y(n)) S+, (8.3.40)

1 =1 N{foo(u) 108(20) + foo(1t)in + Ao (1))
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Figure 8.6: SRREs 52%(q) of 2d free fermions for n = 1,2,3 and different values of y. We fix the
transverse direction N = ¢, equal to the length of the subsystem in the longitudinal direction. In
the left panel the numerical data (symbols) of 2d free fermions for ¢ = ¢ are compared with the

theoretical predictions of Eqgs. (8.3.40) and (8.3.43)). In the right panel we show four values of ¢
(namely ¢ — ¢ =0,1,2,3). The data are almost coinciding on this scale, so in the inset we report
their difference which is perfectly captured by the theoretical prediction.

where S2¢ is the total Rényi entropy,

o - —2inlaln) =7 (0) saa1)
and
fin = —m2(y(1) 4+ ny(n)). (8.3.42)

Eq. provides the leading behaviour for large £ and N as well as the non-universal additive
constants, and a ¢g-dependent subleading correction which scales as N~ (log #)~2. Such correction
provides the first term in the expansion for large ¢ and N which depends on the symmetry sector.
As in the corresponding 1d calculation [90], it can be calculated from the subleading terms of the
variance of Z2%(q), in particular the additive non-universal constant C, in Eq. . So while
few leading terms satisfy the equipartition of entanglement, we can precisely identify the first term
that breaks it. Taking now the limit for n — 1 of , we get the von Neumann entropy

S24(0) = 510~ 10g (2 (i) 08(20) + Fcli)bs + A ) = 5+

(v(1) +~'(1))

— 27‘(‘4 PR 0.
D N es20) £ F + A T E349)

These predictions for the SRREs are compared with the numerical data in Figure In the
left panel we consider the scaling with ¢ of S, (¢) and it is evident that the numerical data perfectly
match with the theoretical prediction in Eqs. and . The corrections in (¢ — g) are
suppressed as 1/(N(log£)?) and the curves in the right panel seem to be on top of each other on
the scale of the plot. In order to appreciate their distance, in the inset we report the differences
with S, (g) (focusing on n = 1) and we show that they are well described by our prediction. The
agreement is excellent even for relatively small values of £ and N of the order of 20.

We quickly discuss now what happens in the case of the torus geometry: we only report the
final results, since the calculations are only a slight modification of the previous ones. The Fourier
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Figure 8.7: Left panel: Z2%(q = q) of 2d free fermions for different values of y and finite torus of
longitudinal length L = 64. We fix the transverse size N equal to the subsystem length ¢. Red
symbols correspond to numerical data. The blue lines show the analytical prediction . The
inset shows Z24(q) for £ = 10 as a function of ¢. Right panel: SRREs S2¢(q) of 2d free fermions for
n = 1,2 and different p’s and ¢: the numerical data (symbols) are compared with the theoretical
prediction (continuous lines) of Eq. (8.3.46). As (¢ — q) increases, the neglected terms become
more relevant, therefore the agreement between numerics and analytical predictions worsens.

transform of Eq. (8.3.34) is

(a— 4)2
(4 () 10g( 2L sin(ZE) )+AN (1)) =N (W7 (n)]

74N[

Z,(q) ~ 224(0) ¢ (8.3.44)
VANT [ (P () log (2 sin (%)) + An()) — fiv(u)y(n)]
where
RN
ng(o) — Y ()NfN (1) <€AN(H) (2: Sin(zﬁ)>f M) . (8.3.45)
The SRREs are then easily worked out as
1 2N 2L l 1
s24(0) = 531~ 1o | 2 (tton (2 s ) + Fuldo 4 A |+ 525k
(q—G)2774 n (7(1) _nr)/( )) N (8346)

L =1 N[foo(p)log (22 sin(ZE)) + foo (1)K + Aoo()]?

These results are tested with numerics in Figure ({8.7]).

8.4 Two-dimensional Free Bosons

In this section we consider the entanglement entropy and its partition into the different charge
sectors for a lattice discretisation of the complex Klein—Gordon theory, namely coupled complex
harmonic oscillators on a two-dimensional square lattice. Here we will apply the same strategy of
the previous section to recast, once again, our problem into the sum of uncoupled one-dimensional
chains.
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8.4.1 Rényi and Entanglement Entropies

Let us examine a two-dimensional system of L x N real coupled oscillators, where L and N are
the lengths along the x— (longitudinal) and y—direction (transverse), respectively (see Figure|11.1)).
The 2d Hamiltonian describing a real 2d square lattice of harmonic oscillators is

L N

1
Hp = 5 Z Z |:p337y + wng,y + ﬁm(‘]m-‘rl,y - Qac,y)2 + K/y(qu-‘rl - Q;t,y)2] ) (8-4-1)
rz=1y=1

where ¢z, P2y and wy are coordinate, momentum and self-frequency of the oscillator at site (z, )
while k, and s, are the nearest-neighbour couplings. As in the one-dimensional case, the 2d lattice
of complex oscillators is

Hop(p™ +ip?, ¢ +iq®) = Hp(p, ¢) + Hp(p"?, ¢?). (8.4.2)
If we define p = &\/;}’(2) and q = M\/%q@), Eq. (8.4.2) becomes
L N
Hew =505 [bhy Py + lal yut
rz=1y=1 (843)

Kz (Qrt1,y — qﬂc,y)f(qxﬂ,y — Aay) + Fy(Quy+1 — qx,y)T(qﬂc,yH — Q)| -

Imposing PBC’s along the y-direction, we can exploit the translational invariance and use Fourier
transform in the transverse direction, to get the mixed space-momentum representation

N-1
1 ~ 2miry/N
Qoy=—= Y Gure , (8.4.4)
N r=0

and similarly for p,,. We set £, = k; = 1 to shorten the notation (indeed they can be absorbed
by a canonical transformation). The Hamiltonian (8.4.2]) then becomes

L N-1
Hep = Z ﬁi:,rﬁ:cm + W?@l,rgx,r + (Gat1,r — ‘jx,r)T(‘ja:-&-l,r — Ga,r)- (8.4.5)
=1 r=0
where -
w? = wi + 4sin® N (8.4.6)

Because of the additivity of the independent transverse chain modes in Eq. , the entangle-
ment entropy can be computed by using the 1d results, as we did for free fermions.

As already discussed in Chap. @, the ground-state reduced density matrices of each 1d chain
is obtained by means of corner transfer matrices, for the bipartition of the infinite chain in two
halves. Therefore, the entanglement spectrum associated to the r-mode/chain along the y direction
is given by Eq. , specialised to the frequency w,, i.e., the eigenvalues of the entanglement
Hamiltonian are now given by

&) = €.(2j +1), (8.4.7)

where the energy levels are

I(y/1— K2 1
GT:W(—m, /qrzi(Q—l—wz—wM/él—i—w?,). (8.4.8)



8.4. TWO-DIMENSIONAL FREE BOSONS 151

7|
b
4 —n=1,wy=05 7l () —n=1w=0
n=1 wy=2 6 .
—n=2,wy=05 | -
s . 5 —n=2w=0
6 —n=2, wy=0.
= = 3.4 n=3, w =01
S & — =
el “ wo =107, N =40 : :
o= 107, N =20
—wy =10 N =40 2
o I()imv M= 30 ,,.,,.,,-,'.“".QQM
e 1
5 K % 50

Figure 8.8: Entanglement entropies in the 2d lattice of complex oscillators. (a): S2¢ in the non-
critical regime, against the length of the transverse direction N, for different wy and n at fixed
subsystem size £ = 50. Periodic BC are imposed along y. The symbols correspond to numerical
data, while continuous lines are the analytic predictions . Different colours denote different
choices of the parameters n and wp. (b): Entanglement entropy S7¢ in the critical regime wy — 0.
Solid lines are the prediction for different wy and N. The smaller wgy, the better Eq.
(8.4.12) works. The additive constant c}? is numerically extrapolated through a fitting procedure
for a chain. (c): Same as in (a), but with DBC’s along the transverse direction. The theoretical

prediction is Eq. (8.4.14)).

The parameter &, is obtained by solving the equation w? = (1 — x;.)%/k,..

In our semi infinite strip, each mode gives a contribution to the entanglement entropy which
can be computed through the CTM approach. Since they are independent, such contributions
simply add up leading to

N—

Z (n log[1 — e~ #7HDer] —log[1 — e_(2j+1)”€’“]> . (8.4.9)
-n r=0 j=0

;_n

2d
Sn’ =

This result is valid for arbitrary integer N. We can now take the limit of large transverse direction.
The sum becomes an integral in ¢ = r/N, we can write (¢, — €(())

1 (e}
52 _ 12N @y <n log[1 — e~ @H+De©)] _ 1og[1 — e—<2j+1>ne<<>]) : (8.4.10)
—n Jo -
J=0

and in the limit n — 1
(25 + 1)e e
_2N/ d<2< 2;]+1 C) —log[l — e~ @D <<>]>. (8.4.11)

These results for the entanglement entropies are numerically tested in panel (a) of Figure
using the free-boson techniques reported in Sec. (from the numerical expression of the charged
moments in Eq. , one easily finds Trp'} setting o = 0 and, eventually, the replica limit by
taking the derivative with respect to n and n — 1). The considered subsystem is a strip, periodic
in the transverse direction (hence of length N) and of longitudinal size equal to ¢, but such that
¢ is much larger than the correlation length of the system (of order w 1) and so the entanglement
is just the double of the one for a semi-infinite subsystem. We have fixed £ = 50 which is large
enough for the considered values of wy. Eqgs. (8.4.10) and (8.4.11)) perfectly predict the prefactor
of the area-law term, in all cases when the thermodynamic limit along the transverse direction is
a good approximation.
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We now discuss the critical regime wy — 0. Here we do not set wg = 0 from the beginning,
but we take a very small wy and then take the large ¢ limit. The two limits are known to not
commute in 1d [177]. Although the technique to obtain the 2d results from 1d one is the same
for bosons and fermions, the physics is very different. Indeed, while for fermions the N chains in
the Hamiltonian are all critical, just with renormalised chemical potentials , for free
bosons only the zero-mode chain is critical and all the other have a gap given by Eq. that
does not close as wy — 0. This different behaviour is the origin of the logarithmic multiplicative
correction to the area law for massless fermions, while massless bosons follow a strict area law,
with additive logarithmic corrections. While these physical results are well known in the literature
(see, e.g., |423]) we find their explanation with dimensional reduction particularly clear.

We can now sum the contributions of the various transverse modes to get the total entangle-
ment entropy. For the zero-mode with » = 0 we take the result from the massive Klein-Gordon
theory [177]. Summing up the various contributions, we have for the two-dimensional lattice
complex oscillators

n+1

S2d — — " log £ + nlog(— log(wol)) + ctd+

N—-1 oo

3y (n log[1 — e~ (3+Der] —log[1 — e_(2j+1)"e’“]> . (8.4.12)

rle

Here the first line is the zero gapless transverse mode and the second is the sum over all massive
ones. The additive constant c.? is non-universal and is not predicted by field theory; we will fix it
numerically with a standard fit of the 1d system. All the chains with r > 0 give a O(1) contribution
in ¢ since, for large enough ¢, it holds £ > w.!; hence they give rise to an area-law scaling (i.e.,

N). The panel (b) of Figure [8.8| confirms the accuracy of the prediction for the critical
regime as a function of N.

Some generalisations.

As in the fermionic case, let us mention that this technique can also be applied when imposing
DBC’s along the transverse direction, i.e., ¢; 0 = ¢;, v = pio = p;,n = 0. Because of the breaking of
translational invariance, we can simply use the Fourier sine transform for ¢, , and p,,. The key
difference with respect to the periodic case is that the frequencies of the transverse modes are

2

w? = wi + 4sin® r=1,--- ,N—1. (8.4.13)

o
2N’
Thus, within these BC, the frequencies are all different from zero, even for wy = 0. The Rényi
entanglement is

N-1

3 (n log[1 — e~ Der] _log[1 — e_(2j+1)”6’“]) . (8.4.14)
r=1 j=0

2
d
SfL—l

—n

We can now take the limit of large N, similarly to what done in Eq. (8.4.10]) for wg > 0, to get

1—n

1 (0.]
s 2N [ g 3 (n log[1 — e~ @H+DAO]  1og[1 — 67<2j+1)ne<<>])
0 -
‘7:

- (n log[1 — e~ (27+1)0) _Jog[1 — e—<29'+1>"60]) . (8.4.15)
n <
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where we need to subtract the contribution from the zero mode, since in Eq. (8.4.14) the sum
starts from r = 1 rather than 0. The accuracy of Eq. (8.4.14)) is checked by numerics in the panel
(c) of Figure in which the agreement is perfect.

8.4.2 Symmetry Resolved Entanglement Entropies

Here we compute the contributions to the entanglement entropy coming from the different U(1)
symmetry sectors for the 2d lattice of oscillators. The conserved charge reduced to the subsystem
is just the 2d generalisation of Q4 in Eq. (7.3.17)).

@ 05 - \\\
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Figure 8.9: Logarithm of the charged moments log Z, («) for the 2d lattice of oscillators in the off-
critical regime. Top panels: Plots as a function of N, for different n and wy, imposing PBC’s (left)
and DBC’s (right) along the transverse direction. Bottom panel: Plots against « for different wy
and N (again with PBC’s (left) and DBC’s (right)). In the right panels, numerical data (symbols)
are compared with the analytic predictions (solid lines) of Eq. . In the left panels, data
are compared with the analytic prediction for DBC’s, which is the same as Eq. , but the
sum starts from r = 1 rather than r = 0.

Charged moments.

For the 2d lattice and for a subsystem being a periodic strip, the charged moments are obtained
as a sum of the N independent chains as

log Z2d Z Z 2n log —(2j+1)er] o log[l _ e—(2j+1)ner+ia] _ log[l _ e—(2j+1)ner—z'au’
r=0 j=0

(8.4.16)
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and, taking the limit of large N

log Z2% () = N / d(Z 2nlog[l — e~ FIHDO] _1og[1 — =i+ Dne(Q+ia)

—log[l — e~ FIFnO=ia]] - (8.4.17)

Notice that log Z2¢(a) is real and even in a. We plot log Z2¢(a) as a function of o and N in
Figure (left panels) together with the corresponding numerical data (for the numerical details
see the Sec. . The agreement is perfect for all considered values of n,a, N, and wy. We
find that for all a, log Z?%(a) is a monotonously increasing function of the self frequency of the
oscillators, wg. As a function of «, they have a single maximum at « = 0. The plots as a function
of N show that the integral in Eq. (8.4.17) well predicts the prefactor of the area-law term of
Zp(a) in the massive case, N > w;, . To obtain the data in the figure we fix ¢ = 50 which is
much larger than the correlation length at all considered wg; hence, by cluster decomposition,
they approach the double of the prediction . We also analyse the scaling of the charged
moments for DBC’s along the transverse direction. The corresponding results are also displayed
in the right panels of Figure The computation through the dimensional reduction perfectly
works for every wy.

In the critical regime, wg — 0, the subsystem is a finite strip of longitudinal length ¢ and the
resulting pattern is similar to the case encountered when av = 0. Using Eq. (7.3.41)) and assuming
that £ > £, we obtain

log Z2(q) N % [<a>2 |a|] log 0+

Z2d(0) 27 27
N—-1 oo
[log]1 e~ (it hnertia] | 16077 — (2j+1)”@*m]], (8.4.18)
r=1 j=0

where the second line is an additive (¢-independent) term that represents the contribution of the
chains with r > 0.
Symmetry resolution.

In order to get the symmetry resolution it is convenient to first rewrite logZ2¢(a) in the limit
N — 00 as

9 O|e—n5 00 —e —(25—1)e (Q))Qn
2d 4 —
log Z> N/ d¢ log 1 (3 o) |:| ey | = Nl (8.4.19)

where 6 is defined in Eq. (7.3.26). Then, the Fourier transform Z2%(q) is

N-1

Z2q) = / 4o —igo I1 Z22% (@), (8.4.20)

271'
r=0

i.e., it is the convolution of the Fourier transforms Z,llffﬂ (q) of Z%fﬁq(a). This formula can be easily
evaluated for any finite N, even very large. In order to test its accuracy we take the Fourier
transform of the numerical data for Z2%(«) in the previous section and compare it with Eq. .
The results are shown in Figure where the symmetry resolved moments are plotted both
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Figure 8.10: Z2%(q) in the 2d harmonic lattice for different values of wg, ¢, and n, as a function of
N (left panel) and g (right panel) Data (symbols) are compared with the analytic prediction (solid
lines) of Eq. m sz is peaked at ¢ = 0, which is the average charge in the subsystem.
Here we do not test the large N result .

against IV and ¢ for different values of wy. The agreement is excellent. Note that Z,(q) is peaked
at ¢ = 0, which is the average charge in the subsystem.
For large N, we can use Eq. (8.4.19) so that Eq. (8.4.20) can be rewritten as

s d )
224(g) ~ / %e—zqaem(ax (8.4.21)

Given that we are interested in the large IV limit, the integral may be performed by saddle point
method, with the only maximum of f,(a) in a = 0, as we can see in Fig. Therefore, the
integral becomes

—Mne 2
2d Npa(0) [T de Ny d 794(0‘171;(?; N il
Z24(q) = N el 104(0]e ) = Z2%0) ——ems, (8.4.22)
oo 2T 27Ng(n)
where we defined . . ©
04 (0]e™"%))
= [ ac2+——___~. 8.4.23

The probability distributions given by these moments are Gaussian with mean § = 0 and variance
that grows as v/N. Unfortunately it is difficult to test Eq. against numerical calculations
because we would need rather large values of N. We instead checked that indeed Eq.
converges for large N to . Anyhow, we will show the corresponding plot only for the
SRREs below.

The last step now is to use Eq. to calculate the SRREs

_ 1 Z:(q)
Salla) = T log [Zfd(q)n] : (8.4.24)

whose limit n — 1 is the SREE

OnZ3(@)|n=1

S0~ )

+ log 224(q). (8.4.25)

Using the previously obtained Z2%(q), we have analytic predictions valid for any N. In Figure
we test the accuracy of this prediction for the entropy in each symmetry sector for N as large as
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200. The figure clearly shows that for these relatively small values of N, the equipartition of the
entanglement does not hold, even though for n = 1 data start becoming parallel to each other,
suggesting a possible onset of equipartition.

In order to understand if and how equipartition is attained at larger values of N, we work out

the large N limit. In the limit N — oo plugging Eq. (11.3.13]) into Eq. (8.4.24]), we obtain

1 Z24(0) @ (1 __n ) (2rNg(1))"/?

Salla) = log Z() ¢ 3w (st —atn) GTNVO(L)™”

L—n = (Z2740))" (2mNg(n))'/

The first ratio in Eq. (8.4.26]) just gives the total Rényi entropy of order n, while the non-trivial

dependence on n of g(n) is responsible for the breaking of the equipartition of the entanglement.
After some algebra, we obtain

(8.4.26)

2d(y _g2d _ Ly oy L Og(n)_ ¢ 1 n
S0 = 82 ou(an) g o s o () 84
whose limit n — 1 is
2 ./ /
S(q) = S — %log(QwN) — ZVW + % (Z ((11)) —log 9(1)) : (8.4.28)

Hence, we have shown that the leading terms in the expansion for large /N satisfy the equipartition
of entanglement. The first term breaking it is at order 1/N and has an amplitude proportional to ¢2.
Unfortunately, as already mentioned, it is difficult to test numerically the validity of Eq.
because it requires too large value of N. A posteriori, the reason of this peculiar behaviour is
easily understood from Egs. (8.4.27)) and (8.4.28): the prefactor of the equipartition breaking term
multiplying ¢2/N is —103.485... for n = 1 and —1793.66... for n = 2, very large in both cases.
Hence, we should get to values of N of order of thousands in order to see equipartition and this
is not simply done numerically. What instead we can easily do is to test that for large N the
analytic prediction tends indeed to the predicted asymptotic behaviour . This is
shown in the left of Figure where we see that very large values of N are required to recover
the asymptotic behaviour, especially for large values of ¢ and n. Hence equipartition is attained
for larger and larger values of N as ¢ and n grow, as very clear from the figure.

8.5 Closing remarks

In this Chapter we exploited dimensional reduction for the computation of Rényi and symmetry
resolved entropies of two-dimensional systems of free fermions and bosons with a translational
invariant geometry in the transverse direction.

The different structure of the entanglement equipartition in 2d bosonic and fermionic systems
clearly shows how such intriguing phenomenon is related to the gaussianity of the probability dis-
tribution of the conserved U(1) charge, which generically follows from the central limit theorem
emerging from the large number of elementary constituents. Yet, there are important counterex-
amples, like the 1d free boson we discussed in Chapter [7} which affect also the physics of some 2d
systems we considered here. Understanding the fine details of entanglement equipartition, such as
the precise conditions for its validity and the form of the first subleading term breaking it, remains
an important open issue.

Having understood how dimensional reduction works for the symmetry resolved entanglement
in 2d free theories is also the starting point for studying interacting ones, e.g. along the lines of
Refs. |284}436,1444] for the total entanglement, but a lot of challenging work is still necessary to
get results in this direction.
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Figure 8.11: Left: Numerical results for the SRREs 52%(q) of the 2d lattice of complex oscillators.
The numerical data for ¢ = 0,1,2, n = 1,2 and wg = 0.5 are compared with the predictions
(8.4.24) and (8.4.25)) finding perfect agreement. For these relatively small values of N, equiparti-
tion of entanglement does not hold, even though for n = 1 data start approaching the asymptotic
behaviour described by Eq. and plotted through the dashed lines. Right: We plot the
analytic prediction for the SRREs (full lines) valid at any N together with its asymp-
totic expansion (dashed lines), showing that for large N equipartition of entanglement is
recovered. Notice that, as n and g grow, equipartition occurs at much larger values of V.







Chapter 9

Symmetry resolved entanglement in a
long-range system

In this Chapter, we investigate the symmetry resolution of entanglement in the presence of long-
range couplings. To this end, we study the SREE in the ground state of a fermionic chain that has
dimerised long-range hoppings with power-like decaying amplitude, a long-range generalisation of
the Su-Schrieffer-Heeger model. This is a system that preserves the number of particles. The
entropy of each symmetry sector is calculated via the charged moments of the reduced density
matrix. We exploit some recent results on block Toeplitz determinants generated by a discon-
tinuous symbol to obtain analytically the asymptotic behaviour of the charged moments and of
the symmetry resolved entropies for a large subsystem. At leading order we find entanglement
equipartition, but comparing with the short-range counterpart its breaking occurs at a different
order and it does depend on the hopping amplitudes. This Chapter is based on Ref. [102].

9.1 Introduction

One of the most fundamental properties of entanglement is its behaviour with the size of the sub-
system considered. So far, we have considered cases in which the mass gap is zero, the correlation
length diverges, and the area law is corrected by a logarithmic term proportional to the central
charge of the CFT that describes the low-energy spectrum of the model [17,[19-21,/172,446]. Nev-
ertheless, this scenario changes and becomes more involved for systems with long-range couplings.
For instance, in that case, the ground state entanglement entropy may display a logarithmic growth
even if the mass gap is not zero, as occurs in the long-range Kitaev chain [447-450]. In general,
other more exotic behaviours may arise, depending on the specific form of the couplings [451]. The
theoretical study of long-range systems has also been stimulated by the development of experimen-
tal techniques that allow to simulate them in a laboratory [452H455]. In fact, Rényi entanglement
entropies and generalisations have been experimentally measured in these ion-trap setups, espe-
cially out of equilibrium [80,,89,456].

Given the relevance of this subject, we intestigate the symmetry resolution of entanglement in
the presence of long-range couplings. Natural questions are if the SRRE, as the total one, presents
different behaviours with the size of the subsystem, whether it satisfies equipartition, and if yes
what are the subleading terms breaking it. The goal of this Chapter is to address these questions
and to study how the total ground state entanglement splits into the contributions coming from
the symmetry sectors of a gapped model with long-range couplings.

More specifically, the physical system that we will examine is the Su-Schrieffer-Heeger (SSH)
model with long-range hoppings. The short-range version, a dimerised tight-binding fermionic
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chain, was initially introduced to analyse solitons in conducting polymers such as polyacety-
lene [457,458]. In recent years, it has attracted a lot of interest because it supports two topo-
logically distinct phases [459-461]: a topologically non-trivial phase, which presents zero energy
states exponentially localised at the edges of the open chain, and a trivial phase, which is just an
insulator without boundary modes. The relation between the entanglement properties and these
two topological phases has been also investigated (see e.g. |[462-465]). Here we extend the SSH
chain by including long-range dimerised hoppings whose amplitude decays with a power law — this
is a gapped U (1) symmetric theory that preserves the number of particles. Other long-range gen-
eralisations of the SSH chain have been considered in the arena of topological insulators [466-470].

The organisation of the Chapter is the following. In Sec. we introduce the SSH chain with
long-range hoppings and we calculate the ground state two-point correlation function. In the first
part of Sec. we use the latter to obtain the charged moments in the thermodynamic limit.
In particular, we derive their asymptotic behaviour for a large interval by applying some recent
results on block Toeplitz determinants with discontinuous symbols. In the second part of Sec.
we employ these results to analyse the SREE and finally find an asymptotic expression for it. We
also benchmark the analytic results against exact numerical computations. We conclude in Sec.
with some remarks and discussions.

9.2 Su-Schrieffer-Heeger model with long-range hoppings

We would like to analyse the SRREs in a system with long-range couplings. We will in particular
consider the following fermionic chain with dimerised long-range hoppings

N N/2
1+ (=1)"
D) Y e L PR (9.21)
n=1 =1

and periodic boundary conditions c¢,1ny = ¢,. This Hamiltonian commutes with the particle
number operator @ = ), cjcl-. We are going to consider the case where the hopping amplitude
decays with the distance between sites as a power law, i.e.

o {(z+1)—u, I odd 02.2)

0, [ even.

The parameter v > 0 characterises the dumping of the hopping with the distance. For simplicity,
we only allow hoppings between even and odd sites. In order to enrich the later discussion on
the SRREs, we have taken dimerised hoppings and, therefore, the hopping amplitudes between
even-odd and odd-even sites differ when § # 0. Thus the Hamiltonian is invariant under two-site
translations. If 6 = 41, the chain is fully dimerised and there is not hopping between even-odd
(odd-even) sites. In the case 6 = 0, the chain is homogeneous and corresponds to the long-range
analogue of the tight-binding model. This Hamiltonian can be easily diagonalised by performing
a Fourier plus a Bogoliubov transformation. In the diagonal basis, it reads

N-1 1

= w I - = L.
H= > (0) (dkdk 2) : (9.2.3)

where 0, = 27k/N and w(#) is the dispersion relation. In the thermodynamic limit N — oo, we
replace 0 by a continuous variable 6 € [—7, 7] and the dispersion relation can be written in the
form

w(0) = VF(0)2— G(0)2, (9.2.4)
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with

F(6) = gy [e7"Lin(e™) + €“Li ()] (9.2.5)
and

G(0) = —2;11 [e‘ieLiy(ei%) — eieLi,,(e_ize)} ) (9.2.6)

Here Li,(z) denotes the polylogarithm function of order v [473|. The appearance of this function
is due to the infinite-range hoppings with power-law decaying amplitude. The properties of the
polylogarithm with the dumping exponent v originate the features of the long-range SSH model
that differ from the short-range systems. In particular, Li,(z) diverges at z =1 when 0 < v < 1,
while it has a finite value for v > 1. This will be fundamental in the later analysis of the
entanglement resolution. In the dispersion relation, such behaviour of the polylogarithm causes it
to diverge at # = 0, =7 when 0 < v < 1, while it is always finite for v > 1. For § > 0 and v > 0,
the dispersion relation is always strictly positive, w(f) > 0, and therefore the mass gap is not zero.
The gap closes when § = 0, the non-dimerised chain, as w(f) vanishes at § = +7/2. In any case,
since the dispersion relation is non-negative, the ground state of H is the Bogoliubov vacuum, |0),
defined by the property di |0) = 0, for all k.

As the Hamiltonian is quadratic, the ground state two-point correlation functions are the only
ingredient that we will need to calculate exactly the (symmetry resolved) entanglement entropy in
such state [167]. Since the particle number is conserved, we have (0] cheh, [0) = (0] cpem |0) = 0,
while it will be useful to arrange the correlations of the form (0| chem |0) in a N x N matrix V

with entries
CT
Vig =2(0 2 (car, cor41)
Cott1

In the thermodynamic limit N — oo, V is a block Toeplitz matrix,

0> — &y, LU'=1,...,N/2. (9.2.7)

1 2

P 0= qp 2.
Vi = - ; G(0)e , (9.2.8)

generated by the 2 x 2 symbol

oi(5-26(0))
G(0) = ( e_i(g(jw)) . ) , (9.2.9)

where
F(0/2) 1G(0/2)
VF(0/2)? = G(0/2)* VE(0/2)? = G(6/2)*

and the functions F'(f) and G(6) are defined in Eqgs. (9.2.5) and (9.2.6). Note that the 2 x 2 block
structure of the matrix V is a consequence of the two-site translational invariance of the chain.

cos(26(6)) =

sin(2¢ (6)) =

(9.2.10)

9.3 Symmetry resolved entanglement entropy

In this section, we focus on the calculation of the SRREs in the ground state |0) of the long-range
SSH model. We start by computing exactly the charged moments for this model and then, from
their Fourier transforms, we evaluate the SRREs.
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9.3.1 Charged moments

Since the long-range SSH model is a system described by a quadratic fermionic Hamiltonian, the
reduced density matrix ps = Try, |0) (0| satisfies the Wick theorem and its charged moments,
defined in Eq. , can be computed from the two-point correlation matrix V introduced in
Eq. . More specifically, see Refs. [84}90,/167],

Zn(a) = det KI ZVA>n e 4 (I _QVAY] , (9.3.1)

where V4 denotes the restriction of V' to subsystem A. We will employ this expression to compute
numerically the charged moments and the SRREs by diagonalizing the correlation matrix V.

If we take into account that the eigenvalues of V4 lie on the real interval [—1, 1] and we use the
residue theorem, then the previous expression can be rewritten as the contour integral [90,268]

log Z,(a) = — lim %fn (A e, a)dd)\ log D 4(X)dA, (9.3.2)

Tl e—1+

where the integration contour C encloses the interval [—1, 1],

fa(X @) = (?)n s (1_2A>n (9.3.3)

and D4 () denotes the characteristic polynomial of Vy, i.e. Da(\) = det(A] — Vy).

The previous discussion is valid for any subsystem A. Here we will focus on one consisting of a
single interval of £ contiguous sites. In this case, the restriction V4 is a £ x £ block Toeplitz matrix
with symbol the 2 x 2 matrix G(0) of Eq. (9.2.9). To deduce the large ¢ behaviour of D4 ()) and,
therefore, of the charged moments Z,,(«), we will apply the results on the asymptotic behaviour of
block Toeplitz determinants obtained in Ref. [450]. In particular, if the symbol Gy () = A\ — G(0)
satisfies det G\(f) # 0 and is a piecewise continuous function in 6 with jump discontinuities at
0 =0q,...,0g, then

27
1ogDA(A)=£ /0 logdetgA(ﬁ)dQ—i—lOg ZTrloggM(g/\r) 12 1 0(1), (9.3.4)

where gfr are the lateral limits of G(#) in the jump discontinuity at 6 = 6,,

Gy = Jim, Gr(0). (9.3.5)

T

Eq. (9.3.4) is a generalisation of the Fisher-Hartwig conjecture for block Toeplitz determinants
[474,/475]. If the symbol Gy(f) has continuous entries in 6, then there is no logarithmic term in
the asymptotic expansion of log D4(\), and Eq. (9.3.4]) simplifies to

27
log Da(A) = ﬁ /0 log det Gy (6)d + O(1). (9.3.6)

This is the Szeg6-Widom theorem [476].

Let us first consider the case § = 0 when the chain is not dimerised and the mass gap is zero.
In this situation, the symbol Gy (0) presents a jump discontinuity at § = 7w due to the zeros of the
dispersion relation w(f). The lateral limits at this point are

Grr =M £y, (9.3.7)
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where o, is the Pauli matrix. Thus, by applying the result of Eq. (9.3.4), we conclude that there
is a logarithmic term in log D 4()),

log ¢ A—1)\?2
— 2 _
log Da(A\) = log(A* —1)¢ + 52 (log T 1) +0(1). (9.3.8)

If we plug this result into the contour integral of Eq. (9.3.2)), we obtain that the charged moments
for 6 = 0 are of the form

¢
log Zn(a) = Z% + Bo(v,0,a)log € + O(1), (9.3.9)
where Ve ) Lo
n g, +
Bo(1,0,0) = — i 1 dA. 3.1
(.0.0) = Zg; I % Og(l—A) (9.3.10)

This integral has already appeared in Ref. [90], where it is explicitly worked out. The final result

1S
1 1 a?
B,(v,0,a) = — [6 (n - n> + 271’2”} . (9.3.11)

B, (v,0, «) is equal to the coefficient of the logarithmic term of the charged moments for the ground
state of the tight-binding model, see Eq. . This is a consequence of the fact that for § =0
the ground state is always a Fermi sea, independently of the values of v. Therefore, when the
long-range chain of Eq. is not dimerised, i.e. 6 = 0, the discussion on the SRREs follows
similar lines as for the short-range chain of Ref. [90,/91].

In order to get a behaviour different from the short-range case, we need to dimerise the chain,
that is, to take § # 0. Now the source of discontinuities in the symbol Gy(#) is the polylogarithm
function Li,(z) that encodes the long-range hoppings. In the interval 0 < v < 1, Li,(z) diverges
at the point z = 1. This divergence produces a jump discontinuity in Gx(0) at 6 =0 for 0 < v < 1
and § # 0 with lateral limits

Gro = M + cos oo + sin ooy, (9.3.12)

where o, and o, are the Pauli matrices and
sin(mv/2)
V02 cos?(mv/2) + sin?(nv/2)

coséy = (9.3.13)

and
d cos(mv/2)

V62 cos?(nv/2) + sin® (w1 /2)
According to Eq. (9.3.4)), this discontinuity gives rise to a logarithmic term in log D4 (). If we
plug Eq. (9.3.12)) into Eq. (9.3.4), we find that

log D4(\) = log(A? — 1) 4 by(N\) log £ 4+ O(1), (9.3.15)
for 0 < v <1 and § # 0, with

sinéy =

(9.3.14)

A2 —1

. 2
bo(A) = % <1og VA® = cos? o + Smgo) . (9.3.16)

For v > 1, the polylogarithm Li,(z) converges in all the unit circle z = ¢, This implies that
the symbol G,(6) has continuous entries in # when v > 1 and 6 # 0. In this case, there is no
logarithmic term in log D4 (), and

log D4(\) = log(\2 — 1)¢ 4+ O(1). (9.3.17)
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In what follows, we will focus on the range 0 < v < 1 and d # 0. If we insert Eq. (9.3.15) in
Eq. (9.3.2), we obtain the following asymptotic behaviour for the charged moments of p4

log Z,, () :i%g + By (v,0,a) logl + O(1), (9.3.18)

when 0 < v <1 and 0 # 0. The coefficient B, (v, 6, «) is given by the contour integral

B,(v,d,a) = — lim j{fn ( )d)\, (9.3.19)

271 e—1+

which, following similar steps as in Ref. [450], can be reduced to the real integral

B,(v,d,a) = iz /1 gn(A, a)log ( s ) dA, (9.3.20)

T Jeos & A2 — cos? &y + sinéy

where

L+ cosa [T+ 1A =N)" =1 +N)" 1A -N)""] -1 - >
(1422 +2[(1T+N)(1 = N)]rcosa+ (1 —N)2" .

gn(\, o) =n

(9.3.21)

In Fig. we check numerically the asymptotic behaviour for the charged moments Z,(«a)
predicted in Eq. . We obtain an excellent agreement once the subleading corrections are
taken into account. Unfortunately, to our knowledge, there are no results in the theory of block
Toeplitz determinants that allow us to extract analytically these corrections, as a difference with
the short-range case |182,445|. Nevertheless, from the analysis of the numerical data, we conjecture
that the first subleading terms in Eq. are of the form C,(v,d,«) + Dy (v, 4, oa)ﬁfD;I(”"s’a).
The value of the coefficients Cy, (v, d, ), Dy, (v, 0, ) and D, (v, d, o) for different sets of parameters
can be estimated by a fit with the numerical data, as we explain in detail in the caption of Fig.

Compared with the short-range systems, the most striking feature of the charged moments in
the ground state of the long-range SSH model is the appearance of a log ¢ term in log Z, () when
the dumping exponent is 0 < v < 1, even though the mass gap is not zero. On the contrary, in
systems with short-range couplings, such term arises when the mass gap vanishes, as it is evident
from Eq. . In the gapped short-range systems studied so far, such as for example the complex
harmonic chain [98] and the XXZ spin chain [99], there is no logarithmic term in log Z,,(a)) and
its real part saturates to a constant in the limit / — oo, as occurs in our case when v > 1.
The presence of this logarithmic term for gapped systems is a genuine feature of the long-range
hoppings.

Here the coefficient By, (v, d, «) of the logarithmic term in log Z,, () is not universal. It vanishes
when v > 1 and it smoothly tends to zero in the limit ¥ — 17. An interesting case is v = 0:
starting from Eq. , then Eq. simplifies for any § # 0 to the same integral of
Eq. , obtained when § = 0, and therefore

B(0,5,0) = — [é (n — i) + 2:;] . (9.3.22)

Notice that this is equal to the coefficient of the logarithmic term of log Z,, («) in the gapless tight-
binding model reported in Eq. . Nevertheless, it is important to recall that in our case the
system is gapped if 6 # 0 and, moreover, when v = 0 the hopping couplings, which extend over
the whole chain, do not decay with the distance between sites.
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Figure 9.1: Numerical check of the asymptotic behaviour derived in Eq. for the charged
moments of p4 for two different sets of couplings v and §. The points indicated as numerics have
been directly obtained from Eq. by exact diagonalisation of the correlation matrix V4. Using
these points we have estimated the first O(1) corrections in Eq. : we have subtracted from
them the leading contribution B, (v, d, «)log ¢ and then, with the resulting points, we have fitted
the function Cy, (v, 8, ) + Dy (v, 6, )¢~ Pn(#92)  The extrapolated points have been obtained from
the numerics ones by subtracting the term D, (v, d, a)K*D%(”"S’O‘) with the values for D, (v, d, o) and
D! (v,0,«) found in the fit. The continuous line represents By, (v, d, a)log ¢ + Cy, (v, d, «), taking for
Cp(v, 6, a) the value given by the fit.

The coefficient By, (v, d, o) presents remarkable properties also as a function of the parameters
« and n. It will be useful to consider the difference

Ap(v,0,a) = Bp(v,0,a) — By (v, 9,0). (9.3.23)

In general, A, (v, d,«) has the following power series expansion in « around «a = 0,

An(v,6,0) => AP (v,5)a* (9.3.24)
j=1

with A{? < 0. This is in contrast to the tight-binding chain [90,091], for which A, = —1/(27%n)

(equal to the cases 6 = 0 and v = 0 analysed in Egs. (9.3.10) and (9.3.22)) respectively), i.e.
it is a quadratic function in «, as also happens in the critical limit of the complex Harmonic

chain [98] and in all cases present in the literature. Moreover, in these short-range models, A,
is proportional to 1/n, something that, in general, does not hold in our case.This fact will have
important consequences in the SRRE of the long-range SSH.

9.3.2 Symmetry resolution via Fourier transform

Now we can derive from Eq. (9.3.15) the asymptotic behaviour of the Fourier tranforms of the
charged moments Z,(«) for 0 < v < 1, defined in Eq. (1.4.17). In our case, using the results of
the previous subsection, they can be rewritten in the form

Zn(0) (™ .
Zn(Q) _ 2; )/ e ia(q €/2)€An(y,6,oc) logZ—I—O(l)da. (9325)

In this expression we have factorised the a = 0 contribution, which behaves for large ¢ as

Zn(O) _ eBn(u,6,0) 10g€+0(1)’ (9326)
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Figure 9.2: In the left panel, we represent the O(1) term of the exponent of the integrand of
Eq. , obtained numerically using Eq. for two different interval lengths. We have
fitted a function of the form Z§:1 ba;a®) to the points of the case £ = 1500. The continuous line
represents this function using the coefficients arising from the fit. In the right panel, we analyse
the ¢ = £/2 Fourier coefficient Z,(q) of the charged moments. The points have been obtained from
the diagonalisation of the correlation matrix V4 through Eq. . The red line corresponds to
performing the numerical integration of Eq. without including the O(1) terms while in the
blue curve we have added the O(1) term estimated in the fit with the ¢ = 1500 points of the left
plot of the present Figure.

and eventually yields the total Rényi entanglement entropy,

B, (v,4,0)
1—n

Sp = ! log Z,(0) =

1 1). .3.
. ogl+0O(1) (9.3.27)

As we already pointed out for the charged moments, despite the mass gap of the system does not
vanish, we find a logarithmic growth of the entanglement rather than the usual saturation to a
constant value [20L/50,/182].

The coefficient A,, (v, §, @) in the integrand of Eq. is the difference defined in Eq. .
As we have already mentioned, we do not have analytical methods to obtain the subleading terms
in ¢ that appear in the exponent of this integrand. In Fig. [9.2] we have studied numerically the
O(1) term for a particular set of couplings. In general, this term is an even function in « and,
therefore, can be expressed as a power series of the form Z;’il bgja2j . In the left panel of Fig.
we have fitted this function, truncated at order eight, to the numerical points. In the right panel
of Fig.|9.2] we have calculated Z,(q) for ¢ = £/2 as a function of ¢ both diagonalising exactly the
correlation matrix and using Eq. (9.3.1)) (dots) as well as integrating numerically the expression
in Eq. (continuous lines). In the latter case, we have performed the integration both ne-
glecting the O(1) term (red line) and including it by taking the function fitted in the left panel of
this figure (blue line). From this plot it is clear that Eq. matches with the exact numerical
points if we take into account the O(1) term.

From the large ¢ expansion of Z,(¢) in Eq. , we conclude that at leading order Z,(q)
are Gaussian functions of ¢

__ @=y2)?
4‘A£L2) (v,6)|log L
e

Zn(q) ~ Zn(0) (9.3.28)

2\/77 ’Ag)(y, 5)’ logﬁ7
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centred at ¢ = ¢/2 and with variance 2A (v,0)logl. Recall that AP s the coefficient of the
a? term of the quantity A, (v,d, ) that we introduced in Eq. (9.3.24). Plugging this result into
Eq. (1.4.18)), we find that the SRRE in the ground state of the long-range SSH model behaves for

large £ as

1 —1/2)?
5,(a) = 8, — gy togog £+ 1, (1.0) L 1 016) + of1 g ), (9.3.29)
in the interval 0 < v < 1, with
1 1 n
To(v,0) = — , (9.3.30)
4(n—1) ‘Aﬁ?(y, 5)( ‘A?)(u, 5)]
and 12
/ 1 n—1 ’A(IQ) (V’ 6)
T (,6) = 7 log | (2v/m)" M ——— s (9.3.31)
NN

Let us discuss the result in Eq. (9.3.29). The leading terms for large ¢ (up to O(1)) do not
depend on the charge ¢; at first order in ¢, they are given by the total Rényi entanglement entropy
S, in Eq. . Moreover, note that the coefficient of the double logarithmic correction is 1/2,
as in the short-range case. In Ref. [121], it was proven that, for CFTs with an internal Lie group
symmetry, the coeflicient of such term is equal to half of the dimension of the group, which here is
U(1). Thus, somehow, the long-range hoppings do not spoil this result. The first term that breaks
equipartition is at order O((log#)~!) and its amplitude is governed by the coefficient Y, (v,J)
defined in Eq. . The presence of such term is a novelty with respect to what happens in
the critical short-range systems, where the first term breaking the equipartition occurs at order
O((log £)~2). In the case of the tight-binding model, the modes Z,(q) are also Gaussian in the large
¢ limit, but the variance is proportional to 1/n, cf. Eq. . The latter implies that the term of
order O((log #)~!) in the SRRE vanishes. On the contrary, in our case, the variance, which is given

by the coefficient Aﬁf)(y, §), has a complicated dependence on n. For this reason, the O((log ¢)~!)
term does not cancel in the long-range case, as it would occur if Aﬁf)(u, ) o< 1/n. This is precisely
the situation at v = 0, for which A{Y (0,8) = —1/(27%n), and therefore Y,,(v = 0,8) = 0, i.e. the
correction at O((log ¢)~!) disappears. In this case, the additive term Y (v, d) in Eq. reads

= %iofz + %log 2, (9.3.32)
and it is the same as that of the tight-binding model [90].

The asymptotic expression found in Eq. properly describes the SRREs for values of ¢
that are not accessible numerically by diagonalising the correlation matrix. In Fig. [9.3] we check
that the SRRESs obtained by integrating numerically Eq. match the exact values computed
from the diagonalization of the correlations. Nevertheless, for the range of ¢ considered in the right
panel of this figure, the SRREs are still far from behaving as Eq. predicts in the large ¢
limit. In fact, from that plot is clear that the difference S,,(¢) — Sy, is not in general a monotonic
decreasing function on ¢, as Eq. actually is. In Fig. we take larger values of ¢ and
we show that the SRREs computed through the numerical integration of Eq. tend to the
asymptotic expression of Eq. when ¢ > 10%°°, an unreasonably large number. Such a
gigantic scale is not a consequence of any peculiar feature of the long-range SSH model, but just
a very unfortunate coincidence. In general, one does not expect such enormous scale to observe
the predicted asympotic behaviour. For example, in the tight-binding model, the SRRE tends to
the asymptotic behaviour when the length of the interval is ¢ > 102, see Ref. [90].

T;’L(V =0,0)
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Figure 9.3: In the left panel, we study the SRRE n = 2 as a function of the charge ¢ for an
interval of fixed length ¢/ = 1500. Note that we subtract the entanglement entropy S,. The
points o have been obtained by computing numerically the charged moments through Eq. .
The continuous line corresponds to integrating numerically Eq. , taking as O(1) term the
function fitted in the left plot of Fig. 2521 ba;a®). We indicate by x the values that this
curve takes when ¢ is an integer. In the right panel, we analyse the SRRE n = 2 by varying the
length of the interval ¢ for different fixed values of the charge. As in the left plot, the points have
been obtained by calculating numerically the charged moments applying Eq. while the lines
correspond to integrating numerically Eq. with the same O(1) term as before.

9.4 Closing remarks

In this Chapter, we have derived exact results for the SRREs of an interval of size £ in an infinite
quadratic fermionic chain with dimerised long-range couplings, decaying as a power law with the
distance. A general feature of systems with this kind of couplings is that they effectively behave
as a short-range model above a certain value of the dumping exponent v of the coupling, while
below such value they genuinely display a long-range character [452]. Here we have seen that this
also occurs when we study the symmetry resolution of the ground state entanglement.

Let us indicate some possible directions for future investigations. Here we have taken as
subsystem a single interval of contiguous sites. Our analysis can be straightforwardly extended to
disjoint intervals by applying the results on minors of (block) Toeplitz matrices derived in Ref. [477]
for the study of the entanglement entropy of disjoint intervals in quadratic, homogeneous fermionic
chains. This multipartite geometry also opens the way to examine the entanglement negativity,
which is a quantifier of the entanglement in mixed states both total [151,152}/163,478,/479.559]
and symmetry resolved [88,/101,/116,/118|. Finally, it would be interesting to explore the effect
of the long-range couplings also in interacting systems, e.g. the XXZ spin chain [452]: one may
wonder whether the universal prefactor of the logarithmic term of the charged moments [84] keeps
its universal behaviour or is affected by the long-range couplings, as happens in the (dimerised)
free case. A final intriguing related calculation concerns the study of the symmetry resolution of
long-range hierarchical models, generalising known results for the total entanglement [480}/481].
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Figure 9.4: Analysis of the SRRE n = 2 as a function of the length of the interval ¢ for differ-
ent charges q. The continuous curves represent the result obtained by integrating numerically
Eq. (9.3.25), using the function fitted in the left panel of Fig. as O(1) term, while the dashed
ones correspond to the asympotic prediction of Eq. . Note that, comparing with Fig. 9.3
here we have considered larger intervals, up to ¢ = 10°%. In the plot on the left, we have re-
moved the contribution from the Rényi entanglement entropy while in the right one we have also
subtracted the term —1/2loglog ¢.






Chapter 10

Symmetry resolved Page curves

Given a statistical ensemble of quantum states, the corresponding Page curve quantifies the average
entanglement entropy associated with each possible spatial bipartition of the system. In this
Chapter, we study a natural extension in the presence of a conservation law and introduce the
symmetry resolved Page curves, characterising average bipartite symmetry resolved entanglement
entropies. We derive explicit analytic formulae for two important statistical ensembles with a
U(1)-symmetry: Haar-random pure states and random fermionic Gaussian states. In the former
case, the symmetry resolved Page curves can be obtained in an elementary way from the knowledge
of the standard one. This is not true for random fermionic Gaussian states. In this case, we derive
an analytic result in the thermodynamic limit based on a combination of techniques from random-
matrix and large-deviation theories. We test our predictions against numerical calculations and
discuss the sub-leading finite-size corrections. This Chapter is based on Ref. [106].

10.1 Introduction

Consider an isolated quantum system S in a random pure state [1)). Taking a bipartition S = AUB,
one may ask what is the corresponding entanglement entropy [10]. The answer is encoded in an
elegant formula conjectured by Page |30], now a classical result in quantum mechanics. Page’s
contribution is one of the first steps towards a systematic characterisation of entanglement in
random quantum states, with important applications in different fields, ranging from the black-hole
information paradox [31-35] to foundations in statistical mechanics [36,37]. From the point of view
of many-body physics, Page’s formula provides qualitative insight into generic systems, as random
states are expected to capture the behavior of either eigenstates of typical Hamiltonians [482,484-
4871523, or of states generated by a sufficiently chaotic dynamics [488.|489]. In addition, it shows
the power of random ensembles to characterise entanglement-related quantities. This is particularly
interesting, given the established difficulty to study them in many-body systems [13}|15,21].

In his work, Page considered pure states distributed according to the Haar measure and focused
on the averaged von Neumann entanglement entropy S, describing what is now known as the
Page curve. Although it is non-trivial, its form becomes elementary in the limit of large Hilbert-
space dimensions: given the Hilbert space H = H4 ® Hp associated with the system bipartition
S = AU B, Page’s formula gives

S1 = min(logda,logdg) + O(1), (10.1.1)

where d4, dp are the dimensions of H 4, Hp. That is, up to subleading corrections, the average
entanglement entropy of a subsystem is the maximal one, meaning that typical states display
almost maximal bipartite entanglement.

171
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Page’s formula, which built upon earlier results [490,491], was later proven in Refs. [492H495],
and inspired generalisations in a series of works characterising higher entanglement moments [496-
500], large deviations [500-509], entanglement spectrum [510-512], mixed-state purity [513] and
negativity [514-520|. Recently, some of these results were also extended to ensembles of random
Gaussian states, capturing the typical behavior of non-interacting systems. In particular, moti-
vated by studies of entanglement in random spin chains [521,522,524-526|, the Page curve for
fermionic Gaussian states was computed for finite systems in Ref. [527], while further results were
obtained in the thermodynamic limit [528-530], see Ref. [487] for a review.

In this context, an important problem is the characterisation of entanglement in random en-
sembles displaying a conserved quantity, a setting which resembles more closely typical many-
body systems. While a number of previous studies have focused on the standard entanglement
entropy [487,/500, 508,514} 530], a very natural question pertains to its symmetry resolved (SR)
version [84H-86] (see also [531]).

In this Chapter, we investigate the SREE in the two statistical ensembles discussed above:
Haar-random and fermionic Gaussian random states, with an additional U(1) symmetry. We
derive explicit analytic formulae for the corresponding symmetry resolved Page curves. First,
following Ref. [500], we show that the latter can be derived in an elementary way for Haar-random
states. This is not true for random fermionic Gaussian states. In this case, we show that an
analytic result can be obtained in the thermodynamic limit, based on a combination of techniques
from random-matrix (RM) and large-deviation theories. We test our predictions against numerical
calculations and discuss the sub-leading finite-size contributions.

The rest of this Chapter is organised as follows. In Sec. we study the ensemble of Haar-
random pure states, and show that the SR Page curve can be related in an elementary way to
the standard one. The ensemble of random fermionic Gaussian states is discussed in Sec. 10.3
Using a combination of different techniques, we derive an explicit analytic formula valid in the
thermodynamic limit, and provide exact numerical results at finite system sizes. Our conclusions
are consigned to Sec. [10.4]

10.2 Haar-random pure states

We start by studying an ensemble of Haar-random pure states with a U(1) charge. This can
be realised, for instance, as the ensemble of states constructed by following up to late times a
stochastic unitary dynamics with a U(1) charge [532534]. We focus on a lattice of L two-level
quantum systems, associated with the Hilbert space H = ®JL:1 Hj, where H; ~ C2, and introduce
the explicit symmetry operator

Q= (07 +1) (10.2.1)
1

DO | =

L
7=

where aj are Pauli matrices (we use the notation Q or Q A to distinguish the charge operators from
the eigenvalues Q). We can decompose the Hilbert space as H = @ﬁ[;o H(M), where H(M) C H

is the charge eigenspace associated with the eigenvalue M. Finally, we introduce the ensemble of
random states |1)) drawn out of the uniform Haar distribution over the set of all states in H(M).

We will consider a bipartition S = AU B, where A and B contain £ and L — ¢ sites, respectively.
Differently from the case studied in [30], the Hilbert space H (M) does not factorise into a tensor
product, but we have the decomposition

M
H(M) = P HAQ) @Hp(M - Q). (10.2.2)
Q=0
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Here H 4(Q) is the eigenspace of Q4 associated with eigenvalue @, and similarly for Hp(M — Q).
Ensembles of Haar-random states over spaces admitting a decomposition of the form
were studied recently in Ref. [500], where analytic formulae for the Page curve and its variance
were derived. In fact, the results presented in Ref. [500] also allow one to directly obtain the
SREE, as we now explain.
Given [¢)) € H(M), we can exploit the structure of H(M) in Eq. (10.2.2)) to write

M
W) =Y vpqldQ) (10.2.3)

Q=0

where [¢q) € Ha(Q) ® Hp(M — Q) is a normalised state, while pg > 0, with 3 5pg = 1. The
reduced density matrix over A then reads

M
pa= Y pera(Q), (10.2.4)
Q=0
where
pA(Q) = tr5(|oq) (dql) - (10.2.5)
Here we used
tra(|¢Q) (Pqrl) = d0.0'a(Q), (10.2.6)
which follows from the definition of |¢g). Our goal is to compute the average entropy of the density
matrix p4(Q) in (1025).
It was shown in Ref. [500] that the uniform measure over H (M) factorises as
M
dpnr () = dv (po, .., par) [ de(¢q) (10.2.7)
Q=0

where dg (¢q) is the uniform measure over pure states in each sector H4(Q) ® Hp(M — Q), while
dv (po, - . .,pa) is the multivariate beta distribution [500]

@ (pos o oar) = 503 p(Q) — 1) [[ Q4@ @atp(Q). (10.25)
Q Q

The constant Z is introduced to normalise the measure to unity. Eq. (10.2.7) immediately yields
the SR Page curve. Indeed, using (|10.2.5)), we can write the averaged bipartite Rényi entropies as

5.(Q) = = [ dn(60)log Ty (@) (10.2.9)

Eq. implies that |¢g) is distributed according to the invariant measure over H4(Q) ®
Hp(M — Q). Therefore, we are left with the problem of computing the average entanglement
entropy of a random state in a factorised Hilbert space, which is the problem studied by Page |30,
487|. For the case of the von Neumann entanglement entropy, n = 1, we can thus apply directly
Page’s formula, and, for d4(Q) < dp(Q), the final result reads

da(@) -1

51(Q) = ¥ (da(Q)dp(Q) +1) = ¥ (dp(Q) +1) — 2dp(Q)

(10.2.10)
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where W(z) = I''(2)/T'(z) is the digamma function (here, I'(x) is the Gamma function), while
da(Q) and dp(Q) are the dimensions of H4(Q) and Hp(M — @), namely

da(Q) = <é> dp(Q) = (é:é) (10.2.11)

For d4(Q) > dp(Q), we can simply exploit the symmetry under exchange A <+ B: the final result

is obtained from Eq. (10.2.10) by exchanging d4(Q) < dp(Q).
We now consider the thermodynamic limit of Eq. (10.2.10). This is performed by taking
L — oo, and keeping the ratios

L M Q
§=7, m=—1, ¢=7, (10.2.12)
constant. In this limit, the SREE behaves like S1(Q) ~ logd4(Q), and a simple computation
yields
S1(Q)
Y — cloge — glogq — (¢~ q)los(€ — ) — 1/(2L)log L+ o(1/L). (10.2.13)

Importantly, we see that this formula does explicitly depend on the charge sector @), breaking the
equipartition at leading order O(L). This is similar to what has been predicted for the SREE in
thermodynamic states of integrable systems [109]. However, it is different than what has been
observed so far in the study of the zero-temperature entanglement resolution, see, e.g. Ref. [85].
Our result is related to the specific order of limits we are taking, i.e. L — oo with ¢ fixed.
Conversely, we see that the next-to-leading term is independent of ). Eq. holds for

dA(Q) < dB(Q), 1.e.

§log £—qlog q—(§—q) log(§—q) < (1=¢)log(1—¢)—(m—q)log(m—q)—(1—§{—m+q) log(1—§{—m+q) .

(10.2.14)
When this inequality is not satisfied, the SREE is obtained from Eq. (10.2.13]) replacing £ <+ 1 —¢,
q < m — q. Interestingly, we see that, in the thermodynamic limit, the SR Page curve does not

depend explicitly on m when (|10.2.14)) holds. Moreover, up to subleading corrections, Eq. (10.2.13])
gives us the maximal value of the entropy for the bipartition H4(Q) ® Hg(M — Q), i.e. logds(Q).

The number entropy The number entropy defined in Eq. is obtained as an integral
over the probability distribution . The calculation is technically rather cumbersome, but
fortunately can be found in disguise in Ref. [500] (see appendix B there), where it is calculated
via the replica trick. Here, we only report the final result, which reads

da(Q)dp(Q)

Soum = U(dpr +1) = > o

Q
where dyr = 35 da(Q)dp(Q) is the dimension of the Hilbert space H(M).
We can also easily extract the thermodynamic limit from the finite-size result in Eq. .
In order to simplify the derivation, we note that, in this limit, the averaged number entropy equals
the number entropy of the averaged probability, as E[p(Q)] becomes peaked around g = m¢§. The
latter is given by E[p(Q)] = da(Q)dp(Q)/dr, as one can obtain by integrating p(Q) over the
distribution [500]. By taking the thermodynamic limit of d4(Q), dp (@), we find

(da(Q)dp(Q) + 1), (10.2.15)

3
Suum = — L /0 dgElp(Q)]log Ep(Q)] = 0+ o(L),

3
Se :L/o dgE[p(Q)]S1(Q) = L((m — 1) log(1 —m) — mlogm) + o(L). (10.2.16)
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The configurational entropy S. coincides with the total entanglement entropy Si(pa), satisfying
the sum rule in Eq. (1.3.5)). In order to compute the first sub-leading contribution to the number
entropy, we can expand E[p(Q)] quadratically around ¢ = m¢, yielding

¢ (a=me)? (a=me)?
Shum = —NlL/ dge " 2 log(N e s ), (10.2.17)
0
where
o ame?
o=01-mmé&1—-¢/L, N=L | dge 25 . (10.2.18)
0
By performing the integral in Eq. (10.2.17)), we get
1 1
Shum = 5 log(2rm(1 —m)&(1 — &)L) + 3 (10.2.19)

To summarise, we have found that the number entropy is sub-leading with respect to the total
entropy and it scales as the logarithm of the variance of p(Q), with a prefactor which does not
depend on m, & but it is equal to 1/2. This can be connected to the result for conformal field
theories with an internal Lie group symmetry [121], where the authors showed that the coefficient
of such term is equal to half of the dimension of the group, which here is U(1). Thus, despite we
are not at criticality, this result is not spoiled and it seems to be even more general.

10.3 Random fermionic Gaussian states

We now move on to study the ensemble of fermionic random Gaussian states with a U(1) sym-
metry [487]. We take a model of L fermionic modes associated with the creation and annihilation
T

operators ¢;, ¢; with {c;r-, cx} = ;. The charge is the particle number

Q=> ce;. (10.3.1)

J=1

We recall that Gaussian states can be defined as the states satisfying Wick’s theorem [537] and
that, in the case where the particle number is fixed, they are completely specified by the covariance
matrix

Cij = (Wlele;lw). (10.3.2)

The ensemble of random Gaussian states with fixed particle number M can be defined by the
ensemble of covariance matrices C = VICy(M)V, where V is drawn out of the uniform Haar
distribution over the unitary group U(L) and

Co(M) = diag(1,...,1,0,...,0). (10.3.3)
N—— N —
M L—M

This distribution can be achieved as the late-time limit of stochastic Gaussian dynamics.

In this case, it is not possible to apply directly the logic of the previous section. While, given a
random Gaussian state [¢), we can still write the decomposition (10.2.3)), the projected states |¢¢)
are in general not Gaussian. Therefore, one cannot compute the corresponding bipartite entan-
glement entropy in terms of random Gaussian ensembles. Nevertheless, in the next subsection we
show that the SR Page curve can be computed analytically in the thermodynamic limit ,
where we have the scaling

S1(Q) ~ Lsi(q) + o(L) . (10.3.4)
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In the next subsections we will compute s;1(gq) as a function of &, defining the SR Page curve. Our
approach is based on a combination of the Gértner-Ellis theorem [538], detailed in Sec.|10.3.1} and
the Coulomb-gas (CG) method of RM theory [539,/540], explained in Sec. [10.3.2

10.3.1 SR entanglement from the Gartner-Ellis theorem

In principle, the SREE could be computed using the strategy outlined in Sec. However, the
Fourier transform in introduces some technical complications from the analytic point of
view. In this section, we provide an alternative approach valid in the thermodynamic limit, which
is based on an application of the Gértner-Ellis theorem from large deviation theory [538]. This
method has been recently introduced in Ref. [109] to compute the SREE of thermodynamic states
in quantum integrable models.

Let us denote by p the density matrix of the subsystem A. First, using

[p,IIp] =0, (10.3.5)

and the fact that g =g for any power n, we can write

Q)] = 1 Q) (10.3.6)
where we have introduced {llgp"
Pa(Q) = W (10.3.7)
Therefore, the averaged SRRE is
E[5,(Q)] = 1 (Elogpn(Q)] — nE logp(Q)) + E[S] (10.38)

where S, is the standard (non-resolved) Rényi entropy, while E[] now denotes the average over
the ensemble of random Gaussian states.
In order to proceed, we make the assumption that

E [log pn(Q)] = log E [pn(Q)] + o(L) , (10.3.9)

namely that, up to sub-leading-order corrections, we can bring the average “inside the logarithm”.
We have tested numerically the validity of this assumption, cf. which can be justified
invoking the concentration of measure for fermionic random Gaussian states [527,530]. Now,
it is immediate to see that E[p,(Q)] > 0 and > 5 E[pn(Q)] = 1. Therefore, E [p,(Q)] can be
interpreted as a probability distribution. Setting ¢ = Q/L, we expect on physical grounds that
E [pn(Q)] follows a large deviation principle in the large-L limit, that is,

E[pn(Q)] ~ e @F, (10.3.10)

where I,,(q) is referred to as the rate function [538]. To compute it, we define the generating
function A
tr [p"er}

Gnlw) =E tr[p"]

., weR, (10.3.11)

and )
fo(w) = lim —log Gy (w). (10.3.12)
L—oo L
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The Gértner—Ellis theorem [538] states that we can compute I,,(q) as the Legendre transform of
fn(w), namely
In(q) = wn,qq — frn (Wngq) (10.3.13)

where wy, 4 is determined by the condition

%(fn(w) —wq) =0. (10.3.14)

W=Wn,q

Finally, introducing the density of SRRE

S, (qL
sn(q) = lim (g ) ) (10.3.15)
and using (10.3.8)), we obtain
1
sn(@) = sn + 7= [=1a(9) + nhi(q)] , (10.3.16)
where Eis
sp = lim [L”] : (10.3.17)

is the density of the standard (non-resolved) Rényi entropy. The SREE is obtained taking the

limit n — 1
dl,(q)

. 10.3.18
dn n=1 ( )

s1(q) = s1+ Ii(g) +

10.3.2 The Coulomb-gas approach

In order to obtain the SRRE, we need to compute the function f,(w) in Eq. m To this
end, we make use of the CG approach [539,540]. In the context of fermlomc random Gaussian
states, this method has been recently applied in Refs. [528-530] to compute average bipartite
entanglement entropies and their large deviations. Here, we briefly review the aspects of these
works directly relevant for our purposes.

As mentioned, the covariance matrix contains full information about the corresponding
Gaussian state, encoding also its bipartite entanglement entropy [169]. In particular, given a
region A containing ¢ sites, and denoting by C the ¢ x ¢ matrix with C{?j = C;; fori,j € A, the
corresponding Rényi entropy reads

%n > log [X} +(1—=x)"] - (10.3.19)
=1

Here {)\j}§:1 are the eigenvalues of C4, satisfying 0 < Aj < 1. When C is sampled according to
the invariant measure discussed above, the eigenvalues \; are random variables. Their probability
distribution, P[{\;}], is known [539], and takes the form

Pl{\}] = NHP‘ )\k|2H)\M 1 — )M (10.3.20)

i<k

where N is a normalisation constant. This distribution defines the 3-Jacobi ensemble (with 8 = 2),
see Refs. [541-543] for applications in different physical contexts .
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In principle, Eq. allows one to compute the expectation value of arbitrary functions
of the eigenvalues. However, for finite ¢ this is often complicated, as averages involve integrals in
{-dimensional spaces. When £ — oo, the problem can be simplified using a standard method of
RM theory, consisting in a mapping between the eigenvalues \; and a Coulomb gas of repulsive
point charges [539]. In order to see how it works, we consider a function g({\r}) and write its
expectation value as

1 [t )
E[g({\})] = N/o [T an e F g (N} (10.3.21)
j=1
with
E[{\} = QZlog\)\—)\|— Zl )\—L M EZlogl—
1<J

Within the CG formalism, F[{\;}] is interpreted as the energy of a gas of charged particles with
coordinates \; € [0, 1] and subject to an external potential. The integral is the thermal
partition function for the CG. In the large-¢ limit, the configuration of the particles may be
described in terms of the normalised density p(A) = ¢~1 " ;0(A—=A;), and the multiple integral in
Eq. can be cast into a functional integral over all possible densities p(\), i.e.

Elg] = / Dpe CEPIgp] . (10.3.22)

To the leading order in ¢, E[p] reads

Bl /d)\/ dp p(\)p(p) log | A — u|+/ d)xp()\)V()\)—i—u{/old)\p(A)—l}, (10.3.23)

where we introduced the Lagrange multiplier u enforcing normalisation, and the effective potential

1 —
V(A =— (? - 1> log A — (£m - 1> log (1—\) (10.3.24)
where m, £ are the density of fermions and the rescaled interval length introduced in Eq. (10.2.12)).

The functional integral (10.3.22]) can be computed via the saddle-point method, and the average
is dominated by the typical distribution function p*(\) satisfying 0 E[p]/dp|,=,+ = 0. The solution
is known [544,545] and reads

p(\) = 217r§ \/(V+A_(1/\1(i\)_ v-). (10.3.25)

with A € [v_,v4] and vy = [/m(1 — §)£+/€(1 — m)]2. Eq. (10.3:25)) allows us to compute directly,
in the thermodynamic limit, averages of extensive quantities which can be written as sums over

the eigenvalues, by replacing them with integrals over A € [v_,v4]. For example, the averaged
Rényi entropy (|10.3.19)) can be computed as

E[S,] = ¢ / A W)om()) (10.3.26)

where 0,,(A) = 1 log [\" + (1 — A)"], see Ref. [529] for an explicit expression of this integral.
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Figure 10.1: Left/middle panel: Comparison between the asymptotic results derived in sub-
section and the exact values of the average entanglement entropy s,(q) computed nu-
merically for L — oo (symbols). They have been obtained by using the extrapolation form
s1(¢) =a—1/(2L)log L +b/L. Insets show data for different values of L. The solid line for n =1

corresponds to Eq. (10.3.35)) and its extension to & > m according to Eq. (10.3.36]). Right panel:
The average number entropy in Eq. (10.3.42)) for different values of m, &, L.

10.3.3 Exact SR Page curves

We finally combine the techniques outlined in the previous subsections, and obtain an analytic
result for the SREE. Our starting point is the computation of f,(w) defined in Eq. . Once
again, we can use a typicality argument and exchange the order of the expectation value and the
logarithm in Eqgs. (10.3.8), (10.3.12)). We are left with the task of computing

Fu(w) = E[log tr(p"e®?)] — E[log tr(p™)] . (10.3.27)

Following the previous subsection, we write the rhs in terms of the eigenvalues \; of the reduced
covariance matrix C*. In particular, we have

¢
log tr(p"e¥®) = Zlog [ew)\? +(1=X)"] . (10.3.28)
j=1

In the thermodynamic limit £ — oo, we can apply the CG approach and obtain

lim E[log tr(p"e“’Q
L—oo L

Consequently, I,,(¢) in Eq. (10.3.13) reads

I §/V+ dAp*(N\) log(e“ A" + (1 — \)™). (10.3.29)

I,(q) = wnqq — f/mr d\p*(\) log (e \™ + (1 — \)") + §/V+ dp*(N\) log(A™ + (1 — \)™)].

(10.3.30)

The value of w, 4 is fixed by Eq. (10.3.14)), which can be rewritten as
"t (n Nt 10.3.31
q_g/y p()ew""?)\n‘F(l—A)n‘ ( L. )

Plugging wy, 4 into the expression for I,,(¢) in Eq. (10.3.30), we get the density of SRRE s,(q)

in Eq. (10.3.16|). From Eq. (10.3.31), we see that w, , can be obtained by inverting the equation
numerically, after evaluating simple integrals. We followed this procedure to generate plots of the
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function s,(q) for n > 1, as reported in Fig. m For generic n, we were not able to find an
analytical expression of wy, 4. However, Eq. (10.3.31]) can be computed explicitly and inverted in
the limit n — 1 (see [106] for the details). In this case, we find

azl+m=—q+ 5)] , (10.3.32)

(m—q)(q—¢)
and, according to Eq. (10.3.18)), we are left with

w1,q = log [

sl(q) = —(wl,q - wll,q)q +£/ + d)\p*()\) log(ew1,4)\ + (1 — /\))

_ §/V+ d\p*(N\) (1 —=A)log(1 —A) +e“rar(logA) /V+ A VA —v )y =) ey,

(e®ta — 1A+ 1 27 (1= (ewta — DA+ 1"
(10.3.33)
In order to simplify our computation, we observe that, from Eq. (10.3.31)),
“dd /A —vo) vy — A) eWia
— = 10.3.34
/,, 27 (1-2X) (ewta — DA+ 1 “ (10.3.34)

which can be straightforwardly substituted in the last term of Eq. (10.3.33)) giving —w’lqu. This
implies that we do not need the compute wj ,, as it cancels out in Eq. (10.3.33). The remaining
integrals can be solved following the techniques used in Ref. [529]. Putting all together, we arrive
at the final result (for ¢ <& <m)

(-1 +m)g(=1+&)log(1 —m)  mlg— (1 —logm _mlg— (=1 +8)loglm —q)
q—mé q—mé q—mg

(1= m)g(1 - 2{05&1 “EIT) | eloge 4 (- Ologl —q).  (10.3.35)

s1(q) =

—qlogq —

We remark that the equipartition of the entanglement entropy is explicitly broken also in this case.
For £ > m, we can obtain the SREE using the symmetries of the problem [487]. In particular, it
is not difficult to show that the following relations hold (making explicit the dependence on & and
m)

si(im;q;€) = s1(§¢,m), m<E<05 (10.3.36)
si(m;q;€) =s1(1=&m—q;m), 0.5 <E<1—m (10.3.37)
si(m;q;€) = s1(mym —q;1=§), 1-m<E{<1—m+q. (10.3.38)

Eq. is our main result, which will be further discussed in the next subsection.

Finally, let us compute the averaged number entropy. To this end, we assume again that,
in the thermodynamic limit, it equals the number entropy of the averaged probability. Using
Ep(Q)] = e L1 @A [where N is a normalisation constant], we have that E[p(Q)] is peaked around
q = mé&, and to the leading order in L we have

£
S = — L /0 dg E[p(Q)]10g E[p(Q)] = 0+ o(L),

¢
Se =L /O dqE[p(Q)]s1(q) = L{ (& — 1) log(1 — &) + £[(m — 1) log(1 — m) — mlogm — 1]} + o(L).
(10.3.39)
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This implies that the sum rule in Eq. (1.3.5)) is satisfied and the number entropy is sub-leading with
respect to the total entropy. In order to find the first sub-leading term, we can expand E[p(Q)]
quadratically around ¢ = mé&, and we obtain

3 )2 —me)2
Snum = _N_l L/ dq €_<q 2"£> log(/\/_l 6_<q 2‘76) ), (10340)
0
where
£ (g=me)?
o=1-mmé&1—-¢&/L, N=L | dge 25 . (10.3.41)
0

By comparing this result with Eq. (10.2.18]), this computation shows that the expressions for
E[p(Q)] for Haar-random and random Gaussian states are the same in the thermodynamic limit.
Therefore, remarkably, we get the same result for the first sub-leading correction to the number
entropy

S = %log(%rm(l —m)E(1 — L) + % (10.3.42)

10.3.4 Numerical results

We have tested Eq. against numerical computations. We have sampled the ensemble
of random Gaussian states at finite system sizes by generating covariance matrices VI1Cq(M)V,
where Cy(M) is defined in Eq. and V' is drawn from the uniform distribution over U(L).
For each Gaussian state, we have computed the SREEs following the method outlined in Sec.
using that the charged moments can be expressed in terms of the eigenvalues of the correlation
matrix C4, i.e.

l
Zn(a) = [J(Ne™ + (1= X)) (10.3.43)
j=1

For fixed m, &, we have considered 10 random samples. The SRREs are obtained by taking the
mean value over them. We have repeated this procedure for different system sizes, L, and we
have extrapolated the data at finite L in order to recover the thermodynamic limit L — oo. This
allows us to compare the numerical data against the analytical predictions found in the previous
subsection.

In Fig. [10.1] we show the comparison between the extrapolated data in the thermodynamic
limit and the density of the SR entropies for different values of ¢, m,£,n. In all cases, the error
associated with the finite-number of samples and the fitting procedure is not visible in the scales
of the plot, and is therefore omitted. As in the case of Haar-random pure states, we see that
the SR Page curves are not symmetric with respect to & = 0.5, and are vanishing for ¢ < ¢ and
& > 1—m+ q. The numerical results are found to be in excellent agreement with our analytic
predictions.

It is interesting to discuss the finite-size corrections and our fitting procedure. Interestingly,
our numerical results convincingly show that the sub-leading corrections to s, (q) are proportional
to (1/2)log L/L, independent of ¢, m and &, cf. the inset of Fig. Accordingly, we have
performed a fit of our data against the function

s1(q) =a—1/(2L)log L+ b/L. (10.3.44)

We note that the sub-leading behavior is exactly the same as that for Haar random pure states, cf.
Eq. (10.2.13). We note also that the sub-leading behavior —(1/2)log L to the SREEs S, (¢) have
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been observed in other contexts when the total entropies are extensive, see for instance Ref. [132,
136]
Finally, we have tested the first sub-leading correction to the number entropy described in Eq. (10.3.42))
in the right panel of Fig. We find that the agreement improves as the system size L increases,
being excellent for L = 60.

10.4 Closing remarks

In this Chapter, we have considered the computation of the SR Page curves for two important sta-
tistical ensembles with a U (1)-symmetry: Haar-random pure states and random fermionic Gaussian
states. In the former case, we have shown how an exact result can be obtained in an elementary
way for finite systems and in the thermodynamic limit. This is not true for fermionic Gaussian
states. Still, we were able to compute the corresponding SR Page curve in the thermodynamic
limit. Our main technical tools have been the Coulomb gas method and the Gértner-Ellis theorem.
We expect that our approach could allow for the computation of SRREs in other situations where
the latter are extensive.

One could wonder whether similar calculations can be extended to ensembles of random bosonic
Gaussian states. As pointed out in Ref. [487], however, the only bosonic Gaussian state with a
fixed particle number is the vacuum state. In addition, while one could choose an ensemble of
bosonic Gaussian states with a fixed average number of particles, the very definition of SREE
requires an exact conservation law. Obviously, one could also consider complex bosons and in that
case the U(1) symmetry is easily implemented and the SREE is always well defined, as in the field
theory case [111]. We are not aware of any work in this direction.

Our results are expected to be relevant in a number of cases. They could be used as a com-
parison in more general situations, for instance to evaluate non-Gaussian effects in the SREE of
thermodynamic states in interacting integrable systems [109]. Finally our results might be relevant
for the information paradox in charged black holes in analogy to the role played by the original
the Page curve for the neutral case. In particular, the results for replica wormholes [341[35] should
have a counterpart also for charged black holes.



Chapter 11

Entanglement asymmetry as a probe
of symmetry breaking

Not only symmetry, but also symmetry breaking is a pillar of modern quantum physics. Still,
quantifying how much a symmetry is broken is an issue that has received little attention. In
extended quantum systems, this problem is intrinsically bound to the subsystem of interest. Hence,
in this Chapter, we borrow methods from the theory of entanglement we have learnt so far to
introduce a subsystem measure of symmetry breaking that we dub entanglement asymmetry. As
a prototypical illustration, we study the entanglement asymmetry in a quantum quench of a spin
chain in which an initially broken global U(1) symmetry is restored dynamically. We adapt the
quasiparticle picture for entanglement evolution to the analytic determination of the entanglement
asymmetry. We find, expectedly, that larger is the subsystem, slower is the restoration, but also
the counterintuitive result that more the symmetry is initially broken, faster it is restored, a sort
of quantum Mpemba effect. This Chapter is based on Ref. [549)].

11.1 Introduction

Since the introduction of this thesis, we have dealt with symmetries and the special place they hold
in every branch of physics, from relativity to quantum mechanics, passing through gauge/gravity
duality and numerical algorithms. However, sometimes it happens that, when a parameter reaches
a critical value, the lowest energy configuration respecting the symmetry of the theory becomes
unstable and new asymmetric lowest energy solutions can be found. This phenomenon does not
require an input, whence the name spontaneous symmetry breaking. Other times a symmetry can
be explicitly broken, in the sense that the Hamiltonian describing the system contains terms that
manifestly break it. The present Chapter fits in this framework: our main goal is to find a tool
that measures quantitatively how much a symmetry is broken.

To be more specific, the setup we are interested in is an extended quantum system in a pure
state |¥), which we divide into two spatial regions A and B. The state of A is described by the
reduced density matrix pg = Trp(|¥) (¥|). We consider a charge operator @) that generates a
global U(1) symmetry group, hence satisfying Q = Q4 + Qp. If |¥) is an eigenstate of @, then
[pa,Qa] = 0 and p4 displays a block-diagonal structure, which has allowed us to compute the
SREE (see Sec. [1.3)). Here we consider the opposite situation: a state |¥) that breaks the global
U(1) symmetry. Therefore, [pa,Qa] # 0 and p4 is not block-diagonal in the eigenbasis of Q4.
The goal of this Chapter is to introduce a quantifier of the symmetry breaking at the level of the

183
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subsystem A, which is the entanglement asymmetry defined as

ASA = S(pag)—S(pa). (11.1.1)

Here pag = quz II;pally, where II, is the projector onto the eigenspace of @4 with charge
g € Z. Thus pa g is block-diagonal in the eigenbasis of Q4. In Fig. we pictorially show how
pA,Q is obtained from p4. A similar quantity, but for the full system, was introduced in Ref. [107]
to study the inseparability of mixed states.

The entanglement asymmetry satisfies two natural properties to quantify symmetry
breaking: (i) AS4 > 0, because by definition it is equal to the relative entropy between p4 and
paQ, ASa = Trlpa(log pa —log pag)], which is actually non-negative [10]; (ii) AS4 = 0 if and
only if the state is symmetric since, in this case, p4 is block diagonal in the eigenbasis of (4 and
PAQ = PA-

A replica construction — The entanglement asymmetry can be computed from the moments of
the density matrices p4 and pa g by exploiting the replica trick [17,20]. Indeed, simply defining
the Rényi entanglement asymmetry as

1
ASA = — [log Tr(p%.) — log Tr(p'%)] , (11.1.2)
J— n b
one has that lim1 AS;? = AS4. As usual, the advantage of this construction is that for integer n,
n—

AS? can be accessed from (charged) partition functions. Indeed, using the Fourier representation
of the projector 11, the post-measurement density matrix p4 ¢ can be alternatively written in the
form

™
da - ,
PAQ = / %e‘“’Q*‘pAeWQA, (11.1.3)
—T
and its moments as " g d
a1 ...d0n,
Tr(p’h o) = —Z 11.14
(o) = | 2@, (11,14
where a = {a1,...,a,} and
n .
Zn(a) =Tr HpAe’aJ',j+1QA 7 (11.1.5)
j=1

(-]

pA: X [ * pA,Q: [

- .l - JJ
Figure 11.1: The density matrices ps and pa g entering in the definitions (11.1.1) and (11.1.2)
of the entanglement asymmetries. In the eigenbasis of the subsystem charge @, pa generically
displays off-diagonal elements. Under a projective measurement of 4, we get pa g, where the

off-diagonal blocks are annihilated. The difference AS4 between the entanglement entropies of
these matrices is our probe of symmetry breaking.
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with a;; = o; — a; and a,41 = «;. Notice that, if [pa, Q4] = 0, then Z,(a) = Z,(0), which
implies Tr(p’; ) = Tr(p’) and ASA = 0. Furthermore the order of terms in Eq. matters
because [pa, Qa] # 0. We will refer to Z,,(ax) as charged moments because they are a modification
of Eq. . With these definitions in mind, the plan of the following part is to test their
effectiveness both in and out-of equilibrium in Secs. and respectively. We conclude in
Sec. 114

11.2 Tilted Ferromagnet

As warm up, we consider an infinite spin chain prepared in the tilted ferromagnetic state

0, 7y = 2R 11, (11.2.1)

For 6 # mm, m € Z, this state breaks the U(1) symmetry associated to the conservation of the
total transverse magnetisation Q) = %Z et When 6 = mm, it corresponds to a fully polarised
state in the z-direction, for which the transverse magnetisation is preserved. The angle 6 controls
how much the state breaks this symmetry and, therefore, the state is an ideal testbed for
the entanglement asymmetry, although it is a trivial product state. Let the subsystem A consist
of ¢ contiguous sites of the chain; then AS4 = 0 for § = mm and AS4 > 0 otherwise. Since the
state is separable, Tr(p"}) = 1, and Z, () is straightforwardly obtained as

Zn(a) = ﬁ fcos(8),aj+1)" where f(\,a)=i)sin (%) + cos (%) : (11.2.2)

Jj=1

Plugging Eq. (11.2.2)) into the Fourier transform (|11.1.4]), we obtain

ASA = 1 i - log |cos?™ (g) Ze: <£>ntan2"p (g) . (11.2.3)

p=0 P

In Fig. we plot this entanglement asymmetry as a function of € [0,7]. As expected, it
vanishes for § = 0,7 while it takes the maximum value at § = 7/2, when all the spins point in
the = direction and the symmetry is maximally broken. Between these extremal points, ASy4 is a
monotonic function of # (but this is not true for all n). For a large interval, it behaves as

1, 2
mnr—1 sin“ 0

1 1
ASA = Zlogl+ =1
o 5 log +2og 5

+ 0. (11.2.4)

The limit § — 0 is not well defined in Eq. (11.2.4). Indeed, the limits £ — co and # — 0 do not
commute: to recover the symmetry, one should take first # — 0 in Eq. (11.2.2]) and then consider
the large interval regime.

11.3 Quench to the XX spin chain

We now analyse the time evolution of the entanglement asymmetry after a quantum quench. We
prepare the infinite spin chain in the state

s =0

[w(0)) 7 :

(11.3.1)
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Figure 11.2: The Rényi entanglement asymmetry ASZ in Eq. (11.2.4)) for the tilted ferromagnetic
state as a function of the tilting angle @ for different values of the replica index n.

which is the cat version of the symmetry-breaking state in Eq. (11.2.1). We then let it evolve
W () = e~ (0)), (11.3.2)

with the symmetric XX Hamiltonian ([H, Q] = 0)
1 o0
HZEqQE:[ﬁqﬁf+ﬁﬁgJ. (11.3.3)

j=—o0

This Hamiltonian is diagonalised via the Jordan-Wigner transformation to fermionic operators
cj = (c}, ¢;) followed by a Fourier transform to momentum space [550]. The one-particle dispersion

relation is €(k) = — cos(k).

11.3.1 The analytic computation

We now embark in the exact computation of the time evolution of the charged moments .
The reader uninterested in these details can skip directly to the next paragraph in which we discuss
the results for the entanglement asymmetry.

We choose as initial state the linear combination of Eq. , instead of Eq. , because
the corresponding reduced density matrix is a Gaussian operator in terms of c¢;. We can then use
Wick theorem to express pa(t) in terms of the two-point correlation matrix

Qﬂﬂ:2ﬂ&m@4qi7@% (11.3.4)

with 7, 7" € A [169]. If A is a subsystem of length ¢, then I'(¢) has dimension 2¢ x 2¢ and entries [339]

2T dk ey
Fjj/(t):/ =Gk, t)e*U0=I, (11.3.5)
o 2
with
- cos Ak _ie—Qite(k) sin Ak
G(k,t)= < ie2ite(k) sin Ay —cos Ag ’

2cos(6) — (1 + cos®6) cos(k)
A = . (11.3.
8k T o826 — 2 cos(0) cos(k) (11.3.6)




11.3. QUENCH TO THE XX SPIN CHAIN 187

n=2 n=3, 6=n/3
0 0 T 7
W
a1z = —0.7, ass = 0.4, £ =60
< £ x a1a = —0.7, asz = 0.4, £ =100
NG —0.1 B ™~ iz = 0.25, ass = 0.95, £ =60
— /’Er\ —0.05 *aia = 0.25, ass = 0.95, £ =100
35 a1 =1/2, =60 e
NN <0 =4/5, a1a =1/2, £=100 | | Ny
\; ‘~'3‘9=71'/37 0412=1,€=60 %D
RS) +0=7/3, a2 =1, £ =100 = 91 N
0=3/2, ajp=2, £=060 o
-0.3 *0=3/2, a1 =2, £ =100 | |
| | L L L L L 0 2
0 02 04 06 08 1 1.2 14 . 1 1.5 2
t/0 t/¢

Figure 11.3: Time evolution of Z,(a,t) after the quench (11.3.2) for n = 2 (upper panel) and
n = 3 (lower panel). We plot it as a function of ¢/¢ for several values of 6, ¢ and «; j+1. The
symbols were obtained numerically using Eq. (11.3.7) and the continuous lines correspond to the

analytic prediction (11.3.9)).

Under the Jordan-Wigner transformation, the transverse magnetisation is mapped to the fermion
number operator and €'*@4 turns out to be Gaussian, too. Therefore, Zn(a) in Eq.
is the trace of the product of Gaussian fermionic operators, p4 and e*®i+194, Employing their
composition properties [174,551] (see also Sec.[L.4.3), we express Z, () as a determinant involving
the corresponding correlation matrices, finding

I-T@®H\" &

Zn(a,t) = | det (2()) I+[w; ]|, (11.3.7)
j=1

with W;(t) = (I +T(¢))(I — ['(t)) " teis+1m4 and ny is a diagonal matrix with (n4)2j2; = 1,

(na)2j—12j—1=—1,7=1,--- 0. We use Eq. (11.3.7) to numerically compute the time evolution

of the Rényi entanglement asymmetry ASf(t) and test the analytical predictions presented in

what follows.
At time t = 0, for large £, Z,(c,0) ~ (@271 with

A(a) = log H €'i/? f (cos(6), Qi1 — 05), (11.3.8)
j=1

where o; = 01if |a; j+1| < 7/2 and 0; = 7 otherwise (f(\, @) is defined in Eq. (11.2.2))). Therefore,
AS;;‘(L‘ = 0) behaves asymptotically as Eq. (11.2.4)). After the quench, the natural ballistic regime
is the scaling limit ¢,¢ — oo with ¢ = ¢/¢ fixed [339}/629] in which we expect

Zn(0u,t) = Z,(0, 1) A)+Ble0) (11.3.9)

For the function B(«, () we conjecture

27 dk n )
B(a,() = —/0 %min@dﬁ/(kﬂ’ 1) 10gjl;[1 F(e™F aj41), (11.3.10)
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and €' (k) = de(k)/dk (likely this expression can be rigorously derived by properly adapting the
calculations for the symmetry resolved entanglement [132,/133,[135], but this is far beyond the
scope of this Chapter). This cumbersome expression does not come out of a magician hat, but
from the quasiparticle picture [44L47,589|: the time evolution of the entanglement is given by the
pairs of entangled excitations shared by A and B that are created after the quench and propagate
ballistically with momentum +k. Let us explain how to apply this idea to deduce Eq. .
According to Refs. [552,553,/607], in the quench protocol analised here, the U(1) symmetry is
restored in the large time limit, i.e. ASZ(t) — 0. Therefore, Z,(a,t) has to tend to Z,(0,1),
which implies B(e, () — —A(e) as ( — oo. Considering Eq. (11.3.8)), we notice that, at ¢ = 0 and
large ¢, Z,, (e, 0) factorises into

no ioj/2
Za(e,0) ~2]] 2]

J=1

Tr(pa(0)eil@1—0)@a)y, (11.3.11)

The expectation value Tr(p(0)e’®@4) is the full counting statistics of the transverse magnetisation
in the subsystem A. We can now take advantage of the fact that |¥(0)) is also the ground state of
a XY spin chain E| to exploit the knowledge of the FCS in that system [272,396,/400,421,554]. In
particular, employing the results of Ref. [421], we can rewrite A(«) in Eq. as an integral
in momentum space

2w dk n

Ala) = —B(a,{ — o0) = /O %logn Fe2% 1) (11.3.12)
j=1

Now, using the quasiparticle picture, the integrand in Eq. can be interpreted as the
contribution to B(ea, () from each entangled excitation of momentum k created after the quench.
Since they propagate with velocity |€/(k)|, the number of these pairs shared between A and its
complement at time ¢ is determined by min(2t|€/(k)|,¢). Combining these two ingredients, we
get Eq. . This approach makes also clear the crucial role that entanglement plays in
the restoration of the symmetry. In Fig. we check Eq. against exact numerical
computations performed using Eq. for different values of n, 8, and «, finding a remarkable
agreement: note that Eq. is exact for ¢ — oo and the points are closer to the curves for
larger /.

11.3.2 The entanglement asymmetry after the quench

The entanglement asymmetry AS:(t) for any ¢ = /¢ in the scaling limit ¢,/ — oo is obtained
by plugging the charged moments into Eq. . The resulting curves are plotted
in Fig. as a function of ( for several values of 6, finding a remarkable agreement with the
exact numerical values (symbols). We can also write a very effective closed-form approximation of
ASA(t). Indeed when in Eq. A(a) + B(a, ) is close to zero, the Fourier transform can
be done analytically as

m2b(¢)4 sin? /27r dk

— ar . / .92
YRR b(() = 5 271_mln(2§|e (k)|, 1) sin® Ay, (11.3.13)

ASA(t) ~

which is independent of the replica index n. This approximation becomes ezact in the limit of
large ¢ and its effectiveness also for not too large ¢ is proven by the inset of Fig. [T1.4]

!The corresponding parameters h,~y of the XY chain (see Eq. (12.5.1))) are given by v? + h®> = 1 and cos?* 6§ =
(1=7/0+7).
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Figure 11.4: Time evolution of the Rényi entanglement asymmetry ASZ(t) after the
quench (|11.3.2). The symbols are the exact numerical results for various values of ¢, n, and
0. The continuous lines are our prediction obtained by plugging Eq. (11.3.9)) into (11.1.4)) and

(11.1.2). In the inset, we check the asymptotic behavior (11.3.13)) (full lines) and ((11.3.14)) (dashed)
of ASA(t) for large /.
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We now discuss some relevant features of the entanglement asymmetry and show that it encodes
a lot of new physics. First, as expected, AS:'t) tends to zero for large ¢ (i.e. large t) and the U(1)
symmetry, broken by the initial state, is restored. This is analytically shown by Eq. that
indeed at leading order in large ( is

2
Ay T cos” 0\ £
ASH(E) = e (1 +87$in49)é3 , (11.3.14)

i.e. it vanishes for large times as ¢t~ for any value of 6. Another characteristic, following from
having a space-time scaling, is that larger subsystems require more time to recover the symmetry,
as it is clear from Fig. and Eq. : this justifies the significance of the definition of
ASZ2 in terms of p4 rather than the full state |¥). Finally, a very odd and intriguing feature is
that the more the symmetry is initially broken, i.e. the larger 6, the smaller the time to restore
it. This is a quantum Mpemba effect: more the system is out of equilibrium, the faster it relaxes.
At a qualitative level this is a consequence of the fact that for larger symmetry breaking there
is a sharper drop of the (entanglement) asymmetry at short time, see Fig. before the truly
asymptotic behavior takes place. Furthermore, we can quantitatively understand the quantum
Mpemba effect: from Eq. the prefactor of the ¢t~ decay is a monotonously decreasing
function of € in [0,7/2]. Thus the quantum Mpemba effect is not as controversial as its classical
version [555]. To the best of our knowledge this awkward effect was not known in the literature,
showing the power of the entanglement asymmetry to identify new physics.

11.4 Closing remarks

In this Chapter, we introduced the entanglement asymmetry, a probe to study how much a sym-
metry is broken at the level of subsystems of many-body systems. As an application to show its
potential, we have studied its dynamics after a quench from an initial state breaking a U (1) symme-
try and evolving with a Hamiltonian preserving it. We showed that the entanglement asymmetry
detects neatly all the physical relevant features of the dynamics and in particular the restoration
of the symmetry at late times. It also identifies the appearance of an unexpected Mpemba effect, a
phenomenon that very likely happens in many settings that can be studied through the entangle-
ment asymmetry. It is then very important to study other quench protocols (e.g. different initial
state, interacting Hamiltonians, etc.) and understand how to modify the quasiparticle description,
following e.g. Ref. [556], to describe these more general situations.

We can easily imagine many other applications of the entanglement asymmetry. The first
one is in equilibrium situations that have been left out here. In this respect, it would be useful
to recast the charged moments in terms of twist fields [20}/156] within the path-integral
approach: this would allow us to explore more complicated situations, e.g. the symmetry breaking
from SU(2) to U(1), which are also relevant in high-energy physics. Similarly, our setup can be
extended to non-Abelian symmetries [121] to explore, e.g., how the asymptotic behavior of AS4
with the subsystem size of Eq. depends on the symmetry group.

Finally, AS4(t) can be experimentally accessible by developing a protocol based on the random
measurement toolbox [557,558]. This would require the post-selection of data from an experiment
like the one in [80], but with an initial state breaking the U(1) symmetry.
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Chapter 12

The Negativity Hamiltonian: An
operator characterization of
mixed-state entanglement

In the context of ground states of quantum many-body systems, the locality of entanglement
between connected regions of space is directly tied to the locality of the corresponding entanglement
Hamiltonian (EH): the latter is dominated by local, few-body terms. In this Chapter, we introduce
the negativity Hamiltonian as the (non hermitian) effective Hamiltonian operator describing the
logarithm of the partial transpose of a many-body system. This allows us to address the connection
between entanglement and operator locality beyond the paradigm of bipartite pure systems. As
a first step in this direction, we study the structure of the negativity Hamiltonian for fermionic
conformal field theories and a free fermion chain: in both cases, we show that the negativity
Hamiltonian assumes a quasi-local functional form, that is captured by simple functional relations.
This Chapter is based on Ref. [559].

12.1 Introduction

The EH fully characterises the “local” properties of entanglement in a many-body system - that is,
it allows to understand whether the RDM can be interpreted as the exponential of a local operator
composed solely of few-body local terms. In the context of quantum field theory, this principle
of locality is an established pillar - the Bisognano-Wichmann theorem [244}301]. Such locality is
at the heart of several physical phenomena - from topological order, to the nature of area laws in
gapped systems-, and is the key element at the basis of theory and experiments aimed at large-scale
reconstructions of the RDM [560-562]. However, it is presently unknown whether it is possible
to associate locality and entanglement in a similar way for the case of mixed-state entanglement,
that encompasses a variety of scenarios of key experimental and theoretical relevance - from mixed
states, to correlations between partitions in pure states.

In this Chapter, we introduce and investigate the negativity Hamiltonian - an operator that
allows us to cast the relation between locality and entanglement (in particular, that related to
Peres-Horodecki criterion) for general mixed states.

For the case of a subpartition of A = A; U Ay, we define the negativity Hamiltonian N4 as

pht = Zte ™ Na, (12.1.1)
Clearly N4 is non-hermitian because negative eigenvalues of p?;l are the signature of mixed-state

193
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entanglement. Nevertheless, it is still natural to wonder about the locality properties of N4 and
about the location of its eigenvalues in the complex plane.

After discussing the definition of A4 for both bosonic (spin) and fermionic systems in Sec.
we unveil the operator structure of N4 for two relevant cases: (141)-d fermionic conformal field
theory (Secs. and and a tight-binding model of spinless fermions on a chain (Sec. .
Both cases show a characteristic quasi-local (in a sense to be specified below) structure - a first
demonstration of the relation between entanglement and locality at the operator level beyond
the case of complementary partitions. On top of its conceptual relevance, and similarly to what
has been discussed in the context of pure states for the case of local EHs, this fact enables some
immediate consequences: i) interpreting the negativity spectrum, i.e. the analog of the pure-state
entanglement spectrum for mixed states [515L/563], ii) simulating this object in nowadays available
quantum platforms [80] iii) applying well-established statistical mechanics tools such as tensor
networks [42,317] and quantum Monte Carlo [564] to access the entire partial transpose pr‘gl.

12.2 The partial transpose operation

The partial transposition introduced in Sec. has also an interpretation in terms of a time-
reversal transformation or mirror reflection in phase space [60]. Namely, considering the one-
to-one correspondence between density matrices and Wigner distribution functions W (g, p) then
pa — ph <= W(q,p) = W(q,—p). This can be conveniently observed starting from a bosonic
density matrix written in a coherent state basis, since time-reversal transformation (7) can be
identified with the complex conjugation [163]. Taking |a), a bosonic coherent state, one has

(o) () = ) (o] = (ja) (a"])T" (12.2.1)

In the case of fermionic systems, the equivalence above does not hold and the definition of
partial transposition differs when looking at the density matrix or at the Wigner distribution
function. In a coherent state basis the RDM reads [163}|165}/173,565]

pa= [ dle) Al Z185 (g} pa HED 116D (UG- (1222)

Here ¢, € are Grassman variables and |£) = e 10),(€] = (0] ¢ are the related fermionic
coherent states. The partial time reversal, analog of Eq. (12.2.1)), is [163]

€) (€1 5 li€) Gie). (12.2.3)

The partial time reversal pf}l, obtained by acting with (12.2.3]) in (12.2.2) only in A;, provides

the fermionic negativity considering the trace norm of pffl, although its spectrum is not real in
general [164].

In the following section we discuss in details the partial transpose operation of fermionic Gaus-
sian states, both using the bosonic and the fermionic definition. Then, we show how for Gaussian
states the correlation matrices suffice to compute all the properties of the systems [163}/164,(173].

12.2.1 From bosonic to fermionic negativity

For a bosonic system, the partial transpose of the reduced density matrix p’41 with respect to
A; is defined by performing a standard transposition in the Hilbert space associated to Ay, Ha,,
according to the definition . However, the same is not true for fermions because of the
anticommutation relations.
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To construct the partial transpose for fermionic systems, let us start by writing the density
matrix in terms of Majorana operators a;, which are defined in terms of the fermionic operators

¢; obeying {cz,cj} = 0i; as

— T

agj—1 = c¢j +c;
21 =G e (12.2.4)

azj = i(c; — ¢j).
We consider a system S = A; U Ay and denote with the subscripts {mi, ..., my, } the operators
in the subset A; and with {nj,...,ns,} the ones in the subset Ag; here ¢;(¢2) corresponds to the

number of sites in subsystem A;(Az). One can write [173]:

K2g T2¢

— K1 1 T1 2

pA = E Wi, r Q- - Qg Qg - - Gy (12.2.5)
K, T

where we defined kK = (k1,...,K2,) and T = (71,...,72,) With k;,7; = 0,1. We define the

moduli |k| = Z?Ql kj and |T| = Z?g 7;. Since the physical fermionic states must commute with

the parity operator one has that the sum of the moduli of k and 7 must be even. The partial
transpose ([1.1.12]) leaves unaltered the state in As and exchanges the states in A; as

P = DN P ral ani Ty o (1226)
K,T
where
(—1)0) = 0 |k|mod4 € {0,3} (12.2.7)
1 |k|mod4 e {1,2}

The easiest way to see this is to perform the partial transpose in the occupation number basis and
then write the density matrix in terms of Majorana operators.

Having understood how the standard partial transpose acts on the fermionic degrees of freedom
written in terms of Majorana operator, we move on to consider Gaussian states. They can be
written in the form

oA — %eizkz Wisaxar (12.2.8)

where W is a 2¢ x 2¢ matrix (¢ size of the system described by p4), with eigenvalues € R. The
latter is related to the correlation matrix I' (i.e. the matrix with elements I';; = ([a;, a;]), see

also Sec. [1.4.3) by the relation
I' = tanh % (12.2.9)

Here T has eigenvalues between [—1,1]. It is convenient to introduce the block structure of I' as

- (FA1A1 FA1A2> . (12.2.10)
FA2A1 FA2A2

Using Eq. (12.2.6)) it can be shown that [173]

1—i 143
> ‘o, + o (12.2.11)

T _
Py =

_ + K1 K20 1 T2eq .
where Ox =3, 0 rapl .. amy) a7l ... an,. with

(12.2.12)

. ]
T z(—l)%wH,T || even.

. :{ﬂ(—n'”'zlww Ik| odd
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The operators O+ are Gaussian and can be written as

0, =0! = %ei 2 (Na)riaka (12.2.13)

where Ny is related (as in Eq. (12.2.9)) to the correlation matrix I'; defined according to the
following equation:

Iy = <_.FA1A1 ZTA“‘Q) : (12.2.14)

a4, Taya,

It is clear that the partially transposed reduced density matrix (12.2.11)) is not a Gaussian operator,
but rather the sum of two of them. Even more troubling, it does not satisfy additivity nor
subadditivity and fails to capture, for this reason, some topological features of fermionic Majorana
systems such as the entanglement due to zero-energy modes in Kitaev’s chain [163].

For all the above reasons, a different partial transpose has been introduced for fermionic sys-
tems starting from the analogy with the time-reversal transformation [163-165]: we have already
understood that the action of the fermionic partial transpose (R) is not just exchanging bra and
ket but also multiply them by i (see Eq. ) This definition can be readily generalised to
multi-particle states. Considering a system S = A; U Ay one has

({& sea{&}ens) (X ea (X ieas D™ = HixgYjea {&i jean) (i€} jea {X el
(12.2.15)
with obvious meaning of all the actors in the formula. In the occupation number basis, the above

equation reads [163]

({n}jead{nitieas) (s jea{nstiea )™ = ()20 ™05 ({0} e 4, {n; e as) ({0 jear (s} jeas |-
(12.2.16)
Here the term ¢({n;,n;}) is a phase factor depending on the occupation number

TA; (TAI + 2) + TA, (7_—A1 + 2)

o({n;,n;}) = 5 5

T TATAy + TA TAy + TA TA, + (%A1 + 77—142)(7—141 + TAQ)’

(12.2.17)
with 74, = D ica ny (T4, = D jen,ny) and Ta, = D o4 0y (Ta, = 3 Jjca,75). Hence the
definition in Eq. (12.2.16)) is equivalent to a standard partial transposition up to phase factor
depending on the parity of the two subsystems, as in Eq. (12.2.17]). In terms of Majorana operators,

the transformation in Eq. (12.2.16]) can be rewritten as

Ri __ k| Fmy Fmoy,  Tny Tnal,
pu = E Wi, 78" Ay - Qg Oy Gy, (12.2.18)

|k|+|T|even

1

where we used the notation a? = 1, al = a,. The matrix pfz satisfies three necessary properties

for a partial transposition: :
L (o3 = pf,
2. (P = pa,
3. (@ paee )t = (pf @ plft @ @ pfh).

R : . : : . o
Notice that pAAl is nothing but O in Eq. (12.2.11]). This density operator is not Hermitian and,
in general, has complex eigenvalues. Nevertheless, one can still define a fermionic logarithmic
negativity as [163]

& =log Try/ (pi)tp (12.2.19)
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where the object (pil)Tpﬁl is Hermitian and its spectrum is positive. This expression can be
slightly generalised defining the fermionic Rényi negativities as [163]

_{log[ﬂ(pﬁlﬂpﬁl)---pﬁl)%fl)], n  even,
R1

= (12.2.20)
log[Tr(pil)Tpil) )] n odd,

from which £ = lim &,,_.
ne—1

In spite of the name, the fermionic negativity has nothing to do with the negativeness of the
spectrum of (pﬁl). It can be however proved that is a proper entanglement monotone [478| and it
has been shown that can detect entanglement when the standard negativity fails [163].

12.3 The Bisognano-Wichmann theorem

The Bisognano-Wichmann (BW) theorem gives a general structure for the entanglement Hamilto-
nian of the ground state of a relativistic invariant quantum field theory with Hamiltonian density
H(x), when considering a bipartition between two half spaces of an infinite system. In formulas,
considering a d-dimensional system, x = {x1,...,24}, and a partition A = {x|z; > 0}, the EH of
the ground state is H4 = 27 fxe 4 dx 21 H(x) 4 ¢, where ¢ is a normalization constant. This result
does not depend on the dimensionality of the system or on any apriori knowledge of the ground
state and can be applied to a large variety of systems and quantum phases. For conformal invariant
theories, the BW theorem is easily generalised to some different geometries by conformal mappings
[189,242,566.[567]. Nevertheless, in general it is not an easy task to get analytic expressions, even
in CFTs. One of these examples is the modular Hamiltonian for the ground state of the free 1 +1
dimensional massless Dirac fermion for several disjoint intervals on the infinite line [256./568,569].
We report here the result by slightly adapting it to the massless 1+ 1 dimensional real (Majorana)
field (¢, x). It is a doublet made by the two real fields

U(t,z) = (i;g 2) . (12.3.1)

The normal ordered component of the energy-momentum tensor of the Majorana field correspond-
ing to the energy density reads

Tu(t,z) = = ¢ [((Oet1)1 — ¥102901) (x 4+ ) — ((0x2)th2 — 120,102) (z — 1)) - . (12.3.2)

N | .

The modular Hamiltonian for two disjoint intervals A = [ay, b1] U [ag, b2] on the line can be written
as the sum Hg = Hioe + Hy—10c, where the local term Hj,. and the quasi-local term Hg_j. are
defined respectively as

Hyoe = 27[-/A/BIOC(I)Ttt(O7$)dxa

(12.3.3)
Hy toc = QTF/Aﬂqloc(x)Tq1oc(0,3?,3?)d96,
with 73 (0, z) the energy density in Eq. , while T4 _16¢(0, z,y) is given by
Tytoc(t, ,y) = i: [hr(z + )iy + 1) — thal — t)iha(y — 1)) : . (12.3.4)
The other functions in Eq. can be written as
Butoe®) = o Byrrocla) = DT (12.3.5)

w!(x) x — Z(x)
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with
(r —a1)(z — ag)
(@ —b1)(z —b2) ]
B _ (blbz — alag)x + (bl + bQ)alaQ — (a1 + ag)blbg
z(z) = .
(b1 — a1 + ba — ag)x + araz — bibe
Here x and Z(x) belong to different intervals in A (if x € A; then T € Ay and viceversa). In the
limit b1 — a2 we get back a single interval and so the quasi-local part vanishes.
We will make explicit use of this example in the following.

w(x) =log |—
(12.3.6)

12.4 The Negativity Hamiltonian and its quasi-local structure

To build the negativity Hamiltonian, we should first recall the path integral construction of the
(bosonic) partial transpose [151,/152]. The partial transposition corresponds to the exchange
of row and column indices in A; which naturally leads to a space inversion within A;. On a
fundamental level, this fact can be deduced from CPT theorem. Indeed, the partial transposition
is equivalent to a partial time reversal that, by CPT, is the same as a parity operation in the
world-sheet combined with a charge conjugation. This second construction holds true also for pﬁl
in fermionic systems.

Therefore, starting from the entanglement hamiltonian for two disjoint intervals and doing a
spatial inversion of the interval A; = [a1, b1], one obtains the partial time reversal of the density
matrix. Although this procedure is fully general, the entanglement hamiltonians of disjoint inter-
vals are known only in few cases [256,568-574]. In particular, the result for Majorana fermions can
be obtained from the previous section without any further effort. We mention that one can easily
derive also the result for the Dirac field, which can be written in terms of two Majorana spinors.
In this case, the negativity (entanglement) hamiltonian is the sum of the two negativity (entan-
glement) hamiltonians for each real component of the complex field [256]. Only the definition of
T34 (0, ) and Ty_10c(t, x,y) in terms of a real or complex fermionic field change.

Starting from the EH H4 for the massless Majorana fermion W(t, z) reported in Eq. ,

and performing this inversion, we get after simple algebra
NA = NA,loc + iNA,q710C7

Nt joe = 2 /A BE(2)Tia(0, 2)da, (12.4.1)

NA,qfloc =27 /A 551100(-%')qu106(07 z, ;Z'R(x))dg;’

where
B (zh(x
Bi(z) = le(x),, B Joe(x) = M (12.4.2)
with
wR(as) _ log _(:‘C — bl)(m — a2) 7
[ (fval)(fcb2)] (12.43)

_R (a1b2 — blag)l’ + (a1 + bg)blag — (b1 + ag)albg
' (x) = .
(a1 — by + b — ag)x + brag — aibe

Here T3(0, ) is the one in Eq. ((12.3.2)) while T_15¢(0, 2, Z) in defined in Eq. (12.3.4).
The structure of Eq. (12.4.1]) is very suggestive: it consists of a local term proportional to the
energy density and an additional non local part given by a quadratic expression in the fermionic
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Figure 12.1: Negativity Hamiltonian corresponding to pﬁl for real fermions on two adjacent inter-
vals of equal length ¢ on the infinite line. The symbols correspond to numerical data, while the
solid lines correspond to the discretised form of Eq. . The right panel is Ny joc, While the
left one is [N 4 q—1oc|- Here we have a1 =0, by = £ = ag, by = 2/.

field. The latter, however, has a mild non-locality: each point x € A; is coupled to only a
specific y = 2 € A,y (that is a consequence of the mirror symmetry for equal intervals). Thus,
following , we refer to Mg q_10c as a quasi-local operator. Its existence is the reason of the
imaginary components in the spectrum of A4, which is one characteristic treat of pil. The shape
of |V, Aq—loc| (see also Fig. [12.1)) is compatible with the results of the negativity contour
suggesting that the largest contribution to the negativity comes from the boundary region between
Al and AQ.

12.5 Lattice Negativity Hamiltonian and numerical checks

In this section we review the numerical procedure that we used to benchmark our analytical results.
We consider lattice systems described by the quadratic Hamiltonian

. oo
1 1+« 1—7
HAY =5 > ( 5 021021+1 — —5A2-102142 + )\azz_1azz)- (12.5.1)

l=—o00

The one-particle energy levels are

Ay = \/()\ —cosk)? +~2sin?k (12.5.2)

where k € [—m, 7] is the physical momentum. For (\,v) = (1, 1) the system is critical and Lorentz
invariant at low energy, so its critical behavior is described by the conformal field theory of a free
massless real fermion with central charge equal to 1/2. Thus, the Hamiltonian , H(1,1),is
the ideal setting to compute the lattice negativity Hamiltonian N4 and benchmark the analytical

expression in Eq. (12.4.1)).

The elements of the covariance matrix of the ground state of the Hamiltonian (|12.5.1]) are
Loji-1.2 = —T2j,2j1-1 = Gjo—j> (12.5.3)

where ]
v 1
g = ——

. 12.5.4
. (12:5.4)
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Figure 12.2: Negativity Hamiltonian for a real free fermion and for the geometry of two disjoint
intervals at distance d of equal length ¢ on the infinite line. The symbols correspond to numerical
data, while the solid lines correspond to the discretised form of N4 , both the local part
(left panel) and the quasi-local one (right panel).

If now we focus on two intervals A = Ay U Ay, adjacent or disjoint and of arbitrary lengths, the
correlation matrix I'4 is obtained from the I' above simply restricting to the subsystem of interest
and leading to the block structure of Eq. . If the total length of A is ¢1 4 ¢, the covariance
matrix has dimension 2(¢; + f2) x 2(¢; + ¢2). From this, the covariance matrix I'} corresponding
to the fermionic partial transpose is obtained by building Eq. .

Intervals of equal length ¢; = /5: Because of the gaussianity of pﬁl 1163], the numerical
evaluation of the negativity Hamiltonian amounts to compute the single particle operator Ny
defined as N4 = >_,;(Na)ij¥;vi, related to the covariance matrix as Ny = log }fgi [169,171].
We focus on two equal adjacent intervals A = A; U Ay made up of £ sites labelled by T <7 <
2¢. In this case, the point z" in Eq. is just % = 2¢ — = and so the quasi-local term
lies entirely on the antidiagonal. As a consequence, in Fig. [12.I] we show only the subdiagonal
(Na)jj+1 (asimilar behaviour can be found for (N4);j41,;) and the antidiagonal (IN4);2,—; which
correspond, respectively, to the local and to the quasi-local parts of N4. The agreement between
lattice exact and field-theoretical discretised N4 is remarkable over the all parameter regime, and
even for modest system sizes. Small discrepancies up to a few percent are present far from the
boundaries: those have very little effects on the negativity, as they affect only very small (in
absolute value) eigenvalues of the partial transpose. We verified that the other matrix elements of
N4 are negligible, in the sense that they are subleading as £ — oo (in the same sense as subleading
terms in the EH are negligible, see Refs. [167,464,575-580]).

We now move to another geometry. In Fig. [I2.2] we report the case of two equal disjoint
intervals at distance d and we benchmark once again our analytical result found in Eq. .
The curves again show a good agreement with the numerical computation, since the discrepancy
is at most ~ 6%.

Intervals of different length ¢; # /5: Finally, we analyse in Fig. the case of two disjoint
intervals of different length, ¢1 # ¢ for a real fermion. In this case, the reflected point z*
is not on the antidiagonal and does not correspond to an integer number. Consequently its contri-
butions “spread” to the neighbouring integer. Such an effect is well shown in the right panel of
in which it is clear that the largest terms of the quasi-local parts of the negativity Hamiltonian
are centered around Z. A more quantitative analysis of the quasilocal terms would require a
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Figure 12.3: Negativity Hamiltonian for a real free fermion and for two disjoint intervals of different
length ¢1 # ¢5. In this case, the discretised form of N4 correctly reproduces the local behavior of
the negativity Hamiltonian (left panel). However, the reflected point Z* is not an integer living
on the antidiagonal, as in the case of two intervals of equal length. Therefore, we only plot the
location of z%, Eq. , in order to show that its shape is compatible with the structure of
the quasi-local part of N4. Here we fix {1 = 209 = 2d = 4 (right panel).

weighted sum of the nearby elements to get the correct continuum limit, a procedure similar to
the one exploited for the entanglement Hamiltonian in Refs. [301},464,580}582,583] (steps in this
direction can be already found in [585]). Such analysis is beyond the scope of this thesis and for
this reason we focus on the local term which instead is easily discretised. This is shown in the left
panel of Fig. Also in this case, the field theory prediction correctly matches the numerics,
with small deviations that are at most ~ 6% for the system sizes considered.

12.6 Closing remarks

In this Chapter we initiated the study of the negativity Hamiltonian in many-body quantum sys-
tems. Although our field theoretical construction in terms of the EH of disjoint intervals is very
general, its applicability relies crucially on the exact knowledge of the latter, that is not always
available. We hope that this will spark further studies on disjoint intervals’s EH and, at the same
time, the search for alternative constructions of N4. Furthermore, we stress that the knowledge of
this operator encodes the entire information content about the entanglement in the mixed states.
This is remarkable with respect to the scalar quantities used to compute the entanglement (e.g.
the negativity), which do not allow to reconstruct the whole partial transpose reduced density
matrix. We expect that the quasi-local structure of the negativity Hamiltonian can be generalised
to other contexts, at least for free fermions, such as a single interval in an infinite system at finite
temperature [242], or two disjoint intervals in the presence of a point-like defect [571]. At present,
it is unclear whether this quasi-local structure survives to finite interaction strengths and in higher
dimensions. Having established an explicit approximate functional form for the negativity Hamil-
tonian paves the way for a direct reconstruction of partial transposes in experiments, utilizing, e.g.,
Hamiltonian reconstruction methods that have already been combined with the BW theorem [561].
These applications would allow a direct measurement of the negativity spectrum, something that
is presently unachievable by any method other than full state tomography. Moreover, it may be
possible to design efficient classical or hybrid classical-quantum algorithms for the ab initio de-
termination of N4, similarly to what has been done for the EH following a BW inspired ansatz
[560,562,[584].






Chapter 13

Symmetry decomposition of
negativity of massless free fermions

We consider the problem of symmetry decomposition of the entanglement negativity in free
fermionic systems. The negativity admits a resolution in terms of the charge imbalance between
the two subsystems. We introduce a normalised version of the imbalance resolved negativity which
has the advantage to be an entanglement proxy for each symmetry sector, but may diverge in the
limit of pure states for some sectors. Our main focus is then the resolution of the negativity for
a free Dirac field at finite temperature and size. We consider a tripartite geometry and exploit
conformal field theory to derive universal results for the charge imbalance resolved negativity. To
this end, we use a geometrical construction in terms of an Aharonov-Bohm-like flux inserted in
the Riemann surface defining the entanglement. We interestingly find that the entanglement neg-
ativity is always equally distributed among the different imbalance sectors at leading order. Our
analytical findings are tested against exact numerical calculations for free fermions on a lattice.
This Chapter is based on Ref. [101].

13.1 Introduction

In this Chapter, we consider a many-body system with an internal global symmetry and address the
question of how mixed state entanglement splits into contributions arising from distinct symmetry
sectors. For mixed states, the pioneering work is Ref. [116], where it was proven that whenever
there is a conserved extensive charge, the negativity admits a resolution in terms of the charge
imbalance between the two subsystems, as already explained in Sec Here, we first point
out that by properly normalising the imbalance sectors (as also done in Ref. [89]) one obtains
a clearer resolution of the entanglement in the imbalance; then we show that the imbalance-
decomposition of negativity also holds using the partial transpose definition for free fermions we
reviewed in Chapter We then use such decomposition to study the symmetry resolution of
the entanglement of free fermions at finite temperature and size, exploiting the same field theory
methods used for the total negativity [151,[479]. Thus, the spacetime geometry we are interested
in is a torus defined by two periods which, in our units, are 1 and 7 = i8/L, where = 1/T is
the inverse temperature. The partition functions depend on the boundary conditions along the
two cycles, which specify the spin structure of the fermion on the torus. Let z be a holomorphic
coordinate on the torus: it has the periodicities 2z = z + 1 and z = 2z + 7. The holomorphic
component of the fermion on the torus satisfies four possible boundary conditions

ij(z_'_ 1) _ 627m‘1j1’l7;k(2), TZJk(Z +T) _ 627””2@[);%(2), (13.1'1)
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where v1 and 15 take the values O or % The anti-holomorphic component is a function of zZ and
satisfies the same boundary conditions as the holomorphic part. We denote the v = (v, 1/5) sector
where v = 1,2,3,4 corresponds to (0,0),(0,1/2),(1/2,1/2),(1/2,0), respectively (for standard
fermions, the physical boundary conditions are anti-periodic along both cycles and so v = 3, but
the other spin structures have important applications too). The Chapter is organised as follows.
In Sec. after a brief summary of the results found in [116], we motivate our work by simple
examples for a tripartite geometry, using both the standard and the fermionic partial transpose
operation to explore the block-diagonal structure of the reduced density matrix. In Sec. we
apply the method based on the replica trick and described in detail in Sec. to provide results
for charged and imbalance resolved negativity for a tripartite setting. Numerical checks for free
fermions on the lattice are also presented as a benchmark of the analytical results. We draw
our conclusions in Sec. One appendix is also included to give details about the numerical
computations.

13.2 Charge imbalance resolved negativity

In this section, we present the symmetry resolution of the standard and fermionic partial transpose
of the density matrix. Simple examples will lead to a general definition of the imbalance resolution
of entanglement negativity, both fermionic and bosonic (see Sec. for the latter). We closely
follow Ref. [116], but we normalise differently the partial transpose in each symmetry sector, so
that the symmetry resolved negativity is a genuine indicator of entanglement in the sector.

13.2.1 Imbalance entanglement via bosonic partial transpose

In the presence of symmetries, the RDM has a block diagonal structure which allows to identify
contributions to the entanglement entropy from individual charge sectors. In order to understand
how symmetry is reflected in a block structure of the density matrix after partial transpose, we
start with a simple example, taken from Ref. [116]. Consider a particle in one out of three boxes,
Ay, As, B, described by a pure state |¥) = «[100) 4+ 3|010) + ~[001). The RDM of A = A; U Ay
is pa = Trply) (Y] = [4]?100) (00| + (e [10) + B3 [01))(a* (10] + B* (01]), i.e.

v? 0 0 0
10 B aB 0

PA = 0 B*a ’a‘Q ol’ (1321)
0 0 0 O

in the basis {|00),]01),]10),|11)}. This matrix is clearly block diagonal with respect to the total
occupation number Ny = Nj + Ns, where N7 and Ny respectively denote the particle number of
the subsystem A; and As. According to Eq. (1.1.12]), the partial transpose of p4 is

P 0 0 ap

n_| 0 B 0 0

=10 0 g o (13.2.2)
Ba* 0 0 0
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The total negativity is N' = ’%]7]2 — /3t + \aﬁP’. Once we reshuffle the elements of rows and
columns in the basis of {|10),|00),|11),|01)}, we get

> 0 0 0
T 0 ’7‘2 O‘B* 0

0 0 0 |8

which has a block structure where each block is labelled by the occupation imbalance ¢ = No — Ny
(we call it ¢ rather than gy, as in Sec. to simplify the notation):

2 *
ph =2 (yaP)q:_l ® @70[ O‘g >q:0 < (|ﬁ]2)q:1. (13.2.4)

The structure of the above example is easily generalised to a many-body p4, leading to the
definition of the charge-imbalance resolved negativity defined in Eq. .

We now discuss the important “pathological” case when p(q) = 0 for some values of the
imbalance ¢, but pil(q) is non-zero and so the negativity of the sectors diverges, although the
total one is finite. For example, this happens setting v = 0 in Eq. ; in this case pa
corresponds to a pure state. Actually, it is obvious that every time that p4 is a pure state there
will be some p(q) = 0 because N; + Ns is fixed and hence also the parity of N; — Ny is (so all the
p(q)’s where ¢ has a different parity vanish). In such case, the origin of the problem can be traced
back to the fact that the (pure-state) entanglement (entropy) is better resolved in terms of Ny or
Ny rather than in the imbalance, i.e. the symmetries of p4 and pzl are larger than in the standard
mixed case. However, mixed states with some zero p(q) can be also easily built, although they
are difficult to encounter as mixed states in physical settings (and they all correspond to states
in which there is more symmetry than the imbalance). To understand the situation better, let us
recall that p(q) is always the sum of some diagonal elements of both p? (¢) and p4. For the latter,
the diagonal elements are the populations of states in the Fock basis. Hence, we need at least a
few zero populations to have a vanishing p(q) (and, e.g., this will never happen in a Gibbs state at
finite temperature). In the matrix p4, if the populations in a given sector of the total charge are
zero, the entire block is zero (and hence the entanglement entropy of the sector is zero). However,
when taking the partial transpose, the off-diagonal elements are reshuffled in the matrix and, after
being re-organised in terms of the imbalance, we can end up with some blocks with all zeros on
the diagonal (and so p(q) = 0) but with non-zero off-diagonal elements. In these instances, we
cannot normalise with p(¢). (Have always in mind the example of Eq. with v = 0: there
are two sectors in p4 with zero populations, N1 + No = 0, 2; after the partial transposition, they
both end up in imbalance ¢ = 0, see Eq. which has non-zero off-diagonal terms). Anyhow,
it makes sense that the imbalance negativity diverges in these cases. We are indeed facing sectors
that have exactly zero populations, but still have some quantum correlations. In practice, as we
shall see in the next section, these vanishing p(q) are encountered only in the limit of a pure state
(e.g. for T'— 0) and so diverging imbalance negativity signals that the state is getting pure and
that a better resolution of the entanglement is in N7 or Ny rather than in the imbalance.

The example of tripartite CFT.

As a first simple example to show the importance of the normalisation p(q) in the definition of
imbalance resolved negativity, we reanalyse a simple known result [116] for the ground state of a
Luttinger liquid (with parameter K) in a tripartite geometry. Thus, the results in this subsection
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describe gapless interacting 1d fermions. We focus on two adjacent intervals of length ¢; and /s
respectively embedded in an infinite line.
Following [116], we start with the computation of the charged moments of the partial transpose

NT1(a) = Tr((p5)"e9%) = (ToVa () T2, V20 (01) TaVa(v2)) (13.2.5)

where, in the right hand side, we use the correspondence with the 3-point correlation function of
fluxed twist field T,V, with scaling dimension

1 1 K /a\2
Ap(a) = ﬁ(n - E) + 5 <§) L A=A, Ap =20, (13.2.6)
Using these scaling dimensions, one finds
K a2 0202
log N1 (a) = log R, — — (7) 1 [#} 13.2.7
og Ny, (o) = log on \7) 8 a5 e ( )

where R, are neutral Rényi negativities and € is an ultraviolet cutoff. Notice in Eq. only
R,, does depend on the parity of n [151], while the o dependence is the same for even and odd n.

Upon performing a Fourier transform of Eq. , we obtain, through the saddle-point
approximation, the (normalised) charge imbalance RN

do  —i(qg—q)o,,—a2by /2 _
Ru(q) =R L0 N (Ve (13.2.8)
M= I T o itg-pag—attifzn ~ "\ "2, : -
where ¢ is the expectation value of the charge operator Q and
1 0203
bo— 1 [ 12 } 13.2.9
n T 08 (01 + l2)e3 ( )

The saddle-point approximation holds for two intervals of length ¢1,fs — oo embedded in an
infinite line at zero temperature. The replica limit n, — 1 is easily taken since there is no parity
dependence in the imbalance part. For large ¢1, /2 — oo (hence b, — ), we get

N(q) =N +o(1), (13.2.10)

i.e. we found the equipartition of negativity in the different imbalance sectors at leading order
for large subsystems. This behaviour is reminiscent of the equipartition of entanglement entropy
in a pure quantum system that possesses an internal symmetry [85]. It is clear that negativity
equipartition can be shown only by properly normalising the partial transpose in each sector as
done here. As an important difference compared to the entanglement entropies, we do not have
additional loglog ¢ [90] corrections to the symmetry resolved quantities.

13.2.2 Imbalance entanglement of fermions via partial TR

Now we are ready to understand the block structure of the fermionic partially transposed density
matrix and how the fermionic negativity splits according to the symmetry. We first revisit the
simple example of the previous section in Eq. ([13.2.1) for fermions. According to Eq. (12.2.16),

the partial transpose of p4 in Eq. (13.2.1)) is
W20 0 i
(13.2.11)
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i.e. the partial transpose transformation does not spoil the block matrix structure according to
the occupation imbalance ¢ = Ny — Ny:

2 - *
oo, o (M2 ) s s
q=0

The (total) fermionic negativity is

’ 1 |af? 1 |ep? 1 |apP 1 |ap?
v=DE gty +4/ 5+ +4l 5+ —/ =+
2 2 4 ols 4

(13.2.13)

For a many-body state, the analogue of the commutation relation in Eq. (1.3.9) now reads
[plit, Ny — N{1] =0, (13.2.14)

while the (normalised) charge imbalance resolved negativity is given by

Tr pRl q))|—1 P p I,
N(q) = it ; ) i) = A (13.2.15)
Tr(quA )
We also define the charge imbalance resolved RN
Ru(q) = J TR @R @ s @PR @), n even, (13.216)
Tr(p (@)ps" (@) - 5 (), n odd,

1
from which N(q) = 5( liml R,.(q) — 1). It is important to stress that the diagonal elements
Ne—>

of pR1 are the same as pZ;l (the TR operation does not touch the diagonal elements) and so the

probabilities p(q) are identical for both the standard and the fermionic partial transpose. Thus,
all the considerations for the vanishing of p(q) in the previous subsection apply also here. For the
example of Eq. (13.2.12)), the imbalance negativities are N'(+1) = 0 and

2 2
N(0) = ;<1+\/ OB 4 (/L el +\/ + o — i+ 1

further check, Zq p(¢)N(q) gives back the total negativity in Eq. (13.2.13)).

with p(0) = |y2. As a

13.3 Charged moments of the partial transpose

In this section, we adapt the replica approach to the charged entropies of Sec. to the charged
of the fermionic partial transpose defined as

No(a) = {Tr( BHPEDT B (e @ae), i even,

13.3.1
Tr(pl ()1 i), n odd. (133.1)

Hence, in order to compute the imbalance resolved negativity, we need to study the composite
operator pgl (pﬁl)T. The charged moments in Eq. are defined for two subsystems A; and
As with different twist matrices respectively denoted by T/ and T,. We will focus on the case
n = ne, which is the relavant case for the computation of negativity. The new twist matrix T[4
for the transposed subsystem is given by

Thin — 71 (13.3.2)
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The two matrices, T, and T, are simultaneously diagonalisable. Consequently, we can de-
compose our problem into n decoupled copies in which the fields have different twist phases along
the two subsystems. As a result, N, («) is decomposed as

(n—1)/2

No@) = ] Zrslo), (13.3.3)
k=—(n—1)/2

25+ 557 )

where Zp, r(a) is the partition function for fields with twist phases equal to e and

_e—2m(§+ﬁ)

, respectively along Ay and A;. The probability p(q) is the Fourier transform of
Ni(a) = Tr[pf1e@?], that, with a minor abuse of terminology, we dub charged probability. In
this case, the twist matrices along the two intervals are just phases given by T, = ¢/® and T =
T—l — e—ia
- .
A Fourier transform leads us to the imbalance resolved negativities ((13.2.16))

T da T da
Z = —e "IN, = —e "IN 13.3.4
ronl) = [ GEe N ), pa) = [ GRe N o), (13.3.4)
from which Zn () .
Ri,n\4q .
N _ ) ’ — (1 - — 1), 13.3.
Ralg) = =028, N(@) = 5 ( lim, Ba.(0) (13.3.5)
. . . . . ZRlﬂ’Le (Q) . . . . . _
Let us stress the replica limit for R, (q) is hm1 W’ i.e. while it is sufficient to set n = 1
Ne—>

in the denominator, the numerator requires an analytic continuation from the even sequence at
ne — 1. These relations are the same appearing in Sec. [I.4.2] with the only difference that now
we employ the fermionic definition for the partial transpose. In the following section, we compute
the imbalance resolved entanglement negativity for a tripartite geometry.

13.4 Symmetry resolved negativities in a tripartite geometry

Let us study the negativity of two subsystems consisting of two adjacent intervals Aj, As, of
lengths /1, ¢5 out of a system of length L. We place the branch points at uy = —¢1/L = —r1,v1 =
ug = 0, and vy = f3/L = ry and the multivalued fields v take up a phase —6_2”(%+ﬁ) at
uq, _e2milit i) 2milann) at v1 and e~2mi(nt3%n) at v9. By introducing a gauge field Aﬁ, as
explained in Sec. we have to impose proper monodromy conditions such that the field is
almost pure gauge except at the branch points, where delta function singularities are necessary to
recover the correct phases of the multivalued fields. Hence, the flux of the gauge fields is given by

1 v k
gﬁu &,Au(x)

_ (’f+ > 1) 5z — ) + <2k+0‘ - 1) 5(x — 1) — <k+0‘> 5(z — o). (13.4.1)

n  2mn 2 n ™m 2 n  2mn

Through bosonisation, ZI(%VI) ;(@) can be written as a correlation function of vertex operators V, () =
e_ia¢k(m) as

Zg’l)yk(oz) = <Vﬁ+ﬁ_l(ul)V_E_LJ’_%(Ul)V_%_ a (’Ul)V%_i_ o (’1}2>>

2mn 27n

= <V£+L,l(Ul)vfﬁiﬁ%Jr%(lh)V%Jrﬁ(2)2)>. (13.4.2)

n ' 2mn 2 n
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Using the correlation function of vertex operators on a torus reported in [269], the final result isE|

2k

Zig) (@) = 102 (| ) [P 3m D G 2)] 0y ()| 2t ()

[NIES

a —A(a) 0, ((E 4+ > _
161(r1 + r2]7) X (ntom) (tsen—3) « ’%8291(0|T)’ § (G )IEZ?)’T)TI) + 7"1|T)’ 7
(13.4.3)
where
k2 ko a? 1 3k 3a
Ag(a) = _Gﬁ 6% 32n2 5+ 3k + 3% —3~ 20(— k:)( + 2n7r) (13.4.4)

and 0(z) is the step function. It is important to note that for k£ < 0, we have to modify the flux
at uy and vy, 7, by inserting an additional 27 and —27 fluxes. Essentially, we need to find the
dominant term with the lowest scaling dimension in the mode expansion, as discussed in more
details in |101]. Putting together the various pieces and using Eq. , the logarithm of the
charged moments of pﬁl are given by

log N (@) = log Ny.0(@) + log N} (a), (13.4.5)

where the spin-independent part is

a? € —3
log Nyo(a) =log Ry — %5 log |01 (r1]7)261 ()01 + rafr) ™ (50,01 017)) |,
2

log Ry, — — (”12_”4) tog |61 (1)1 (a1 ( £0-01(017)) | (13.4.6)

<n2 + 2
12n

) log ’0(7“1 + T2|T)<%8291(0|T)>_1’

The spin structure dependent term is

(n—1)/2 k| o ry
N ‘Hu((n+27rn)(7“2—7‘1)+2|7)
1 2 E 1 . 13.4.7
Og ,1( ) og 91/(0|7—) ( )
k=—(n—1)/2
Although our main focus is the state with v = 3, we notice that NT(L? (o) above is strictly infinite

because 61 (0|7) = 0. This is related to the fermion zero mode in this sector and is not a prerogative
of the charged quantities.

In the case of intervals of equal lengths ¢; = 5 = ¢ the charged logarithmic negativity (i.e.,
E (a) = nligll log N,(Lle’) () simplifies as

)

2 -3
v _ o) _ « 4 —1 E
£(a) = £ = s og|0u(rlr)*0(2n|7) " (£0:0:(017))

0, (5]7)
0, (0|T)

-1
with 5<V>:ilog(91(r|7)29(27«17>—1(%azel(om) ]+210g . (13.4.8)

where r = (/L.

!Differently from Eq. (41) in [479] or Eq. (80) in [163], rather then using the absolute values we explicitly change
the phase m — —m for k < 0.
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Eq. represents our final field theoretical result for the charged logarithmic negativities
in a tripartite geometry with two equal intervals. We now test this prediction against exact
lattice computations obtained with the techniques reported in Appendix However, for a
direct comparison without fitting parameters, we have to take into account the non-universal
contribution coming from the discretisation of the spatial coordinate, i.e. the explicit expression
for the cutoff € in that does depend also on «, but not on the size and temperature. We can
exploit the latter property to deduce its exact value from the knowledge of the lattice negativities
at T'= 0 in the thermodynamic limit that can be determined via Fisher-Hartwig techniques. The
numerical results for the charged negativities are shown in Fig. where four panels highlight the
dependence on ¢, T, «, and ¢/L, respectively. The agreement with the parameter-free asymptotic
results is always excellent. Let us critically discuss these results. First, it is known for
a = 0, the logarithmic negativity saturates at finite temperature once ¢T' > 1 |479)], i.e., obeys
an area law; conversely the top-left panel of Fig. shows that £(«) follows a volume law. This
scaling can be also inferred analytically from the high-temperature limit reported in the following
subsection. In the top-right panel of the same figure, we observe that £(«) has a plateau at low
temperatures, i.e when T' < 1/L so that the temperature is smaller than the energy finite-size gap
(of order 1/L); consequently the system behaves as if it is at zero temperature with exponentially
small corrections in T'L. For larger T a linear decrease sets up for low enough T, before an
exponential high temperature behaviour takes place (this is not shown in the picture, but see next
subsection). In the bottom-left panel, we show that the difference £(a, T') — £(a, 0) is a universal
function of B/L and ¢/L: we verify this behaviour by looking at various system sizes, L, and
showing that they all collapse on the same curve. The agreement also slightly improves as L
increases, as it should.

Let us conclude this subsection reporting the result for the charged probability Nj(a) =

Tr[pf eiQo‘] that requires to specialise the above discussion to the case n = 1. Hence, Nl(”)(a
reduces to one mode, k£ = 0, and Eq. (13.4.1)) becomes

%6"”8,,142(1‘) = (%) O(x —uy) — (%) O(x —wvy) + (%
As detailed in [101], we need to find the dominant term, i.e. with the lowest scaling dimension, in
the mode expansion. In particular, it turns out that for |a/7| > 2/3 an additional —27 flux has
to be inserted at v; while an additional 27 has to be added at u; or, equivalently, at vo. This is
the only difference with respect to n, # 1, when the 27 flux has to be inserted only in u;. Hence,

the final expression is given by

) 8(x — o). (13.4.9)

o2 _a? a?
|01 (r1]7)| 72101 (r2|T)| 72 |01 (r1+ra|7)|272 | O (|5 |(r2—71)|T) 2 < 2n
) 307 6, (0]7) laf < 57
N7 (o) = len/LO-61(0]7)] 27 PP ) (13.4.10)
. 61 (ritra|r)|'7 M 2w ™ by (I35 |(ra—r1)+r1|7) 2
fri,re;]al) Blal(—lalt2m) 2 9, (0[7) | > 5
len /LO-61(0]7)] 2n

where f(x,y;q) = %[x2<q_1)<—2q+1)y2q(_2q+1) +x <+ y]. The cutoff related to the charged probability
is denoted as ep. Its explicit expression, for a lattice regularisation of the Dirac field, is given
in [101]. This introduction of a new symbol ey is necessary in order to avoid confusion with the
cutoff € obtained in the replica limit as n, — 1. The analytical prediction in Eq. is
compared with the exact lattice computations at different 3 in the bottom-right panel of Fig. [13.1]

13.4.1 Low and high temperature limits.

In this section we report the low and high temperature limits of the charged Rényi negativity.
Actually, the results that we are going to derive in the following for the tripartite geometry can
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Figure 13.1: Charged negativity £(«) in a tripartite torus with subsystem length ¢ = (o = /.
CF'T results , lines, against numerics on the lattice, symbols. Top-left: £(«) as a function
of ¢ for « = 0.5. We consider different values of § = 1/T": in particular, GS stands for ground
state, i.e. T'= 0 while TL refers to the thermodynamic limit 7= 0, L — co. System size is fixed
to L = 200 sites, except for the TL curve. Top-right: £(«) as a function of the temperature T
for different values of o and ¢, with L = 200. The subtraction of the value £(a,T = 0) cancels
the dependence on the cutoff and the resulting curves are universal. Bottom-left: Scaling collapse
of the charged negativity as a function of §/L and ¢/L. We fix o = 0.5. Bottom-right: The
charged probability N1(3)(oz) for tripartite geometry as a function of a. We set L = 100. Analytical
prediction in Eq. are compared with the exact lattice computations at different 5. Notice
the discontinuities at o = £2/3m.
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be much more easily deduced by mapping the results in the complex plane (i.e. both
L, 3 — 00) to a cylinder periodic in either space or time (obtaining the forthcoming Eqs.
and , respectively). It is however a highly non trivial check for the correctness of our
formulas that these results are re-obtained in the proper limits.

In the low temperature limit where 7 = i3/L — ico, we can take advantage of the relation

ﬁlim 01(2)iB/L) = 2¢~™/ 0 gin 1z + O(e 2™/, (13.4.11)
—00

In this way we obtain for the spin-independent part

Tl lo

a2 L 3 sin ( ) sin (T) )

log Nno(er) = log Fn 2m2n tog (WE> sin (ﬂ(f1+22)) Ol ) (13.4.12)
L

while using the product representation of the theta function [368], the spin structure dependent

term ((13.4.7) can be rewritten as

log N\*) (@) =

)

- 00 (—1)7+1 1 cos N sin(mjre) — sin(mjry) n
_2; j )( (j(r1 — ra)a/m) ) (13.4.13)

sinh(7j8/L sin(mj(rg — r1)/n)

Thus, at the leading order, Eq. (13.4.12) is the whole story at zero temperature, since in the replica
limit the above expression contributes to the charged negativity as

cos(m(ra +171)/2))
cos(m(rg —r1)/2)

51(3) (a) = nligll log Nflz?l(a) = 4~ /ULT) <cos((r1 —ry)a) — 1) . (13.4.14)

Putting everything together, in the low temperature limit the logarithmic charged negativity of
two adjacent intervals for spatially antiperiodic fermions is given by

2 3 sin? (T4 ) sin? ( 7
E(a, LT 1)=& — 2“ ~log <L> ( ) ( L ) + O(e2m/(ET)), (13.4.15)
T

2 .
e sin (ﬂﬁ;—b))

(L) sin(%) sin(%)
sin( 7‘(£1:£2) )

where (LT < 1) = 1log
of Eq. (13.4.10)), which reads

. We can also study the low-temperature behaviour

Ny(a, LT < 1) ~

2 3 sin2?(TEL) sin? (Tr 2)
~3m2 ‘Tri%v sin (Lw<z1+eg> B la| < 2F
(2m— |a| ol 18 sin?(ZE)sin?( T2 » » o (13.4.16)
lo ‘w353 s 7r(21+€2)) | — log ‘Wz 7 sin( T2 T L) sin(™2 T )| || > 7.

To investigate the high temperature behaviour, 7 = i8/L — 0, we can use the modular
transformation rules for the theta functions:

01(2|7) = — (—ir) V27", (2 /7] — 1/7),

., (13.4.17)
03(2|7) =(—ir) 2™/ 05(2 /7| — 1/7),
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and the asymptotic form of the #; function in the small 5 limit
_TL L OTL (o
01(2/7| — 1/7) = —2ie” 35 sinh(%) FO@ETFTEBIM) g<<1)2 (13.4.18)

Therefore, the leading terms of the spin-independent part of the charged negativities can be written
as

log Ny, o(a) = log Ry, + (01 — £9)%a? - o’ . ‘(5 )381nh ( 5 )smh2 (%) ‘ +0( —WLT)’

2rnBL 272n e sinh( (€1ﬁ+€2 )
(13.4.19)
while for the spin structure dependent term ((13.4.7)) we find
2 2 2
o) = " [(PZ=LY (4, — 02 _ 2| _ (2 —t)0”
logle () = 931 [( an ) (bo —01)° +nly(le —b1) + nf1:| 97 LAn +
[e.e] . . . . .
_5 Z m-L cosh (j(él - 62)04) sinh(7laj/5) —Zsilh@flj/ﬂ) B (13.4.20)
=1 sinh( T) pn sinh <LT( 27:5 1)])
For fixed ¢;2/8 and 7 =i/L — 0 we get
5(3)( ) = ity (b2 — 41)%a? (13.4.21)
1Y =081 omLB -
and therefore,
2 3sinh? (T4 ) sinh? ( =2
E(, LT > 1) =€ — —— log‘(ﬁ> ( i ) ( i ) ’ +O(e T, (13.4.22)
21%n Smh< T(l1+02) )
B

smh( —1) smh(ﬁ)
(¢

where E(LT > 1) = ilog (7T ) ﬁ(‘ 57a) ;3

behaviour observed in Fig. [1
The high-temperature hmlt of the charged probability Ni(«) in Eq. m is

. This limit confirms analytically the volume law

Nl(Oé, LT > 1) ~
33 smh2( )sth(MQ)

~3m logl oy h(”“l*’@) | ol <5 (13.4.23)
2 3 sinh?( e 1)Slnh2 2) Y . y) o
Gr_lgplalo \Wig FNVEGEY )~ log | oosinh(T) sinh(F2)). o] > 2

Let us conclude the subsection comparing these new results with those for the standard
(bosonic) charged negativity reported in Eq. . At zero temperature and in the thermody-
namic limit ¢; < L, Eq. matches exactly the bosonic negativity (at K =1 to
describe free fermions) obtained in the same limit. As discussed deeply in Ref. [479] for the Rényi
negativity (at = 0), this shows that the choice of charged moments of the fermionic partial
transpose we made in Eq. provides a partition function evaluated on the same worldsheet
R, as the one for the moments of the standard charged partial transpose in [116].



214 CHAPTER 13. SYMMETRY DECOMPOSITION OF NEGATIVITY

— q=0, L=100, (=40
— g¢=1, L=100, (=40
q=0, L=200, (=40
g=1, L=200, (=40

L
\ |

—~08 = S =
= ‘ 208 )
=206 ~ 06 . _ .
.0 - T N
04f , B=20 0.4
— B=5 e
0-2 " 0.2 e
— GS "\—*“-»._.,;
L 0 2 1 04 1 2 0 2 I 00 01 02 03 04 05
q q T

Figure 13.2: Imbalance resolved negativities for a few different values of ¢, L = 200, {1 = {5 =
¢ = 30, with n, — 1 (left-panel) and n = 2 (middle-panel). The dashed black lines are the
truly asymptotic result showing equipartition, while the solid lines include the first cor-
rection due to the cutoffs as in Eq. . The dashed coloured lines are the ratio between
the Fourier transforms without exploiting the saddle point approximation. For small ¢, the field
theory prediction (in which the lattice cutoffs are included) well describes the numerical data. In
the right-panel, ¢ = 40 is fixed, we report two system sizes and two values of ¢ and plot N'(¢) as a
function of T'. The coloured lines are Eq. while the dashed one represents Eq. .
The plot confirms the equipartition of negativity. Moreover, for large T', N'(q) becomes a universal
function of 7/T.

13.4.2 Symmetry resolution

Again for conciseness of the various formulas, in this subsection we focus on the case {1 = o =/
(when also a closed-form expression for the spin-dependent part is easier to write), but more general
formulas are similarly derived. Since we are ultimately using a saddle point approximation to make
the Fourier transform , the charged moments can be truncated at Gaussian level

In o as

N¥(a) = RW)etno?/2, (13.4.24)
where ) ;
_ € -
bn = —5—log |01 (ra|r) (21 r) 7 (£0.0:017)) . (13.4.25)
The Fourier transform reads
2y (q) =RY / ;l—ae—iqae—“%n/ 2, (13.4.26)
b —r ’7'['

where we used that the expectation value of the charge imbalance operator Q4 for a free Dirac
field is ¢ = 0 at any temperature. In the saddle point approximation the integration domain is
extended to the whole real line and we end up in a simple Gaussian integral, obtaining

(v) 2
v R, _
Z}(h),n(q) ~ 27Tb e 2bn (13427)

Through a similar analysis, we compute

p"(g) = / ;Lae‘ianf”) (a), (13.4.28)
T

—T
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which through the saddle-point approximation reads

2
e 2by

Let us note that for o € [—m, 7], the quantity N{(«) has a global maximum for & = 0 and two
local maxima for a = £, see Fig. (bottom-right). However, since NY(£m) < Ny (0), we can
neglect the contributions to the integral coming from the regions close to the extrema at o = +r.
Once again, let us stress the difference between the cutoff ey and the cutoff € obtained in the
replica limit b = lim,__,; b,_, whose lattice expression are reported in |[101] Putting everything
together, we obtain

=

1 4 —_1(€N -3
v = =5 log|Br(nlm) 02 |r) ! (To.0:01m)) | (13.4.29)

"1 , 20
RY)(q) = RY @;rg)e_q?%_bw), N(V)(Q)Z%(eﬁ)\/b%e 70 ij)—1>. (13.4.30)

When the O(1) terms are negligible with respect to the leading order ones in the variance, by ~ b,
hence

N (q) ~ N®), (13.4.31)

i.e. exact equipartition of negativity in the different imbalance sectors at leading order, as shown
for the bosonic negativity in Sec. (13.2.1]). A similar result holds even if ¢; # ¢5 in the low/high
temperature limits, it would be sufficient to modify the expression of the variances in Eqgs. (|13.4.25))

and (|13.4.29)).

It is instructive to explicitly write down the first term breaking the equipartition. For large L,

we can expand the exponential in Eq. (13.4.30)) as

— (Lol q*log(|e/en|)m? Y,

e NI~ ] — =1-

6(logL)2 = (logL)21’

by 0
/by 4 13.4.33
b * log L’ ( )

where v and «/ are implicitly defined, also in terms of the cutoffs € and €. To sum up, we get

(13.4.32)

and

/

(v) ~ (v) Y . Y 2
N®(g) =~ N (1+1OgL Toa 7" +) (13.4.34)

where we have derived the leading g-dependent contributions and shown that the equipartition is
broken at order 1/(log L)2.

In Fig. [13:2] we test the accuracy of our predictions against exact lattice numerical calculations.
It is evident that equipartition is broken for all the values of £,T', L we considered and the effect is
more pronounced as |q| is increased. However, the main smooth part of corrections to the scaling
is captured by Eq. , see the full line in the plots, and does not come as a surprise. Also
the presence of further subleading oscillating (in ¢) corrections have been observed for the resolved
entropies [90] and were expected. In our case, such corrections are enhanced by the presence of
the maxima at « = +7 in Nj(«), see Fig. that provide large corrections to the scaling in
p(q). Indeed, taking the Fourier transforms without making the saddle-point approximation, the
agreement between numerics and field theory is perfect. As ¢ > 1/T, all these corrections become
smaller and imbalance resolved negativity flattens in ¢, mainly as a consequence of the lowering
of the maxima at a = £ in Ni(a), see Fig. [13.2]
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13.5 Closing remarks

We studied the entanglement negativity in systems with a conserved local charge and we found
it to be decomposable into symmetry sectors. The fermionic partial transpose operation does not
spoil the result found for the standard partial transposition operation [116]: the resulting operator
that commutes with the partial transpose density matrix is not the total charge, but rather an
imbalance operator, which is essentially the difference operator between the charge in the two
regions. We introduced a normalised version of the charge imbalance resolved negativity (both
fermionic and bosonic) which has the great advantage to be an entanglement proxy also for the
symmetry sectors, e.g. it vanishes if the standard partial transpose has only positive eigenvalues in
the sector. The price to pay is that the normalised symmetry resolved negativity diverges (for some
sectors) in the limit of pure states, as a consequence of the fact that the imbalance is no longer
the best quantity to resolve the entanglement. Another interesting property of this normalisation
for the sector partial transpose is the negativity equipartition, i.e. the entanglement is the same in
all imbalance sectors, in full analogy to entropy equipartition for pure states [85].

There are different aspects left open for further study. One may use the corner transfer matrix
to investigate the symmetry decomposition of negativity in gapped one-dimensional models by
combining former studies of the total negativity [357] with those for symmetry resolution [98]
(and Chapter [7)). Eventually, the generalisation of one-dimensional results to higher dimensions
can be done using the dimensional reduction approach, as already done for the total negativity
in [479]. Decoupling the initial d-dimensional problem into one-dimensional ones in a mixed space-
momentum representation [100] would allow to generalise the above results to higher dimensional
Fermi surfaces.

13.A Numerical methods

In this appendix, we report how to numerically calculate the charged negativity associated with
the partial TR ((12.2.18)) for free fermions on a lattice described by the hopping Hamiltonian on a

chain
L—2

Hpp = — Z f;+1fj + f(JJffol +He, (13.A.1)
=0

with anti-periodic condition (corresponding to the v = 3 sector discussed in the main text). The
technique is a straightforward generalisation to az # 0 of the one presented in [479]. This method
is used throughout the main text to obtain all lattice numerical results.

Even though we use the computational basis of the Majorana modes, for particle-number
conserving systems such as the lattice model in Eq. , the covariance matrix is simplified
into the form oo ®I', with I' = 1 -2C, C;; = Tr(pf;rfj) is the correlation matrix and o3 is the second
Pauli matrix (see Ref. [303] for a more detailed discussion). For a thermal state, the single-particle
correlator reads

_ e W (@ue ()
Cij - Z eﬁwk +1 ’ (13.A.2)

where wy, and ug (i) are the single-particle eigenvalues and eigenvectors of the Hamiltonian (13.A.1)).
For a bipartite Hilbert space H4 ® Hp where A = A; U Ay, the covariance matrix takes a block

form
'i T
r= , 13.A.3
<F21 F22) ( )
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where I'1; and I'99 are the reduced covariance matrices of the two subsystems A; and As, respec-
tively, while I'1o and FJ£1 contain the cross correlations between them. By simple Gaussian states’
manipulations, the correlation matrices associated with pily (Pil)T can be written as ( [479] and

Eq. (12.2.14))
N _Fll :Eirlg
Ty = ( Ty Tl ) . (13.A.4)

The objects we are interested in are N,, = Tr[(pf1(pf1)1)7e/2ei9] and Ni(a) = Tr[pfreiQ?],
The imbalance of the relativistic Dirac field corresponds to the discretised operator Q =N A UAy —
1/2(€1+42). Notice that in this basis, Q is not the difference, but the sum of the number operators.
Furthermore, it presents a shift compared to the number operator of the non-relativistic fermions.
The single particle correlation matrix associated to the normalised composite density operator

px = pf(pf))T ) Z is 174,479
Iy =(1+T, 0 )" YTy +T), (13.A.5)

where the normalisation factor is Zy = Tr(I'x) = Tr(p?%). In terms of eigenvalues of correlation

matrices, we can write [479)

N X\ n/2 X\ n/2
b+ 1 vy : 1 vy
log N, =—ja—+ 1 o
og Ny («) la—y g og [( 5 +e 5 +

=1

N (13.A.6)
+ ’;;log [+ -¢),

where vy and (; are eigenvalues of the matrices I'y (13.A.5)) and C (13.A.2)), respectively. In terms
of the eigenvalues v’s of I'y (13.A.4)), the charged normalisation N;(«) is

N
. U+l L —vj ia (1 +Vj
log N1 (a) = —icx 5 + E log [( 5 ) +e ( 5 . (13.A.7)

J=1

Taking the Fourier transform of the numerical data for N, («) and Nj(«), we finally obtain the
imbalance resolved negativities.






Chapter 14

Quench dynamics of Rényi
negativities and the quasiparticle
picture

The study of the moments of the partially transposed density matrix provides a new and effective
way of detecting bipartite entanglement in a many-body mixed state. In this Chapter, we study
the time evolution after a quantum quench of the moments of the partial transpose, and several
related quantities, such as the Rényi negativities. By combining CFT results with integrability,
we show that, in the space-time scaling limit of long times and large subsystems, a quasiparticle
description allows for a complete understanding of the Rényi negativities. We test our analytical
predictions against exact numerical results for free-fermion and free-boson lattice models, even
though our framework applies to generic interacting integrable systems. This Chapter is based on
Ref. [586)].

14.1 Introduction

As already remarked in the introduction of this thesis, during the last decades, the study of
entanglement became a powerful tool to explore the out of equilibrium dynamics of quantum
systems. For closed bipartite systems, the von Neumann and the Rényi entropies of reduced
density matrices can be used as bona fide measures of the entanglement shared between the two
complementary parts. However, for mixed states, the entanglement can be studied via the partial
transpose of the RDM.

Unfortunately, computing the negativity or measuring it experimentally in quantum many-
body systems is a daunting task. This fact sparked a lot of activity aiming at finding alternative
entanglement witnesses for mixed states always starting from the partially transposed RDM. To
this aim, several protocols to measure the moments Tr(pgl)” of the partial transpose have been
proposed [88,456,/587,588] culminating with the actual experimental measure in an ion-trap setting
using shadow tomography [88.|456]. However, these moments are not direct indicators of the sign
of the eigenvalues of pz;l and hence of entanglement. Nevertheless, some linear combinations
of them are sufficient conditions (known as p,-PPT conditions, see below) for the presence of
negative eigenvalues in the spectrum [88,456] and so are witnesses of entanglement in mixed
states. However, in contrast with the logarithmic negativity, for which a quasiparticle picture was
derived in Ref. [589], results for the dynamics of the moments of the partial transpose are available
only for CFTs [581},590./591].

219
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Here, by combining CF'T and integrability, we derive the quasiparticle picture describing the
dynamics of the moments of the partial transpose, and several related quantities, after a quantum
quench in integrable systems. Specifically, we consider the Rényi negativities &, = log(ﬂ(pzl)”).

Note that &, are not proper entanglement measures, although the limit lim1 En., With n. an
Ne—>

even integer, defines the logarithmic negativity. In the following, we denote &(Lb) the standard
negativity defined according to Eq. (1.1.12) (that is an entanglement monotone for both bosonic

and fermionic systems) and &Y the fermionic one (that exist only for fermionic models), in

according to Eq. (12.2.20)).

We also consider the ratios R,, as

Tr(p} )"
R, T (14.1.1)
The ratios R, are studied in CFT [151,/152250,2511[592], due to their universality. Recently, they
were studied at finite-temperature critical points [593], and to probe thermalization [594,595] (note
that in Chapter [13| we refer to the ratios R, as Rényi negativities, unlike here). Here we derive
the quasiparticle picture for both &, and R,, focusing on the situation in which the subsystem A
is made of two equal-length intervals at distance d. The formulas that we derive hold in the space-
time scaling limit of ¢, ¢, d — oo, with the ratios t/¢,d/¢ fixed. Furthermore, these results allow us
to obtain predictions for all the p,-PPT conditions introduced in Refs. [88],456]. Interestingly, we
argue that the ratios R, in the space time scaling limit become proportional to the Rényi mutual
information. Finally, we provide numerical benchmarks of our results for both free-fermion and
free-boson models, although they are expected to hold for generic integrable systems.

After the introuction of the p,-PPT conditions in Sec. in Sec. we review the CFT
predictions for the out-of-equilibrium behavior of the Rényi negativities. Specifically, in Sec.
we derive the out-of-equilibrium behavior of the Rényi negativities and the ratios R, in CFTs. In
Sec. we introduce the quasiparticle picture (in section for the spreading of entangle-
ment and negativity, generalizing it to the moments of the partial transpose in section In
section we present numerical benchmarks for free bosonic (in section and fermionic
theories (in Sec. . In section we discuss the quasiparticle predictions for the p,-PPT
conditions. Finally, in Sec. we draw our conclusions and we discuss some possible extensions
of this Chapter.

14.2 Entanglement detection through partial transpose moments

Despite several sufficient conditions for entanglement in mixed states have been developed in
the literature, many of them cannot be straightforwardly implemented experimentally since they
require the knowledge of the full density matrix [13]. This is for instance the case of the PPT
condition. To overcome this difficulty, it was shown in [456] that the first few moments of the
partial transpose can be used to define some simple yet powerful tests for bipartite entanglement.
Given p:";l, we denote its k-th order moment as

pr = Tr(p)F, (14.2.1)

with p; = Tr(p:‘gl) = 1 and ps equal to the purity po = Trp%. The p3-PPT condition states that
any positive semi-definite partial transpose satisfies [456]

psp1 > p3, (14.2.2)
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or, in other words, if p3 < p3, then pa violates the PPT condition and must therefore be entangled.
The condition in Eq. belongs to a more general set of conditions, dubbed Stieltjes,,
involving inequalities among the moments pj of order up to n. They were introduced in [88]
together with a set of experimentally accessible conditions for detecting entanglement in mixed
states. The condition Stieltjess is equivalent to p3—PPT, and so we rename here the Stieltjes,,-
conditions as p,-PPT. As examples, p5-PPT and p7-PTT read, respectively [8§]

b1 P2 P3 P4
b1 P2 DP3 Do Pz Ps D
Ds=det |ps ps pa| >0, Dy=det |2 3 P4 5| >, (14.2.3)
ps P4 s b3 P4 P5 DPe
bs D5 D6 D7

from which one deduces easily the rationale for higher order condition.

14.3 Quench dynamics of Rényi negativities in CFT

In this section we review the CFT calculation of the temporal evolution of the Rényi negativities
between two intervals after a global quench in CFT as derived in Ref. [590]. We consider A =
A1 U Ay, where the intervals A; and Ay can be either adjacent or disjoint (see Fig. .

14.3.1 Out-of-equilibrium dynamics of the Rényi negativities

Before discussing the out-of-equilibrium dynamics after a quantum quench of the Rényi negativ-
ities in CF'Ts, it is useful to recall the imaginary time formalism for the description of quantum
quenches [44-46]. The family of initial states that are easy to work with in CFT have the form
e~ THahg), with |[g) being a boundary state. The expectation value of a local operator O is then

(O(t,x)) = Z7 {gho| T PHO(w)e 7™ [y (14.3.1)

where the damping factors e ™H have been introduced to make the path integral absolutely

convergent (see below), and Z = (1g|le 2 |¢)g) is the normalisation factor. The correlator in
Eq. (14.3.1) may be represented by a path integral in imaginary time 7 as [45]

(O(t,x)) = 27 / (@, 7|0, 7 = 1o + it)e I U (o b(w, o)) (B, 7)), (14.3.2)

where L is the (euclidean) Lagrangian corresponding to the dynamics induced by H, 71 can be
identified with 0 and 79 with 275. As shown in [44}46], the computation of the path integral in
Eq. can be done considering 7 real and only at the end analytically continuing it to the
complex value 7 = 7y + it.

In this way, the problem of the dynamics is mapped to the thermodynamics of a field theory
in a strip geometry of width 275 and boundary condition |¢g) at the two edges of the strip in the
imaginary time direction. At this point we have all the ingredients to derive the dynamics of the
Rényi negativities after a global quench in CFT. To calculate the time-dependent Tr(pz;l)” one
has to compute the correlator

Te(pl)" = (To(w1) Ta(ws2) Ta(ws) To(wa)) , (14.3.3)

where the expectation value has to be calculated in the field theory confined in a strip, and where
we denoted by w; = u; + i7 the complex coordinate on the strip (u; € R and 0 < 7 < 279). It
is convenient to employ the conformal transformation z = 7¢™/(27)  which maps the strip onto
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Figure 14.1: Time dependence of the Rényi negativities for quasiparticles with linear dispersion.
We consider two disjoint subsystems with equal length ¢ at distance d =0 (a), d < £ (b), d > ¢
(¢). The piece-wise linear behavior is described by Eq. ([14.3.4]).

the half plane, where the four point correlation functions of the twist fields can be computed by
knowing that they behave as primary fields with scaling dimenions A,, (cf. (1.4.15])). After the
analytic continuation to real time, in the space-time scaling limit ¢, |u; —u;| > 79, from Eq. (14.3.3)),

the Rényi negativities &, (cf. Eq. (1.4.14))) read [590]

0+l

&= -1 [QAnt FA, <
T

- — max(t, £1/2) — max(t, lo /2)> + (AP 2 — A)

X (max(t, ({1 + 2 + d)/2) + max(t,d/2)) — max(t, ({1 + d)/2) — max(¢, (¢ + d)/Z)}, (14.3.4)

where AT(?) is in Eq. , and we defined 1 = |u; — ug|, o2 = |ug — u4|, and d = |uz — ug|
(see Fig. . In deriving Eq. we neglected an additive time-independent constant that
originates from the correlation function of the twist fields, and that depends on the details of
the CFT under consideration. This is justified because Eq. holds in the scaling limit
l1,89,d,t — oo with their ratios fixed, and it describes only the leading behavior of the Rényi neg-
ativities &, in that limit, otherwise the computation of the four-point correlation function
would be non-trivial. Crucially, Eq. depends on both A, and A,(f). Notice that even
for finite d, &, exhibits a linear behavior at short times, due to the first term in Eq. .
This signals that &, are not good measures of the entanglement or the correlation between A;
and As. The reason is that for ¢ < d no correlation can be shared between A; and Ay because
the maximum velocity in the system is finite (see Fig. . We stress that Eq. is not
directly applicable to microscopic integrable models: Eq. (14.3.4)) is only valid for CFT, in which
there is a perfect linear dispersion, i.e., only one velocity. This is not the case in integrable lattice
models, where the excitations have a nonlinear dispersion. In the next sections, we will show how
to adapt Eq. to describe the dynamics of the Rényi negativities after a quantum quench
in microscopic integrable systems.

Finally, the dynamics of the ratio R, in Eq. (14.1.1)) can be derived combining Eq. (14.3.4))
with the results for Trp'} in [46]. The final result reads [590]

TrA,(f)
70
X (—max(t, ({1 + b2 + d)/2) — max(t,d/2)) + max(t, (/1 + d)/2) + max(t, ({2 + d)/2). (14.3.5)

log R, =

In contrast with Eq. (14.3.4), Eq. (14.3.5) does not depend explicitly on A,,, but only on Ag).
Before concluding, it is useful to discuss the qualitative behavior of &(Lf ) and — log(R%f / b)).
The typical behavior of the Rényi negativities, as obtained from Eq. ((14.3.4)), is reported in Fig.

for three typical values of the distance d between the two intervals of equal length ¢. &, is
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Figure 14.2: Illustration of the dynamics of —logRslf ™ for two disjoint subsystems with equal

length ¢ at distance d. On the left we report the shape of —logR,(If /) with a single velocity of

quasiparticles. On the right, there is a graphical representation for the quasi-particle spreading of
entanglement (for the case with all quasi-particles having the same velocity v = 1 as in a CFT).
Horizontal slices of the dark orange region count the quasiparticles shared between the two disjoint
sets at a given time.

always a piecewise linear function and it is negative at any time. For d = 0 one has a two-slope
linear behavior followed by a saturation to a volume-law scaling at long times. At intermediate
distance 0 < d < ¢ the behavior is more complicated with a change in the sign of the slope. For
d >/, é}(Lf /%) exhibits an initial linear decrease followed by a saturation, and a dip-like feature at
d/2<t<d/2+¢.

The dynamics of —log( 7(Zf / b)) (cf. Eq. ) is shown in Fig. for two equal-length
intervals. For t < d/2, it vanishes; for d/2 <t < (d + ¢)/2 it linearly increases, then it linearly
decreases with the same (in absolute value) slope until ¢ < (d + 2¢)/2, when it vanishes and
stays zero for all larger times. Therefore, at a given time ¢, it is proportional to the width of
the intersection between the two shaded areas starting from A; U As and showed in Fig. [14.2
(b). In other words, it is proportional to the total number of entangled pairs shared between A;
and Ag. This property suggests that in the scaling limit, R,, becomes an indicator of the mutual
entanglement between the intervals, although in general it is not an entanglement monotone.

Let us remark that Eq. is identical to the evolution of the Rényi mutual information
in Eq. apart from the prefactor. We will come back to the connection between these two
quantities in the following sections.

14.4 Quasiparticle picture for the Rényi negativities in integrable
systems

The goal of this section is to adapt Eq. (14.3.4) and Eq. (14.3.5)) to describe the dynamics of the
Rényi negativities and the ratios R, after a quantum quench in integrable systems. The main

observation is that Eq. (14.3.4) and Eq. (14.3.5) admit an interpretation in terms of a simple
hydrodynamic picture, a.k.a. the quasiparticle picture.

14.4.1 Quasiparticle picture

The quasiparticle picture for the entanglement dynamics after a global quantum quench has been
proposed in Ref. [46]. The underlying idea is that the pre-quench initial state has very high energy
with respect to the ground state of the Hamiltonian governing the dynamics; hence it can be seen
as a source of quasiparticle excitations at ¢ = 0. We assume that quasiparticles are uniformly
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created in uncorrelated pairs with quasimomenta (k, —k) and traveling with opposite velocities
v(k) = —v(—k) (for free models the uncorrelated pair assumption can be released, see [596-599]; for
interacting integrable models it has been argued that the pair structure is what makes the quench
integrable [600]). Quasiparticles produced at the same point in space are entangled, whereas
quasiparticles created far apart are incoherent. The quasiparticles travel through the system as
free-like excitations. At a generic time ¢, the von Neumann entropy and the Rényi entropies
between a subsystem A and the rest is proportional to the total number of quasiparticles that
were created at the same point at ¢ = 0 and are shared between A and its complement at time ¢
(see Fig.[14.1] (a)). Let us focus on the quasiparticle picture for the Rényi entropies in free models
(the quasiparticle picture has been derived rigorously for free-fermion models in Ref. [339]). In
formulas it reads as

ST (1) = / %sgg@(k) min(2[u (k)L 0). (14.4.1)

Here ¢ is the length of subsystem A, and v(k) is the group velocity of the fermionic excitations.
Importantly, in Eq. sgg (k) is the density (in momentum space) of the Rényi entropies
of the GGE thermodynamic state |[601H603] that describes the steady state after the quench.
Eq. predicts a linear growth for t < £/(2umax), With vpmax = maxg(v(k)) the maximum
velocity in the system, and then saturates to an extensive value at ¢ — oo.

For n = 1, i.e., for the von Neumann entropy the validity of Eq. :14.4.1; for a generic inter-
acting integrable model has been conjectured in Ref. [47,48]. Eq. (14.4.1) remains essentially the

same. Precisely, the contribution of the quasiparticles to the von Neumann entropy SS)GE is the
density of GGE thermodynamic entropy. The group velocities of the quasiparticles are obtained
as particle-hole excitations over the GGE thermodynamic macrostate [48,604]. This conjecture
has been explicitly worked out in several cases [47,48,/605,/606] and tested against numerics in
several interacting integrable models. [47/48, 607,608 Eq. has been generalised to describe
the steady-state value of the Rényi entropies [347-349]. On the other hand, the full-time dynam-
ics of the Rényi entropies is still an open problem, with the exception of one model [609,/610].
Eq. can be straightforwardly generalised to describe the dynamics of the mutual infor-
mation between two intervals. This allows to reveal how quantum information is scrambled in
integrable systems [611,612]. Remarkably, the quasiparticle picture for the logarithmic negativity
has been derived in Ref. [246]. By combining the quasiparticle picture with the framework of the
Generalized Hydrodynamics |613,/614] it is possible to describe the entanglement dynamics after
quenches from inhomogeneous initial states |615-620]. The quasiparticle picture for the entangle-
ment dynamics has been also tested in the rule 54 chain, which is believed to be a representative
“toy model” for generic interacting integrable systems [609,/610]. Very recently, the quasiparti-
cle picture has been generalised to take into account dissipative effects, at least in free-fermion
and free-boson models [621-624], to describe the evolution of the symmetry-resolved entanglement
entropies [132,/133], and for the characterization of the prethermalization dynamics [625].

To proceed it is useful to compare Eq. (14.4.1) with the CFT prediction for the dynamics of
the Rényi entropies [46]

1 7A,

S =

— in(2 . 14.4.2
0 2m min(2t, £) ( )

A crucial observation is that Eq. (14.4.1) can be formally obtained from the CFT result in
Eq. (16.4.11)) by replacing t — |v(k)|t, integrating over the quasiparticles with quasimomentum £,

and replacing —wA,,/(2719) — S(C?GE'
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14.4.2 The quasiparticle description for Rényi negativities

The quasiparticle picture described above can be adapted to describe the Rényi negativities &gf /%)

and the ratios log(R;f / b)), in integrable systems after a global quench.

Indeed, similarly to the Rényi entropies, from Egs. (14.3.4)) and (14.3.5)), by using Eq. (1.4.15)),

after replacing —mA,,/(270) — €n, —WA,(12)/(27'0) — 57(7,2), and by integrating over k, one obtains

that

U/ = / ;—f_ [45n|v|t + 2¢,, <€1 ;62 — max(|v|t, ¢1/2) — max(|v|t,€2/2)>

— (2, — 57(12))(max(\v]t, (1 + l2 +d)/2) + max(|v|t,d/2)
— max(|o|t, (61 + d) /2) — max([v]t, (d + £) /2))} . (14.4.3)

while the ratios R%f /%) read

dk
log(RY/?)) = / 559 (max(|vlt, d/2) — max(|vlt, (¢1 + d)/2)

— max(|v|t, (b2 + d)/2) + max(|v|t, ({1 + la + d)/2)) (14.4.4)
We defined

ok dd .
@k = | ) OCET (k) = s (k). (14.4.5)
2ep,/2(k) evenn

Clearly, Eq. (14.4.5) mirrors the structure of Eq. (|1.4.15)).

It is interesting to remark that by comparing Eq. (14.4.4) with the quasiparticle picture for
)

the Rényi mutual informations [4§] Iﬁﬁ: A, One obtains

(1-— n/2)IX{Z)2 n even

og = 4.

log(RY/Y) 14.4.6
(1-n)-24%2, nodd.

Moreover, by taking the replica limit ne — 1 in 57(1{/ b), we recover the quasiparticle prediction for

the negativity [589]

glf/o) — / %51/2(@ (max(2[vt,d) — max(2|v|t, {1 + d)

— max(2[vt, b2 + d) + max(2|v|t, {1 + o + d)). (14.4.7)

It was pointed out in [589] that Eq. is the same as for the Rényi mutual information (of
any index) by replacing €; /5 with the density of Rényi entropy. We stress that the same prediction
is valid for both standard (bosonic) partial transpose and for the fermionic one.
Finally, it is useful to observe that Eq. can be derived by using that if A; U Ay is in
a pure state then Tr((pzl)”) can be expressed in terms of Tr(p'y, ). More precisely, one can prove
that [152]
Tr(ph)" =

Tep', dd
{rp A O (14.4.8)

(Trpz/f)2 n even

where pa, = Tra,pa. Now, one can recover Eq. (14.4.6) by using Eq. (14.4.8)), and the definition
in Eq. (1.1.10)), and that if A; U As is in a pure state, Sﬁﬁ) = SX?. The fact that the result of the
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quasiparticle picture is not sensitive to A1 U A not being in a pure state reflects that the
initial state has low entanglement and that during the dynamics the entanglement is transported
ballistically.

Finally, for Eq. and Eq. to be predictive one has to fix the function sggp(k)
(cf. Eq. (14.4.5). Here we focus on out-of-equilibrium protocols for free-fermion and free-boson
models. In this situation, sggp(k) is determined from the population of the modes p(k) of the
postquench Hamiltonian in the stationary state (see Refs. [49,626] for a pedagogical review).
Actually, since p(k) are conserved they can be equivalently computed in the initial state, without
solving the dynamics. Specifically, one has that

sGell? (k) = £ log(£p(k)" + (1 F p(k))"), (14.4.9)

where the upper and lower signs are for fermionic and bosonic systems, respectively (and not
to fermionic and bosonic negativity). We remark that, although the quasiparticle prediction in
Eqgs. and is expected to be valid also for interacting integrable models, the full
quasiparticle picture for the Rényi entropies is not known.

14.5 Time evolution of Rényi negativities in free models: Numer-
ical results

In this section we provide numerical benchmarks for the results of Sec. [14.4.2] As an example
of free-bosonic system, we consider the harmonic chain. Our results for free-fermion systems are
tested against exact numerical data for a fermionic chain.

14.5.1 Mass quench in the harmonic chain

Let us start discussing the dynamics of the Rényi negativities after a mass quench in the harmonic
chain. The harmonic chain is described by the Hamiltonian

L-1
1
H = 9 ZP% +m?q; + (gnt1 — 4n)®, 4o = 4L, P0 = PL; (14.5.1)
n=0

where L is the number of lattice sites, ¢, and p, are canonically conjugated variables, with
[Gn, Pm] = 0nm, and m is a mass parameter. The harmonic chain can be diagonalised in Fourier
space and is equivalent to a system of free bosons. The dispersion relation of the bosons is given
by [49]

e(k) = [m? + 2(1 — cos(k))]/2. (14.5.2)

The group velocities are obtained from the single particle energies e(k) as

v(k) = dz(:)

= sin(k)[m? + 2(1 — cos(k))] /2, (14.5.3)

and the maximum one is vyax = maxv(k). In the mass quench protocol, the system is prepared
in the ground state [ig) of the Hamiltonian with m = mg. At t = 0 the mass parameter
is quenched from mg to a different value m and the system unitarily evolves under the new
Hamiltonian H(m), namely [¢(t)) = =" |¢g). The density p(k) (cf. Eq. (T4.4.9)) of the bosons
is written in terms of the pre- and post-quench dispersions eg(k) and e(k) as [45,46./49)

p(k) = % (:0((]2) + 2&?) - % (14.5.4)
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For free bosonic systems the Rényi negativities can be constructed from the two-point correlation
functions (giq;), (pipj) and (g;p;). Indeed, given a subsystem A containing ? sites, which could
be either all in one interval or in disjoint intervals, the reduced density matrix for A can be
studied [171,[590] by constructing the ¢ x £ matrices Qf} = (qiq;) ,P{? = (pip;) and Rf} = Re (q¢ipj),
where the superscript A means that the indices 4,j are restricted to subsystem A. Crucially,
a similar strategy can be used to construct the Rényi negativities (for the details we refer to
Ref. [590]). The main idea is that the net effect of the partial transposition with respect to a
subinterval A; is the inversion of the signs of the momenta corresponding to the sites belonging
to Al.

For the following, we restrict ourselves to the physical situation with A made of two disjoint
parts, i.e., A = Ay U As, with A1, Ay two equal-length intervals of length . We denote as d the
distance between A; and Ay (see Fig. . We only discuss the ratios — log(Rflb)) (cf. Eq. (14.1.7))).

The results are shown in Fig. Panels (a) and (b) show the quantities —log(Rq(q,b)) /¢ for
adjacent intervals, i.e., d = 0. The data are for several values of the intervals’ length ¢ up to
¢ < 80. Since we are interested in the scaling limit, we plot —log(RﬁLb)) /¢ versus the rescaled time
t/¢. For two adjacent intervals, the ratio exhibits a linear growth for ¢/¢ ~ 1.25, which reflects
the maximum velocity being vmax ~ 0.4. For larger times we observe a slow decrease toward zero
for t/¢ — oco. This slow decay is due to the slower quasiparticles with v < vyax. The solid line is
the theoretical prediction in Eq. . At finite ¢ and t the data exhibit some small corrections
from Eq. , which is recovered in the scaling limit ¢, ¢ — oo with their ratio fixed.

It is also useful to investigate directly the validity of Eq. (14.4.6)), which establishes a relation-

ship between Rfmf /" and the mutual information. To this aim, we introduce the difference dgf /%)

as
(f/b) (n/2)
g )08 ) = (=L, even (14.5.5)
! log(R,gf/b)) —(1- n)IA‘T:AQ, n odd

(b)

As it is clear from the insets in Fig. |14.3] dy,’ is very small in the region of linear growth, i.e.,
for 2vpaxt/¢ < 1 (an obvious fact, since in the scaling limit it is just 0 — 0). At fixed ¢, in the

non-trivial region, i.e. for larger values of the scaling variable 2vpaxt/?, d,(lb) is larger. However,

at fixed t/¢, the deviations dﬁ’) decrease with increasing ¢, and in the scaling limit ¢ — oo one
recovers Eq. (14.4.6). Precisely, the data suggest a behavior dﬁ? ox 1/¢.

14.5.2 Quench in a free fermion chain

We now discuss numerical results for free-fermion systems described by the Hamiltonian
L1
H= Z <2[C;'C}+1 +Cj165 + C;'CjJrl + C}HCJ‘] — hc;f-cj> : (14.5.6)
j=1

where {ci,c}} = 0;; are anti-commuting fermionic operators, h is a coupling parameter, e.g. a
magnetic field, and we neglect boundary terms (we are interested in the thermodynamic limit
L — o0). A Jordan-Wigner transformation maps the Hamiltonian to the well-known transverse
field Ising chain. However, the spin RDM is not simply mapped to the fermion RDM for two
disjoint intervals [174,627]. Instead, for the case of adjacent intervals they are mapped into each
other and so the following results for fermions apply also to the spin variables.
In terms of the momentum space Bogoliubov fermions the Hamiltonian is diagonal and the
single-particle energies are
e(k) = [n? — 2hcos(k) + 1]'/2. (14.5.7)
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Figure 14.3: Logarithms of the moments of the (bosonic) partial transpose after the mass quench
from mp = 1 to m = 2 in the harmonic chain. The quantity —log(R?)/¢ is plotted versus
rescaled time ¢/¢, with £ the intervals’ length. The analytical predictions represented by continuous

lines correspond to Eq. (14.4.4). The insets represent Eq. (14.5.5) and they prove the validity of
Eq. (14.4.6), i.e. the connection between the ratio R, and the Rényi mutual information.

We consider the non-equilibrium unitary dynamics that follows from a quench of the field h at
t = 0 from hg to h # hg. In order to parametrise the quench it is useful to introduce the angle
A(R) as

cos(A(k)) = 1 + hho (:(k()he;-(:)o) cos(k)

As for free-bosons, the central object to obtain the quasiparticle prediction is the density p(k) of
the Bogoliubov fermions. This is given by [628}629)]

(14.5.8)

p(k) = (1 — cos(A(K))).

5 (14.5.9)

The reduced density matrix can be completely characterised [171] by the two-point correlation
functions restricted to the subsystem A. From the covariance matrix associated to p4, one can

build the covariance matrix corresponding to the partial time reversal ,0]2”1 (see Ref. |
). The fermionic Rényi negativities £ introduced in Eq. (12.2.20) can be efficiently

computed in terms of the eigenvalues of the covariance matrix.

We discuss the numerical results for RS for two adjacent intervals in Fig. for the quench
with hg = 10 and h = 2. The data for —log(Rglf)) exhibit a linear behavior up to t/¢ ~ 0.5,
reflecting that vmax ~ 1. Similar to the bosonic case, finite-size corrections are present, although
the analytical prediction in Eq. is recovered in the scaling limit. In the inset, we also
investigate these scaling corrections. The symbols are the data at fixed ¢/¢ = 0.5 while the z-axis
shows 1/£. The crosses are the theoretical results in the scaling limit. The solid lines are fits to
the behavior 1/¢, and are clearly consistent with the data.

14.5.3 Quasiparticle predition for the p,-PPT conditions

Using the quasiparticle predictions obtained in the previous sections for the Rényi negativity, one
can write down the quasiparticle formulas for the p,-PPT conditions introduced in Sec.
see Eq. . For instance, the p3-PPT condition quantifies the violation of Eq. (14.2.2).
Specifically, the condition D3 = p3 — p3 < 0 signals the presence of quantum entanglement. As
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Figure 14.4: Logarithms of the moments of the (fermionic) partial transpose after a quench in
the fermionic chain (with hg = 10 and h = 2) for two adjacent intervals. Both —log( g )) /¢ and

&sf ) /¢ are plotted versus rescaled time ¢/¢, with £ the intervals’ length. The analytical predictions
represented by continuous lines correspond to Eq. (top panels) and (bottom
panels). The insets investigate the finite-size scaling corrections: the symbols are for the fermionic
negativity at fixed ¢/¢ = 0.5; the crosses are the theoretical results in the thermodynamic limit;
the solid lines are linear fits.

explained in Sec. other conditions D, > 0 can be obtained by considering higher moments
of the partial transpose.

We numerically investigate the p,-PPT conditions in Fig. for n = 3,5,7, and for quenches
in both the fermionic and harmonic chains. We focus on the situation with two adjacent intervals
and we are interested in understanding how the p,-PPT conditions are violated as a function of
time. The results in Fig. are obtained by using the quasiparticle picture prediction. As it is
clear from the figure, all p,-PPT conditions are violated at short times in both models. At infinite
times all the p,-PPT conditions give zero. These results are consistent with the behavior of the
logarithmic negativity [589).

Also the fine structure of these p,-PPT conditions is very interesting. In the short-time region
with a lot of entanglement (compare with the previous figures for R,) all the conditions are
violated. As the time increase and the entanglement becomes much less, the first condition to be
satisfied is ps (i.e. D3 > 0) and only after the other one (the panel on the left is particularly clear
in this respect) This implies that higher and higher p,-PPT conditions are necessary to detect
the very little amount of entanglement present at large time. This fact is not surprising, but it is
remarkable that it is captured so neatly by the quasiparticle picture.

14.6 Closing remarks

We derived the quasiparticle picture for the dynamics of the moments of the partially transposed
reduced density matrix after a quantum quench in integrable systems, and several related quantities
such as the Rényi negativities &, and the ratios R,. An interesting result is that the ratio R, is
proportional to the Rényi mutual information. Furthermore, this ratio is qualitatively similar to
the negativity and so it is then an indicator of the entanglement barrier for the quench dynamics
at intermediate time [589,(631-633]. Moreover, our results allow us to derive the behavior of the
pn-PPT conditions, which in contrast with standard entanglement measures for mixed states, such
as the logarithmic negativity, are easily computable and experimentally measurable for quantum
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Figure 14.5: The p,-PPT conditions for n = 3,5, 7 for the quasiparticle predictions of the moments
of the partial transpose introduced in Eq. . The quench parameters are hg = 10,h = 2
for the fermionic chain and m = 2, mg = 0.1 for the harmonic chain. We plot the quantity D,, in
Eq. . The p,-PPT condition is D,, > 0. To compare data for different n we multiply the
Ds by 10 and D7 by 106 for bosons (¢ = 30). For fermions the Ds is multiplied by 107 and D7 by
10 (¢ = 50). The violation of these conditions for at least one value of n reveals the presence of
entanglement between A; and As.

many-body systems [88,456]. We tested our predictions against exact numerical results for both
free-fermion and free-boson systems.

A natural followup of the results presented here is to test numerically the equality between
Rényi mutual informations and the ratios R,, for interacting integrable models. Another important
research direction is to investigate the Rényi negativities and the ratios R, in the presence of
dissipation [623].



Chapter 15

Rényi entropies and negativity for
massless Dirac fermions at conformal
interfaces and junctions

We investigate the ground state of a (1+1)-dimensional conformal field theory built with M species
of massless free Dirac fermions coupled at one boundary point via a conformal junction/interface.
Each CFT represents a wire of finite length L. We develop a systematic strategy to compute
the Rényi entropies for a generic bipartition between the wires and the entanglement negativity
between two non-complementary sets of wires. Both these entanglement measures turn out to grow
logarithmically with L with an exactly calculated universal prefactor depending on the details of
the junction and of the bipartition. These analytic predictions are tested numerically for junctions
of free Fermi gases, finding perfect agreement. This Chapter is based on Ref. [634].

15.1 Introduction

The remarkable scaling behaviour of the REEs in Eq. is altered at leading order by the
presence of a boundary [20]. For conformally invariant boundary conditions (bc’s), the entan-
glement entropy can be studied via boundary CFT [635-637], a framework that already found a
large number of applications in condensed matter and particle physics, such as quantum impurity
problems [638|, the multi-channel Kondo problem [639], D-brane physics [640] etc. For a finite size
CF'T of length 2L with conformal invariant bc’s at the two edges, the Rényi entanglement entropy
between the half-chain A = [0, L] and the other half is [20,[21]

_ ¢
12

up to finite terms that depend on the be’s. At leading order in L/e — oo, Egs. and
differ by a factor 2. This is heuristically understood because the two geometries differ by the num-
ber of entangling points and, in general, one expects the entanglement entropy to be proportional
to the size of the boundary of the subsystem. In both geometries mentioned above the origin of
the entanglement relies on the presence of completely transmissive entangling points, resulting in
some degree of quantum coherence among the subsystem and its complement. Conversely, when
the entangling points are completely reflective because of some additional boundary conditions,
the subsystems decouple, and the entanglement entropy between them vanishes.

A natural generalisation of the above scenarios regards the intermediate setting in which the
entangling points are partially transmitting and reflecting |641]. In the literature, such special

. L
Sn(A) (1+5) log = +.... (15.1.1)
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X

Figure 15.1: The conformal junction: M wires are joined together at x = 0 by a conformally
invariant scattering matrix S. We consider a tripartition in three sets A, B, C' with M4, Mg, Mg
wires each. The entanglement between A and B is given by the negativity . A bipartite
configuration is simply obtained by letting Mo = 0.

situations are known as permeable interfaces, defects, or impurities (and indeed we will refer to
them using all these equivalent names). A crucial result is that for free massless theories the defect
is marginal [642] and so can alter the leading behaviour of the entanglement entropy. Conversely,
interactions make the defect either relevant or irrelevant [642] ending up asymptotically in a
completely reflective or transmitting situation, respectively, as shown also by the scaling of the
entanglement entropy itself [643],644]. For free theories in the presence of a conformal interface
(i.e., scale invariant) Sakai and Satoh exploited boundary CFT to show that the scaling of the
entanglement entropy, for n = 1, is modified as [645]

L

S(A) = Mlog—+..., (15.1.2)
6 €

where T is a parameter which represents the transmission probability and Ceff(ﬁ ), dubbed as

effective central charge, is a monotonic function of its argument satisfying

cef(0) =0, cer(l) =c. (15.1.3)

Ref. [645] focuses on the free massless boson, but Eq. with a different ceq(v/7) has been
subsequently derived also for free massless fermions both by means of CFT [571,/646,647|, and
explicitly solving microscopic models [648-652] in the same universality class. While the scaling in
Eq. is expected to be a generic feature of conformal invariant (1+1)-dimensional systems,
the explicit functional form of the effective central charge depends both on the theory and the
details of the interface, eventually encoded in a interface operator (or, equivalently, in a bound-
ary state as explained in [646]). We mention that a class of completely transmissive interfaces,
dubbed topological interfaces, has been also considered in the literature [653-659]. While their ef-
fective central charge is always ¢, and they could be erroneously considered trivial, the O(1) terms
shrugged off in Eq. still contains important information about the boundary conditions,
strictly related to the boundary entropy of Affleck-Ludwig [247].

The permeable interface between two CFTs can be generalised to a junction of M wires.
The resulting geometry is depicted in Fig. in which the junction is fully characterised by a
scattering matrix S between the wires. Imposing that this matrix S preserves conformal invariance,
one finds consistency conditions that have been studied and solved for a large number of physical
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configurations [660-668]. The bipartite entanglement in these conformal (or star) junctions has
been studied in Refs. [650,669-671] but focusing on the entanglement between a single wire and the
remaining M —1 ones. A unifying framework to compute the entanglement of a generic bipartition
among the wires of the junctions is still missing.

The conformal junction is also a very obvious setup for the study of multipartite entanglement
because it is made of several wires and it is very natural to wonder about the entanglement between
a subset of them, not only two complementary subsystems. In this respect, the first configuration
that comes to mind is the tripartition in A, B,C with M4, Mg, Mo wires each, as depicted in
Fig. To study the entanglement of this tripartition, one can integrate out the Mc wires in
C, to get the reduced density matrix pqup. Then the entanglement between A and B with the
mixed density matrix paup is measured by the negativity. In the presence of a defect, it has been
computed for a bipartite geometry with M = 2 [672], exploiting its relation with the 1/2-Rényi
entropy for the bipartition of a pure state, but for a genuinely tripartite geometry at a junction
there are no results yet.

The main goal of this Chapter is to provide a general framework to deal with the entanglement
through permeable junctions of M (1 + 1)-dimensional free-fermion CFT. Following Refs. [641}
645, the strategy is to constrain the form of the general boundary state in a folded theory. Then,
being the theory free, we can reduce the problem to the computation of a charged partition function
in the presence of this boundary state. This approach also allows us to compute the negativity in
a tripartite geometry by properly implementing a partial transpose operation for free fermions.

The Chapter is organised as follows. In Sec. we review the folding trick which turns
the problem of constructing conformal interfaces into the one of building boundary states. We
review the construction of fermionic boundary states and we compute the partition functions
in the junction geometry. Using this result and the replica trick, we obtain the entanglement
entropy analytically for a generic bipartition between wires. In Sec. we combine the previous
formalism with the replica trick for the fermionic negativity. This allows us to obtain an analytic
prediction that we benchmark against numerical computations in Sec. In the same section,
we also describe an alternative technique for the computation of the entanglement of a fermion
gas on a star graph modelling the junction of interest. We draw our conclusions in Sec.

15.2 CFT approach: Rényi entropies

In this section we present the CFT approach for the evaluation of the entanglement in permeable
junctions of (1+1)-dimensional free-fermion CFTs, following closely Refs. [641,645,646]. As a first
application, we employ this method to compute the Rényi entropies between an arbitrary number
of wires at the junction.

Let us consider M wires of length L, each of them described by a CFT denoted by

CFT;, j=1,...,M. (15.2.1)

In Euclidean space-time, the junction looks like a booklet (with each page corresponding to one
CFT) bound along the imaginary axis at x = 0, see the left panel of Fig. As custom in this
kind of systems, we are going to work in the folded picture in which the system is represented as
a single CFT

M-CFT =CFT1 ® - -- @ CFTyy, (15.2.2)

i.e. the world-sheet is a single infinite strip of width L (we are dealing with a finite size quantum
system at zero temperature, so the space-time coordinate w satisfies Re(w) € [0, L]) where M
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CFT,®...CFTy

Jwl = L\ CFT; ®...CFTy

z = logw
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Figure 15.2: The folding procedure. The junction in Euclidean spacetime is the booklet with the
CFTs bound in & = 0 (left panel). The folding consists in merging together the M CFTs in a
worldsheet being a single infinite strip with an appropriate boundary state |S) at x = 0 (middle
panel). To compute the entanglement, we cut the system for |w| < ¢ and w > |L| (dashed lines)
and map the M-CFT onto a rectangle of size logg x 7 (right) with Re(z) € [loge,log L] and
Im(z) € [-7/2,7/2].

copies of the CFT live. See the middle panel of Fig. for a pictorial representation. The
joining between the distinct wires is specified by the boundary conditions along the lines

Re(w) =0, Re(w)=L. (15.2.3)

We require that the boundary condition at Re(w) = L decouples the replicas, and can be thus
described by a boundary state |B) factorised as

‘B> = |Bl> ®...’BM>, (15.2.4)

with |Bj) being a boundary state of CFT;. Instead, we assume that the boundary conditions at
Re(w) = 0 (describing the defect/junction), in general couple explicitly distinct wires. We denote
by |S) the associated boundary state in M-CFT. In the remainder of the Chapter, the precise
details of the boundary state |B) appearing at Re(w) = L would not matter and so we do not
specify more about it. The physical motivation is that, as long as it decouples the wires, we do not
expect that its features affect (at least at leading order) the correlation properties among distinct
wires. In contrast, this is not the case for the boundary state |S), and for this reason we have to
be very careful about its characterisation.

In order to have under control ultraviolet and infrared divergences in the entanglement entropy,
a standard trick [17,|18}242,246|673] consists in cutting the theory for |w| < & and |w| > L (see
Fig. [15.2) middle panel). The cut strip can then be mapped into a rectangle by the conformal
transformation

z = logw. (15.2.5)
The semicircles |w| = ¢ and |w| = L are mapped respectively onto the segments
z €loge +i|—n/2,7/2], ze€logL +i[-m/2,7/2]. (15.2.6)

The defect line at Re(w) = 0 is split into the two lines Im(z) = £7/2. This mapping is shown in

the right panel of Fig.
The partition function in this geometry can be written as

Z = (S|exp (-~ H)|S), (15.2.7)
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where 7 is the height of the rectangle (see Fig.|15.2)), while the hamiltonian is

H="""(Lo+ L), (15.2.8)

log %
with Lo, Lo being generators of the Virasoro algebra of CFT; ® ...CFT),.

So far, everything is general and no assumption on the bulk theory or the boundary state |S)
has been made yet. However, the knowledge of |S) is required to evaluate the partition function
(and, by replicas, the entanglement). From now on, we thus restrict the analysis to massless free
fermions for which we can provide a precise characterisation for the boundary state |S).

15.2.1 Boundary states for free-fermions

In this section, we first review the construction of boundary states for a theory of many species
of massless Majorana fermions [641,671]. Then we discuss the straightforward generalisation to
Dirac fermions, obtained through a doubling of the degrees of freedom [269)].

We consider M species of Majorana fermions. This CFT has central charge ¢ = M/2 and it is
described in terms of the left /right chiral fermionic fields

¢j7 175]7 j = 1""7M’ (15.2.9)

In radial quantisation [269|, restricting the analysis to the Neveu-Schwarz (NS) sector, one can
decompose the fermionic fields in their Laurent modes

A v U
W)= > zk+71i/2 PE) = > glfT];/Q (15.2.10)
k€Z+1/2 keZ+1/2

(In the Ramond sector, k would be integer and the discussion would be slightly more involved due to
the presence of a zero mode for k = 0.) Within this convention, the creation/annihilation operators
of a fermion of the j-th species in the mode k (k > 0) are W;k' The number k is (proportional
to) the momentum of the particle. More precisely, one can show that the commutation relations
between the fermionic fields and the Virasoro operators Lo, L are

[Lo, v’ )] = k¢’ ., [Lo,¥’,] = k', (15.2.11)

The effect of the scattering matrix S at the junction (as in in Fig. [15.1]) is nothing but a consistency
condition for the boundary state |S) reading

(1#{; + iSjﬂEi’k) |S) =0, (15.2.12)

where, hereafter, repeated indices are summed over. It has been shown [647,/674], that in order to
preserve conformal invariance at the boundary, S must be orthogonal

S e O(M). (15.2.13)

In particular the possible k-dependence of the scattering matrix is ruled out by scale invariance.

The solution for |S) of Eq. (15.2.12) is simply
$)= ]I ex (isjj'wiklﬁfk) 10), (15.2.14)

keEN—1/2
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with |0) being the vacuum of the theory. Notice that the different values of k are decoupled, a
fact that will simplify the forthcoming computations. Nevertheless, in general, different species of
particles are coupled, due to the possible occurrence of non-diagonal terms in the matrix S. Those
terms represent physically the amplitudes of transmission between different wires and cause the
entanglement among them.

We now consider a theory of M free Dirac fermions (having central charge ¢ = M), for which
the associated fields are ‘

woowt W T =1 M, (15.2.15)

where ¥ and U represent the particles/antiparticles respectively. This theory is equivalent to
a theory with 2M Majorana fermions, and so the previous derivation is valid also in this case.
The number of degrees of freedom is doubled and one should take an orthogonal real 2M x 2M
scattering matrix S € O(2M). However, if we further impose that the global U(1) symmetry

U — 0, Ol et (15.2.16)

is preserved by the boundary conditions, there are additional constraints on the scattering matrix.
This requirement corresponds to the property that a left/right particle can be produced from the
vacuum (through the boundary state) together with its right/left antiparticle only. Requiring
that this symmetry is preserved by the boundary conditions, we end up into a complex unitary
scattering matrix

SeU(M), (15.2.17)

that constrains the boundary state |S) as
(\Iﬁi + z'sjj@ik) 1S) =0, <\pg + z'sjj,\p“k> 1S) =0, (15.2.18)
with S being the matrix complex conjugated to S. The solution of such constraint is

$)= I exp (iS00, 00, + (v < wh) j0). (15.2.19)
keN—1/2

A property of the state |.S) in Eq. (15.2.19) is that it contains two decoupled contributions, depend-
ing on the right and left moving particles. We will use this property to simplify the computations
in the following sections.

15.2.2 Rényi entropies for a generic bipartition between wires

We describe how to compute the n-th Rényi entropies of a subset made up of M4 < M wires via
the replica trick. Given a subsystem A of a generic QFT, the Rényi entropies of integer
order n can be obtained in a replicated theory with n copies of the QFT, i.e. in QFT®", which
are cyclically joined along A by a branch-cut connecting the i-th and the (i + 1)-th replica [20].
The moments of the reduced density matrices can be then written in terms of a ratio of partition
functions as [20}21]

Zn

== 15.2.20
i (15.2.20)

Tr (o))

where Z,, is the partition function of the replicated theory while Z" is just the partition function
of a single replica raised to the n-th power.
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In the case of the bulk free Dirac fermion, the partition function Z, can be further factorised
using the replica diagonalisation as, e.g., shown in [176] and exploited in Chapters Within
this method, the replicated partition function Z, can be rewritten as

n—1
2 2
z.= [ = <ap = Zp) . (15.2.21)
__n—1

2

Plugging Eq. ([15.2.21) for 2, into Eq. (15.2.20) one has Tr (p%y) =[], (Z1(ep)/Z1) in which the
ratio Z1(ayp)/ 21 can be expressed as the vacuum expectation value of the operator associated to
the action of the U(1) symmetry restricted to A, namely

Zi(a) = (0]e™@40). (15.2.22)

Here @) 4 is the charge operator which counts the difference between particles and antiparticles in
the subsystem A, while |0) is the vacuum of the theory. Notice that these charged partition sums
are the same appearing in the calculation of the SREEs [T.4.2]

While Ref. [176] and most of the subsequent literature focus on the ground state of the system
in the absence of boundaries, the same considerations apply more generically and in particular to
the case of interest here. The reason is that the boundary state of interest is Gaussian
(it is an exponential of a bilinear of fermions) and thus the functional measure is Gaussian too: in
other words, the theory is free both in the bulk and at the boundary. Hence, in our specific case,
we start from the theory M-CFT = CFT; ®...CFTj; and we replicate it n times, ending up with
M-CFT®". Then, to compute Z, we perform a diagonalisation in replica space and end up with
the product of n charged partition functions which are given by Eq. with the insertion of
the appropriate flux, i.e. (with our normalisation Z; = 1)

Z1(a) = (] ei*@aglotlo|g) (15.2.23)
Here the modular parameter
272
_ _ 15.2.24
1= (“iz7m) o220

has been introduced for later convenience. Our goal then becomes the computation of
Zi(a) = H (0| exp (—i(ST)jj/@f;\I’Ti + (¥« \I'T)) glothogioQay
keN—1/2
exp (180, 0 + (0 W) [0), (15.2.25)

in the limit ¢ — 1, corresponding to % — o0. For this purpose, we firstly decompose S, which is
a unitary M x M matrix, in a block diagonal form

Saa Sap
S = . 15.2.26
<SBA SBB> ( )

Here A stands for the M4 species belonging to the subsystem A, while B refers to the remaining
Mp = M — M4 species. Further, we split the set of indices j = 1,..., M4 4+ Mp, associated to all
the species, in the following two sets

a=1,...,Ms, b=1,....Mp (15.2.27)
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to shorthand the species of A and B respectively. In this way, the charge operator Q4 is

> W4T — (T - T, (15.2.28)
keN—1/2
where the summation over the index a is understood.

We consider the contribution to the partition function (15.2.25)) coming from the single Laurent
mode k, which requires the evaluation of

(0] exp (—z‘(ST)jj@i\Iﬁ{) gLo+LogiaQa exp (z'sjj,\w{ ST k) 10) . (15.2.29)

The details of this computation can be found in [634], where we have found the analytic expression
of the U(1) charged partition function in Eq. (15.2.25)), which reads

2
Z1(a) x H det (1 + 2(SLASAA +(1- SLASAA) cos a)g?F + q4k) . (15.2.30)
keEN—1/2

According to Eq. (15.2.21)), the n-sheeted partition function Z, can be written finally as

n—1

H Zi(a=2mp/n) x

n—1

p=—"5

'nl

2
H H det ( + 2( SAASAA +(1- SAASAA) cos(2mp/n))¢** + q4k> , (15.2.31)
p=—"51 keN—-1/2

which is the main result of this section, although not yet written in a very transparent form.

From Eq. it is clear that in the presence of several wires belonging to A, M4 > 1,
there are M4 factorised contributions depending on the eigenvalues of 1 — SL 4544 and coming
from the presence of the determinant of a M4 X M4 matrix. In other words, if we define

Zn 1, = H 11 ( — 7o) + Tacos(2mp/n)) > + q""“)2 : (15.2.32)

p=—"251 keEN-1/2
as the contribution coming from the generic eigenvalue 7, € Spec(1 — SL 4544), one has
A
zZ, =] 2n7, (15.2.33)

where 7, can be interpreted as generalised effective transmission probabilities. Plugging this
relation in the definition of the Rényi entropies in Eq. (1.1.5]), one gets

A
= S (15.2.34)
with . z
_ n,Ta
Sn 1, = T log Zn (15.2.35)

1,7a
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being the Rényi entropies associated to each 7.

For the sake of completeness, we provide the explicit result for the partition functions and for
the entanglement entropies in the relevant limit % — 00. Since the total entropy is just given by
the sum of M4 independent contributions with effective transmission 7, it is sufficient to write
only one term. For convenience, we also define a parameter o/, being a function of a and the
effective transmission 7, satisfying

2cosa’ = 2(1 — Ty + Ty cos ). (15.2.36)
The infinite product appearing in Eq. (15.2.30]) which gives the U(1) partition function is explicitly

evaluated in [634], obtaining
’ 2
Zi(a) _ [ 05(5.9)
= L ) 15.2.37
21(0) ( 2(0.9) (15:237

In the limit ¢ — 1, the leading term of the partition function gives

Zl(Oé) N 1
21(0)  logg

log

., y a’\? L
(Lig(—ew‘ ) + Lig(—e™') — 2L12(—1)) = - <27r> log ~, (15.2.38)

with o/ given by (15.2.36). Summing over the n values of the flux «, one gets straightforwardly

the n-th Rényi entropies plugging Eq. (15.2.38)) into Eq. (15.2.21)). After some long but simple
algebra, the final result is

S - QLnZ/ZJ in2 T M 1 £ (15.2.39)
nTe = 2 —1) 2 arcsin® | v/, cos o og o 2.

which matches the one in Ref. [650] where also the analytic analytical continuation to n — 1 can
be found and it is not repeated here. We stress that the major advance in this section compared
to the existing literature [650},671] has been to understand how the elements of S44 combine (via
the eigenvalues of (1 — SL 4544)) to give the entanglement entropy of more than one wire, while
previous studies focused on a single one. This result is also preparatory to the calculation of the
negativity reported in the following section.

15.3 CFT approach: Fermionic Negativity

In this section we apply the CFT formalism to the calculation of the (fermionic) negativity between
two subsets of wires of a conformal junction. We will proceed via the evaluation of the Rényi
negativity for even n = n. and then we will study the replica limit n, — 1.

15.3.1 Rényi negativities

We consider the conformal junction of Fig. with the subsystems A, B, and C formed by three
sets of wires. We are interested in the (fermionic) negativity between A and B. We denote by
Z, the partition function in the n-sheeted Riemann surface built in such a way to implement
the partial transpose in the subsystem B (see Refs. [151,152}/163,/164], Sec. for more details
on the partial transpose also for the fermionic case). Z, can be further factorised using the
replica diagonalisation, such that it becomes the product of n single-replica U(1) charged partition
functions, similarly to what has been done for Z,, in the previous section, but with some differences.
Let us focus on even n = n,, which is the only necessary object to compute the negativity. The
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needed charged partition 2:,’1(04) has twisting phases equal to ¢/ in A and ¢/™® in B, ie. it
reads [163,/479) ' '
Z1(a) = (0]e’*@ae=H =m0 (15.3.1)

The operator ¢*?4 implements the U (1) symmetry restricted to A, while e~ Ue=mQ5 inverts the
flux (¢ - —a) and it introduces an additional phases —1 along B, which is the combined net
effect of the partial transpose operation on fermionic systems. The final result of this approach is
that the n.-th Rényi negativity can be computed as

ne—1 .
Zi(a=2mp/ne)
_ RpneY) _ Rpyne | _ 1
En, =logTr (\m%\" ) = log Tr ((pA%)" ) = > log 70 =. (15.3.2)
_mne—1

p=

In the presence of boundaries, the U(1) charged partition function straightforwardly becomes

Z1(a) = (] ghothocrQailamman |5) —
[T (Olexp (~i(sh T+ (@ o wh) ghotFox
kEN—-1/2

¢i0Qa—ila-m)Qn gy (Z St T (0 e qﬁ)) 0), (15.3.3)

Eq. (15.3.2)) with ((15.3.3]) holds for a generic tripartite fermionic system with no assumption.
To proceed for the calculation of the wire junction we restrict to the following specific situation:

o My,Mp, My =1, so that the total number of wires is M = 3.

e S is not only unitary but also Hermitian, which means that S? = 1 and its eigenvalues can be
just £1. For some physical systems (including the Schrodinger junction in the next section),
the hermiticity of the .S matrix is a necessary condition for physical consistency. Hence this
is not at all a very restrictive assumption.

With these working assumptions it is possible to obtain nice analytic results in a rather compact

form. More general expressions (e.g. for more wires) can also be obtained, but at the price of more

cumbersome computations and less intelligible final results without any major physical insight.
It is clear from Eq. that for M = 3 the key object to be evaluated is

(0| exp (—iSjjlﬁin?;) qLo+Eoez‘aQA—z’(a—7r)QB exp (Z'Sjj,\lﬁj_k@j_/k> |0) =

Saa —e 2Sup e S0
det 1+q2kS —eizaSBA SBB —eiaSBc , (15.3.4)
e"“Sca —e Sep Scc

where we used the commutation relations between grotlogiaQa—i(e=m@s gn( the fields and the
formula for the vacuum expectation value [634]. The determinant of the 3 x 3 matrix appearing
in can be evaluated directly, but it is useful to discuss first the constraints due to the
unitarity of S. We define the matrix O as

Saa —e 298, g e Sye
O=85|—-e?Spy SpB —eSpe |, (15.3.5)
e*“Sca  —eScp Scc

and we verify the following properties:
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e O is unitary (OOT = 1) and its eigenvalues are phases;
e det(O) = 1 and the product of the eigenvalues is 1;

e O = SO'S and the spectrum of O is thus invariant under complex conjugation, a feature
that relies on our hermiticity assumption S = ST.

These properties imply that the spectrum of O has to take this form

/

Spec (0) = {1, ¢~} (15.3.6)
with & a real parameter depending on S and «, defined by the following property

2cos & + 1 =Tr(0), (15.3.7)

which is a consequence of Eq. (15.3.6). The determinant det(1 + ¢?*O) can be thus computed
taking the product over the eigenvalues of O as follows

det (1 +—q2k€?) = (1+¢*) A+ ) (1+¢%e ) = (14+¢) 1+ (Te(0) = 1) +¢*). (15.3.8)
Evaluating Tr(O) and using again the unitarity of S, we can rewrite Eq. as
dﬁ(1+q%0):(1+q%ﬂ1+2asdfk+q%L (15.3.9)
and the explicit expression of &’ as a function of the S matrix is
2c0s @ = —14544+5%5+S20+(—1-S2c+5%5+57%4) cos(2a)+2(S%5—S% 4) cos . (15.3.10)

Notice that & does only depend on the diagonal entries of the matrix S and on the flux .
Putting all the pieces together, we express the partition function Z;(«) as

Zi(a) = H (14 ¢*)%(1 + 2cos &' ¢?* + ¢*%)2 (15.3.11)
keN—1/2

We find the same formal structure of the partition function which appeared for the Rényi entropies

in Eq. (15.2.30)), up to the replacement o/ — &’. Analogously to Eq. (15.2.38)), for L/e > 1, we

have
Z Y\? L
1%AN”:—<Q>1%, (15.3.12)
Z1(0) 2 €

with & given by Eq. (15.3.10)), which is the main result of this section. Indeed, by plugging this
result into Eq. (15.3.2)), we obtain the Rényi negativities

(ne—1)/2
1
Ene = — (m (z: . arccos’ (S%C +(—1- S%c + 8% 5 + S44) cos(2mp/ne )+
p=—(Ne—

+(Shy — S34) cos(2mp/nc)) ) log — . (15.313)
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15.3.2 Analytic continuation

The representation of &,, as a sum, appearing in Eq. , gives an expression valid only when
ne is an even natural number. To proceed to the calculation of the negativity, we should provide
its analytic continuation for n. being a generic number in the complex plane. To this goal, the
strategy we device is the following:

e The U(1) partition function 21(a) in Eq. (15.3.12)) can be expressed through an integral
representation in the limit ¢ — 1

Z
2O S 2logf1 +¢) 720+ 2cosalg? )
1(0) keN—1/2
~ “Togq /s [log(l +2cosat +t°) — 2log(1 +t%)]; (15.3.14)

e The sum over the value of fluxes ({15.3.13]) can now be performed inside the integral. Through
some simple trigonometric identities, this leads to an analytic continuation of the integrand.

e The final result is an integral, which represents our analytic continuation.

Let us report here the final result of this computation:

o log(L/e) / t
0

2 t
o (1 — /=2 + 2)V? 4 (x1 + /=2 + 22)V2) (29 — /1 + D)% + (22 + /1 + 22)1/?)
& 2(1+t)
(15.3.15)

15.4 Schroedinger junction

In this section, we describe a fermion gas on a star graph modelling a junction made up of M wires
of length L, joined together through a single defect. We introduce a slightly different framework
(compared to the existing ones in the literature) which allows us to efficiently perform exact
numerical computations also for the negativity. The CFT predictions of the previous sections are
checked against these exact numerical results.

15.4.1 Correlation functions

Let us consider a star graph like the one in Fig. where now on each wire there is a gas made
of N spinless fermions. The M wires are decoupled everywhere but in the vertex of the graph
and their mixing is described by a non-trivial scattering matrix. We consider the ground state
of such system with N particles. The same system has been studied in Ref. [650] by the overlap
matrix approach [669}/676] which is the starting point of our analysis. Each point of the junction
is parametrised by a pair

(z,j), z=e€l0,L], j=1,...,M, (15.4.1)

where j is the index identifying the wire and x > 0 the spatial coordinate along the wire. The
bulk hamiltonian of the system is

M L
H= ; /0 o (0:01(2)) (29 ()), (15.4.2)
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with U, \Il; being the fermionic fields associated to the j-th wire (also called Schroedinger field,
from which the name Schroedinger junction). We consider a scattering matrix

Sy dj=1,...,M, (15.4.3)
describing the defect at = 0, which has to be hermitian and unitary [650,663]
S=5" 855T=1. (15.4.4)
The most general boundary condition along the junction is
A(1 = 8)T(0) — i(1+ S)9,T(0) = 0, (15.4.5)

where W = {W;},_1 _a, A is an arbitrary real parameter with the dimension of mass. To fully
specify the problem, we also need to impose boundary conditions at the external edges of each
wire that generically take the form

(02 W:)(L) = V(L) (15.4.6)

where u; are again real parameters with the dimension of mass. In order to simplify the treatment,
it is possible to diagonalise S via a unitary transformation ¢/ and its eigenvalues are just £1. It is
custom [663,664] to introduce a set of unphysical fields {¢;(z)}

M
Ui(x) =Y Uijp;(x), (15.4.7)
j=1

so that in terms of these ¢;(z), the boundary conditions decouple as

02:(0) = mipi(0),
drpi(L) = pipi(L),

where the y’s are linear function of the y;’s whose form is irrelevant. For the junction to be scale-
invariant, we require each of the dimensionful parameters 7; and u; to be either 0 or co. The choice
corresponds to either Neumann (0,p; = 0) or Dirichlet (¢; = 0) boundary conditions at x = 0
and x = L. We impose Dirichlet boundary conditions (u; = 0o0) at = L for all wires. Conversely,
the values of 7; being 0 or co depends on the diagonalisation of the S matrix, see [650,/663}664].
Hence, the unphysical fields ¢;(z) have Dirichlet be’s at = L and either (Neumann or Dirichlet)
at £ = 0, so that it is natural to use the short-hand notation

(15.4.8)

ND Neumann-Dirichlet, DD Dirichlet-Dirichlet, (15.4.9)

to refer to the two possibbilities. For these two possible boundary conditions, the single-particle

wavefunctions are
¢DD(nx)—\/zsinw n=1
) - L L M - 9yt

QSND(n,x):\/Ecosm_lI{Q)mc, n=1,....

We work in the ground state with fixed particle number N for each wire, so that the correlation
function is

(15.4.10)

Cpp(x,y), DD bc’s

(15.4.11)
Cnp(z,y), ND bc’s,

(o @)s (1)) = b {
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with
N DD =5 sin N+Ll/27r($ )
CDD(xa y) = Z (b (n>$)¢ (n7y> = . w(z—y) - (y - _y)
el 2hsimTor™ (15.4.12)
N ND —~5— _ sin %ﬂ'(l’ —v) a
Cnp(z,y) = > P (n,2)¢ (ny) = ——— + (U= —v).
n=1 2L sin 55
Going back to the physical fields {¥;};, linear algebra straightforwardly gives
1+ 1-5
Colon) = W@wi) = (*57) Cwote)+ (*57) Conton) (5413
ij ij

The matrices % are the projectors over the eigenspaces of S with eigenvalues 1 respectively.

The correlation functions are continuous kernel of the spatial variables. While it is
possible to work directly with such kernels (as done, e.g., in Refs. [394,677]), it is more convenient
to work with a finite-dimensional representation of such correlation. In [634], a representation
which is particularly useful for numerical applications has been derived and it is equivalent to the
overlap matrix approach [669]. The main result reads

1-S (1 Q\ . 1+S _[(0 0
C_2®<O 0>+2®<QT 1), (15.4.14)

with ) being a N x N matrix defined by

Qs = 2/01 dz sin (n7z) cos <<n’ - ;) mc> = s (f:_ Yok (15.4.15)

15.4.2 The Rényi entropies between two arbitrary sets of wires

A useful auxiliary quantity for the computation of the entanglement entropy and negativity is the
matrix I' = 1 — 2C (sometimes referred to as covariance matrix). Using Eq. and the
finite-dimensional representation of the correlation matrix in the previous section, we can express
it as

1-T?=4C(1-C)=(1-5%® (Cyp —Cpp)>. (15.4.16)

When T refers to the entire system, given that S? = 1, it is zero in the “wire space”. However,

Eq. has a very convenient form for the restriction of I' to a subsystem A made of My
wires because of the tensor product structure in internal and spatial coordinates. It is in fact
enough to replace S — S44, i.e. the projected S-matrix to obtain I'44, the covariance matrix
restricted to the subsystem of interest:

1— F?ﬁm =(1- 5,24A) ® (Cnp — CDD)z, (15.4.17)

with S44 being a M4 x M4 matrix. In general 1— S?M >0,andso 1— F?M is positive semidefinite.
We recall that the matrix representation for (Cyp — Cpp)? is

— 0ot
(Cnp —Cpp)? = <1 ((;QQ ) _%TQ> _ (15.4.18)

Since 1 — QQ' and 1 — QTQ have the same spectrum, the spectrum of (Cxp — Cpp)? is obtained
by two copies of the spectrum of 1 — QQT.
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To start, let us recover the results [650] for the case when A is a single wire. First, taking
M = 2 and the completely transmissive S-matrix

s= (% 1), 15.4.19
(o) (15.419)

the correlation function of a single wire A satisfies
1—-T%4 = (Cnp — Cpp)*. (15.4.20)

The spectral properties of 1 — Fi 4 are then the one of a gas on the line [—L, L] bipartite as
A=10,L] and B = [-L,0]. For a generic S-matrix of two wires [641,663]

1— 2 i
5= (Vi 5¢ , (15.4.21)
e —\/1—|s|?

Taais

1-T%4 = |s*(Cnp — Cpp)?, (15.4.22)
and so the eigenvalues of 1 — Fi 4 are just rescaled by a factor 5|2, in agreement with what
known [650] from the overlap matrix. In the case of A being one of the M wires in a junction, in
the above equation is enough to replace s with the transmission coefficient of A.

Once the covariance matrix I'44 is known, the entanglement Rényi entropies are [171]

1 14+Taa\"  [1-Tas\”
Su(A) = 7——Trlog <<+2AA> + <2A“‘> > = Sur, (15.4.23)
Ta

Using the basic property about the spectrum of a tensor product

Spec(X ®Y) = {zy;}ij, xi € Spec(X), yj € Spec(Y), (15.4.24)

we get that the Rényi entropies between A and the complementary wires B are

Sn(A) = Sna (15.4.25)
Ta

where the 7,’s are the eigenvalues of 1 — SE‘ 4» Which play the role of a transmission probability,
and S, 1, is the Rényi entropies of a single wire with transmission probability 7,. This analytic
results for the microscopic model perfectly match Eq. in CFT. We also notice that the
relation Sy, (A) = S, (B) comes from the fact that 1 — 5%, and 1 — S%5 have the same non-zero
spectrum (i.e., the same eigenvalues up to the vanishing ones).

To conclude this subsection, we present a numerical test for the validity of the CF'T result for
the logarithmic scaling of the Rényi entropies. Since the case of A consisting of a single wire has
been discussed and tested in Ref. [650], we focus here on a four-wire junction and the subsystem
A consisting of two wires. The S matrix is chosen of the form

—V1—s? -5 0 0 1 0 0 0
S_U —s Vi—s2 0 0 gl U 0 —cosf® —cosfsinf  sin?6
0 0 -1 0 ’ 0 siné —cos?  cosfsind
0 0 0 1 0 0 sin cos

(15.4.26)
The numerical results are reported in Fig. finding a perfect agreement with CFT.
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Figure 15.3: Left panel: The Rényi entropies S,,(A) in a four-wire junction where A is made up
of two wires. We choose different values of s,0,n and we plot it as a function of the number of
particles N. The lines show the curve C,(s,8)log N + by + by N~1/" where the coefficients b; are
fitted using the data for N > 80. The coefficients C,,(s,6) are obtained by summing over the
single-wire results, as explained in Eq. . Right panel: The coefficient of the logarithmic
term of the negativity between two wires (A and B) as a function of 6, with fixed s = 0.75. The
solid line corresponds to Eq. while the points have been obtained through a fit of the
numerics with the form alog N + by + by N L.

15.4.3 Entanglement negativity

We now consider a tripartition AU B U C, where A (B) contains M4 (Mp) wires, and we study
the entanglement negativity between A and B. This amounts to project the scattering-matrix S
over a subset of rows/columns belonging to AU B. In particular, we denote

(CAUB)Z'j('r? y) = <\Il;(x)\111(y)>, 17.7 = 17 cee 7MA + MBv (15427)
as the correlation function of AU B, and
(SAUB)Z‘J' ESij, t,7=1,....,Ma+ Mp, (15.4.28)

as the restriction of the scattering matrix; Saup is not unitary in general, and it satisfies the
following relations

(SauB)’ = (Saup), 0<(Saup)* <1 (15.4.29)

Using the matrix representation of the correlation function C' in Eq. (15.4.14)) and restricting it to
AU B, we obtain a (2N(M4 + Mp),2N(M4 + Mp)) matrix C4yp. The covariance matrix I qup
has the natural block form

F'aa T'ap
Taup = , 15.4.30
AUB (F r > ( )

from which we construct the matrix [163,|173]

2 —TI'44 0
rx = . 15.4.31
AUB 1+F,24UB ( 0 FBB) ( )
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The latter matrix I'} 5 is the crucial object to write the Rényi negativities &,, which indeed
are [163]

En. =log Tr (|paus|™) =

14+T% o\ /1-1% .\
Trlog +1auB " AUB n
2 2
14T 2 /1-T 2
%Trlog <<+2AUB) + <2AUB) ) (15.4.32)

The above equation is valid for arbitrary real n. (i.e. also for a non-even integer) and so the
negativity £ is obtained just by taking n. = 1.

Eq. gives the Rényi negativities in terms of the correlation matrices that, once nu-
merically evaluated, provides a test of the CFT results for the coefficient of the logarithm obtained
in Sec. [[5.3] For the numerical evaluation, we focus on a three-wire junction and on the two-
parameter family of scattering matrices given by

—V/1 — s2 -5 0 1 0 0
S=U —s Vi—=s2 0 |UY, U=[0 —cosf sinf|. (15.4.33)
0 0 -1 0 sinf cosé

We select as subsystems A and B the first two wires and compute numerically the Rényi negativity
for several values of s, 0, and N. In Fig. [15.3| we reported the coefficient of the logarithm obtained
as follows. We fixed s = 0.75 and we selected some values of 8; for each value of (s, ), we calculated
numerically the negativity, for several values of N up to 200. We fitted the obtained numerical
results with alog N + by + by N~!. Fig. finally reports the best fit of a as a function of theta
and compares it to the corresponding analytic result in Eq. , finding perfect agreement.

15.5 Closing remarks

In this Chapter we investigated the entanglement entropy and negativity for the ground state
of M species of free massless Dirac fermions coupled at one boundary point via a conformal
interface/junction.

We stress that our results apply to some different physical situations, too. For example, our
predictions are expected to hold also for lattice models of free fermions, in particular for M tight
binding chains of length L joined at a single common vertex (as, e.g., done in [651] for M = 2).
Furthermore, the logarithmic prefactors we obtained for entropy and negativity should appear also
in the study of a star junction of M infinite CFT, but when the subsystems consist of segments
of length ¢ starting from the interface.

We conclude the Chapter discussing few outlooks. The main focus of this work has been
the free-fermion CFT, but our formalism can be easily adapted to free complex boson too, to
study, e.g., the entanglement entropy and negativity across junctions of harmonic chains. The
same formalism can be further applied to the study of some out-of-equilibrium protocols for free
CFTs in the presence of defects (see, e.g., [644652,672,|678]). Another interesting open problem
is the generalisation to other CFTs such as the compact boson, WZW models (see [656] for the
interfaces of WZW), or minimal models. In all those cases we do not expect any kind of replica
diagonalisation, due to the lack of Gaussian measures, but still one could employ the replica
construction to investigate the negativity, as well as other entanglement measures.






Chapter 16

Entanglement barrier and its
symmetry resolution: theory and
experiment

The operator entanglement (OE) is a key quantifier of the complexity of the RDM, and in out-
of-equilibrium situations —e.g. after a quantum quench from a product state—, it is expected
to exhibit an entanglement barrier. The OE of the RDM initially grows linearly as entanglement
builds up between the local degrees of freedom, it then reaches a maximum, and it ultimately decays
to a small finite value as the reduced matrix converges to a simple stationary state through standard
thermalization mechanisms. Here, we report the results of the first experimental measurement of
the OE of a subsystem’s RDM in a quantum many-body system performing a new data analysis
of the published experimental results of Ref. [80]. The OE thus obtained displays the expected
barrier as long as the experimental system is large enough. For smaller systems it is absent. As
U(1) symmetry plays a key role in our analysis, we introduce the notion of symmetry resolved
operator entanglement (SROE), in addition to the total OE. To gain further insights into the
SROE, we provide a thorough theory analysis of this new quantity in chains of non-interacting
fermions, which, in spite of their simplicity, capture most of the main features of OE and SROE. In
particular, we uncover three main physical effects: the presence of a barrier in any charge sector,
a time delay for the onset of the growth of SROE, and an effective equipartition between charge
sectors.

16.1 Introduction

As we discussed in the previous chapters, the investigation of the dynamics of isolated quantum
many-body systems is still one of the main challenges of quantum mechanics. Recent develop-
ments in quantum simulation, opening the possibility of generating and probing complex quantum
states, have stimulated the investigation of out-of-equilibrium phenomena such as quantum chaos,
thermalization and many-body localization |679H682]. Owing to the highly tunable experimental
settings it has been possible to engineer Hamiltonian dynamics of closed quantum systems, rang-
ing from integrable to chaotic systems, and measure non-trivial observables, as the entanglement
growth following a quantum quench [80}81},683,/684] or out-of-time ordered correlators [685],686].
In typical situations when a system is driven out of equilibrium, any subsystem’s RDM evolves
non-trivially in time, approaching a stationary state. The evolution of the subsystem density ma-
trix, during this process, can be appropriately characterised in terms of its operator entanglement

249
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(OE), i.e. the entanglement entropy of an operator viewed as a state in operator space [687-690].

The OE is an interesting quantity in a wide variety of situations, and for multiple reasons. Most
prominently, in 1d systems, the OE is a quantifier of the approximability of a quantum operator
by matrix product operators (MPO) [631}/689-694]. Moreover, the OE often captures important
universal properties of the dynamics [631}6894691,694-699]. For instance, the OE of the evolution
operator U(t) = e "1 grows linearly in ergodic phases [631,/695], but only logarithmically in
localised phases [631,/691]. Another example is the OE of a local operator O evolving in Heisenberg-
picture, O(t) = e’'Oe~* which grows linearly in systems with chaotic dynamics [695] but only
logarithmically for integrable dynamics [697+699]. The time evolution of the OE is also closely
related to other fundamental entanglement measurements such as negativity [151,/152,/163,/173],
temporal entanglement [700H702], and reflected entropy [703}[704] The main operator we will focus
on in this Chapter is the RDM of a subsystem. Its OE has been theoretically shown to exhibit
an entanglement barrier [631}696,705]: after a quantum quench from a shortly-correlated state,
the OE of the subsystem density matrix initially grows linearly and then decays at longer times,
thus displaying a barrier-shaped curve. The initial linear growth is a consequence of the generic
linear growth of the (state) entanglement entropy after a quench [44,47], while the decay at later
times reflects the convergence of the RDM towards a simple stationary state, through the standard
mechanism of thermalization [706-708| (or relaxation to a Generalised Gibbs ensemble [709-711])
for isolated quantum systems. A similar barrier is also observed for the density matrix of the
full system when the latter undergoes dissipative evolution [692/694]. Such entanglement barriers
have important consequences in terms of the simulability of the dynamics after a quantum quench.
Indeed, as any MPO with bond dimension x has an OE which is at most log x [631}[712], we know
that, to approximate a density matrix p with OE equal to S, we will need a bond dimension at
least as large as e°. Consequently, a high value of the OE at the top of the barrier signals the
impossibility to use (low bond dimension) MPO methods to simulate the dynamics of the system.

Inspired by the relevance of the entanglement barrier, our goal is to show it can be observed
in an experimental quantum many-body system, using the randomised measurement data from
trapped ion experiments [80]. The randomised measurement toolbox |558] has enabled measuring
state-agnostically properties of the underlying quantum state such as purity and Renyi entangle-
ment entropies [80,,558.|713] negativities [88],89], state fidelities [714] and scrambling [557] with a
lower measurement cost compared to quantum state tomography.

The experimental setup of Ref. [80] also offers a hint to study how the OE is affected by the
presence of a U(1) symmetry. This gives us the chance to introduce the notion of symmetry
resolution for operator entanglement as it has been done for state entanglement. In this Chapter
we start the investigation of decomposition in symmetry sectors of the OE. The first challenge is
to identify the most appropriate supercharge operator (i.e. the operator in the space of operators)
responsible for a decomposition in symmetry sectors of the OE. Such identification allows us to
introduce the notion of symmetry resolved operator entanglement (SROE) E

The presence of an entanglement barrier in the different symmetry sectors and its relation with
the specifics of the dynamics is uncharted territory and is interesting both from a purely theoretical
standpoint and from the point of view of numerical simulations. In general, the intermediate
“bumps” characterising the dynamics of OE represent an obstacle for an efficient simulation of
the operator. It would be interesting to discover if and in which regime the existence of such a
barrier does depend on the symmetry sector, and therefore if, in the case of small entanglement,
it is possible to represent the operator as an MPO in any of them.

The Chapter is organised as follows. In Sec. we provide a bird’s eye view about both

"We note, however, that a slightly different definition of SROE, with respect to the one in this Chapter, was
already introduced in Ref. [694])
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the experimental results from the randomised measurement protocol and the theoretical ones. In
Sec. we introduce formally the operator entanglement (OE) and its symmetry resolution. In
Sec. using a combination of CFT and of exact analytical and numerical calculations in critical
free fermion chains, we study the SROE of the RDM pap of a subsystem AU B after a quantum
quench. Finally we draw our conclusions.

16.2 Summary of the main results

Here we provide a short summary of the results about the operator entanglement and its symmetry
resolution. The main points are also illustrated in Fig. The results are twofold, but in the
following sections we will mainly focus on the second point of the following list. More details about
the first one can be found in [716].

1. With a new analysis of the published experimental data of Brydges et al. [80], we were
able to identify and measure for the first time the OE and SROE of a subsystem’s density
matrix in a many-body quantum system. We employ the randomised measurements tool-
box [558] and introduce a new efficient method to post-process experimental data in order to
extract higher-order density matrix functionals. A schematic of this procedure is shown in
Fig. ) Subsequently, in Fig. )—d), we show the experimentally measured OFE and
SROE, respectively, as in Eq. , which are supported by tensor network simulations
modelling the full experiment. Our main observations are summarised here:

(a) We witness the entanglement barrier for OE and for SROE;, in a given symmetry sector,
for a bipartite subsystem AU B made up of four out of twenty ions. This barrier equally
presents bump structures due to finite size effects.

(b) We provide experimental evidence of the absence of the entanglement barrier when the
finite size effects are too large (e.g. for a subsystem of four out of ten ions of the chain).

(c) We observe a rough qualitative satisfactory agreement of SROE with the numerical
results, for some symmetry sectors. The sizeable deviation between theory and ex-
periment are mainly explained because of the small populations in the corresponding
symmetry sectors, that we understand using perturbation theory analysis and due to
the low measurement statistics performed in the experiment.

2. To gain insights into SROE and into its own entanglement barrier, we provide a thorough
theory analysis in chains of non-interacting fermions, which in spite of their simplicity capture
the main physical features of OE and SROE. In particular, for these models we obtain the
general formula in Eq. , which governs the evolution of the SROE. This formula
allows us to uncover three main physical effects, which we expect to appear more generically
in chains of qubits, beyond the simple non-interacting fermion ones. These effects are:

(a) the appearance of a barrier for SROE in any charge sector, which resembles the be-
haviour of the total OE;

(b) a delay time for the onset of the SROE that grows linearly with the charge sector of
the subsystem;

(c) the effective equipartition in the scaling limit of large time and subsystem size for small
charges (see Eq. (16.4.22))), where by equipartition we mean that the SROE is equally
distributed among the different symmetry sectors.
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Figure 16.1: Overview of the results: a) Schematic of the method to post-process the experimen-
tal data. After the quench dynamics, randomised measurements are performed. The collected
bit-strings are used to estimate OE and the SROE with a method we dub batch shadows esti-
mator. b)-d) Experimental results for the operator entanglement of the RDM (of 4 ions out of

20) S@(pap) and its symmetry resolution 552) (pap), as in Egs. (16.3.2)-(16.3.19)), after a global
quantum quench. The points correspond to the experimental data, the curves are numerical results
obtained via tensor network algorithms with (solid) or without (dashed) dissipation considered.
The entanglement barrier is visible for the total operator entanglement and the symmetry sector
g = 0. c¢)-e) Symmetry resolution of the OE of the RDM after a global quantum quench in a
free fermion chain under unitary evolution. c¢) Numerical data (symbols) with subsystem length
¢4 = 120 compared with quasiparticle prediction ([16.4.21)) (continuous lines). This plot shows the
three main features of the SROE in the thermodynamic limit, i.e. the barrier in each sector g, the
delay time and the equipartition for small ¢g. e) Symmetry resolution of the OE of the RDM after
a global quantum quench, for 4 sites out of a 20 sites chain. Comparing with the experimental
results in d), we can spot several qualitative features of OE although the model is short ranged
and there is no dissipation.
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These effects are visible in Fig. [16.1c). There we plot OE and SROE of the RDM, for a
bipartition A U B, where A and B are of lengths ¢4 and ¢p respectively (here { = (4 +
¢p = 256). The numerical results are obtained for a quench in the tight-binding model
from the Neel state (the calculation is performed in a finite periodic chain of total size

L =8x(ly+¢p)). The solid lines correspond to Eq. (16.4.21)).

16.3 Operator entanglement and symmetry resolution

In this section we introduce formally the OE, discuss its connection with mixed state entanglement,
and introduce its symmetry resolution in the presence of an additive global conserved charge.

16.3.1 Definition of Operator Entanglement

Let us now introduce the concept of OE for an operator O which acts non trivially in AU B and
admits the Schmidt decomposition [631]

O
—F————= ) X04,;®0p,, 16.3.1
T2 (070) ; i ®O0p, (16.3.1)
where Y, A? = 1, the operators O 4 ; (same for Op ;) obey the orthonormality condition Tr[OLVi, Oaj) =

d;; and the normalisation factor \/Tr(OTO) ensures that we deal with properly normalised opera-
tors. From this decomposition, we can quantify the entanglement properties of an operator through
the definition of the Rényi n-OE

1
SM™(0) — log > A", (16.3.2)
j

whose limit n — 1 gives the OE
S(0) = Y —Alog A3, (16.3.3)
J

16.3.2 Symmetry resolved operator Entanglement

In the presence of a global symmetry, the total OE of the reduced density splits in different charge
sectors, similarly to the SREE. To understand how this happens and the consequent notion of
SROE in a system with U(1) symmetry, let us focus first on a minimal illustrative example: a
3-qubits system, whose qubits are labeled A, B and C, in a state of the form (Ja|?+ |32+ |7|*> = 1)

1) g = @]001) + 8]010) + v |100) . (16.3.4)

This is an eigenstate of the total charge operator Q = Zj:A,B,C Q; with Q; = (1+ Z;)/2, and Z;
the Pauli Z-operator acting on qubit j. The RDM of the subsystem AB is

pag = |al?100) (00| + (8[01) + v [10)) (8" (01| + 7" {10]). (16.3.5)

Importantly, pap commutes with Q4 + Qp.
We can now vectorise the reduced density matrix in such a way that the first (second) ket
contains the degrees of freedom of A (B) in this way (see also Eq. (16.3.9)):
[pag) = |af [00) 4 00) 5 +[B[*|00) 4 [11)p +
+ 717 [11) 4 100) g + By [01) 5 [10) s + (16.3.6)
B [10),101) .
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From this state, it is possible to build the density matrix |pag) (pap| and, by tracing it over B,
to obtain the reduced density matrix associated to the operator psp, which reads

Trp |pas) (pan| = |B]* 00) (00)
+1B17[v1*(j01) (01] + [10) (10]) (16.3.7)
+ (|l 100) + |y[? [11))(Jex[* {00] + [~[* (11]).

By reshuffling the elements of the basis, we find out that the matrix has a block-diagonal decom-
position as

B+ ot Jafly[*

Trp |,0AB> <pAB‘ = (’7|2’ﬁ|2)q:_1 ® < ’04’2‘7’2 ’7‘4

) . ® (1B211?) . - (16.3.8)

It is clear that each block is now labelled by the imbalance between the charge in A and in its
copy coming from the vectorization of pap.

Although very neat, the former example does not yet explain how and why in full generality
the OE of the reduced density matrix of a symmetric state splits in charge sectors. To show the
rationale for a generic many-body system, we can use again the standard notion of vectorised form
of an operator for the reduced density matrix p4p. This is nothing but the mapping

pap =Y _(pan)ij i) (Gl = lpas) =D _(pan)ij i) 1), (16.3.9)

ij ]

where |i) is an arbitrary basis in the Hibert space of AB. Now, our goal is to find a supercharge
Qup, i.e. the superoperator commuting with |pap) (pap| in terms of which we define the SROE.
We exploit the obvious relation for Qap = Q4 + @B

Qappas = Y _(pan)ijQas i) (|
ij
= > (pan)ij(Qas ) 1) = Qap ® 1|pas)

ij

(16.3.10)

and similarly papQap — 1® QZ;B |pap). Therefore, from the commutation relation [Qap, paB] =
0, we naturally define the supercharge operator as

Qup=Qup®1—-1®Qhpz, (16.3.11)
satisfying
Qaplpas) = 0. (16.3.12)

The form of this supercharge appears to us far from obvious a priori. As a consequence, being
Qap Hermitian, we find that

[Qan, |paB) (pasl] =0, (16.3.13)
and exploiting Qap = Q4 + Op, by tracing over the subsystem B, we get

[Qa, Trp |pag) (paBl] = 0. (16.3.14)

This commutation relation implies that Trp |paB) (pap| has a block diagonal structure with each
block corresponding to an eigenvalue g of the supercharge Q4. The SROE is just the OE in each
of these blocks.
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After the vectorised form allowed us to simply identify the right quantum number, we can come
back to the definition of the OE in terms of the Schmidt eigenvalues and show how to
modify it for the SROE. What we mean by ‘symmetry resolved operator Schmidt decomposition’
is that the RDM for the subsystem AB is of the general form

ZZA‘”OA]@OBJ), (16.3.15)
tr[pAB]

where
{0 05%)] = THOF) 0F7)) = b0 b s (16.3.16)
and ¢ is the eigenvalue of Q4.
ot (@y2 _
Because of the normalization of the Lh.s of Eq. (16.3.15)), we have >° > .(A;”)® = 1, so that the

coefficients (ASQ))2 define a certain probability distribution. Since the terms in the Schmidt decom-
position are naturally organised into charge subsectors, it is natural to consider the SROE, namely
the entropy of the probability distribution conditioned to each of the charge sectors. Defining the
probability in the charge sector ¢ as

p(a) = > (\D)2, (16.3.17)

we have
S(pa) Zp 2(paB) + > —p(q)logp(q), (16.3.18)
q
where the SROE of psp in the charge sector ¢ is
()\(4))2 ()\(9))2
S,(paB) = Y ——L—log—L—. 16.3.19
and, for a generic Rényi index n, as
(@)y2n
1 (A7)
S = 1 J 16.3.20
q (PAB) 1—n Og; p(q)n ( )

16.3.3 Operator Entanglement and entanglement criteria

There is a connection between operator entanglement and the more familiar concept of ‘state’
entanglement where one is interested in showing that p4p cannot be written as a convex mixture
of product states pap =), pmfi) ® ,Og), p; > 0 [715]. Let A; be the operator Schmidt decompo-
sition of the operator O = pap. According to the realignement/computable cross norm criterion
(CCNR) [717,/718] For all separable states (not entangled) states, we have

Z X < 1/4/tr [p? 5] (16.3.21)

The connection between the CCNR criterion and OE, which are the quantities that can accessed
experimentally, has been recently discussed in Ref. [719] here we show a slightly weaker but much
compact entanglement condition: Using the CCNR criterion, one can prove that the Rényi 2-OE
and the Rényi 2-entropy R for a separable system must satisfy the following inequality

S@(pap) < —log(tr [ph5)), (16.3.22)

Conversely, if S@(pap) > — log(tr [P45]), i-e. if pap is more ‘operator mixed’ than ‘state mixed’,
pAB is necessarily entangled.
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16.4 Symmetry resolved operator entanglement in free fermionic
chains

We have shown in Fig. that most of the qualitative features for OE and SROE can be also
observed in free-fermion chains under unitary evolution, despite the model is short ranged and
there is no dissipation. This connection led us to wonder whether one could extract the main
physical treats of the OE and SROE of the RDM by studying the unitary time evolution of free
fermions in the thermodynamic limit. Therefore, in this section, we show that in this regime the
problem can be tackled analytically, unveiling some interesting properties of the SROE, such as
the time delay of the charge sectors or the equipartition.

To achieve our goal, the calculation of the SROE by the definition is a difficult task,
especially for an analytic derivation. Therefore, we can apply a trick similar to what has been
done for the standard entanglement resolution, i.e. connecting it with the computation of the
charged moments of the RDM. Using the vectorised version of the operator pap, they are defined
as

za@m>zsCrﬂg%BDniwuinopAB><pABDY1a“QAL (16.4.1)

and their Fourier transform gives

z() = [ Sre iz,

< 2m

1 Znq(pAB)
Sin) = lo 4 ,
q (IOAB) 1—n g Zﬁq(PAB)

(16.4.2)

where ¢ is the eigenvalue of Q4.

16.4.1 Free-fermion techniques for the OE

For the eigenstates of quadratic lattice Hamiltonians, it is possible to compute the entanglement
entropies in terms of the eigenvalues of the correlation matrix of the system. We will show that
this trick can be applied also for the computation of the OE and, more in general, of the charged

moments (|16.4.1]).
Let us take a free-fermionic chain of length L with U(1) symmetry, described by the Hamiltonian

L
1
H=—3 > (ef,yei+he) (16.4.3)
i=1
where c;r (¢;) is the creation (annihilation) operator such that {c¢;, c;} =0, and cp41 = ¢y, cTL =

CJ{, i.e. we impose periodic boundary conditions. The reduced density matrix for a subsystem

AUB, pap, where AUB = [1,£4]U[l4 + 1,04+ ¢p] consists of two adjacent intervals, can be put
in a diagonal form as

batles —x.d]dy

PAB = (16.4.4)

14 e 2’
o 1
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where e M = T - with ng the occupation number at a given wave vector k and dj’s are also

fermionic operators satisfying {d, dl,} = . It is more convenient to write Eq. (16.4.4]) as

Lo+l _
o — @ 100+ 1) {1
et 14 e M
s (16.4.5)
= ® [(1 = ng) [0), (Ol + n (1), (L],
k=1
so that by applying the vectorisation trick in Eq. (16.3.9)) for pap, we get
AL = @) (1= ) 100 100 e 1), 1)
Ty e VO
bt (16.4.6)
B
= ® 1—nk+ndedT]|o>

where Zj, = ni + (1 — ny)? and the JL’S are new creation operators that anti-commute with all
the di’s, and |0) is the state annihilated by all the di’s and dj’s. The 2(¢4 + ¢p) x 2(€4 + (B)
correlation matrix of the state |pap) reads

dj 7t
<pAB‘ (d‘k> <dk’ dk’> |PAB>

(16.4.7)
_ 5l~ck’ < ni nk(l — nk)>
Zy \ m(l—mngp) (1—mp)* )"
In the basis of d, Jk’s, the supercharge operator takes the form
=Y "did = dldy. (16.4.8)
k k

We can collect the operators into the vector f = (di,...dp,4s5, (ﬂ o JZAHB)t such that Q reads
Q = ff — ({4 + (), where {4 + (p is an additive constant.

At this point, to evaluate the charged moments in Eq. , we need to focus on the
subsystem A, i.e. we can restrict the supercharge operator to Q4 and the correlation matrix to
the subspace corresponding to the subsystem A. Going back to the spatial basis and diagonalising
this matrix, we get 2¢ 4 real eigenvalues §; between 0 and 1.

Therefore, one can compute the charged moments of the RDM built from |[psp) in terms of the

eigenvalues as
20 4

Zn(a) = e atts) TT(gre™™ + (1 - &)™), (16.4.9)

a=1
Using the results in Eq. (16.4.2)), we can compute exactly the SROE for the RDM of a free fermionic
chain. We mention that this trick also allows the computation of the total OE as

204

S™(pap) = —Zloggn (1= &)™) (16.4.10)



258 CHAPTER 16. ENTANGLEMENT BARRIER AND ITS SYMMETRY RESOLUTION

16.4.2 Charged moments: a quasiparticle picture

Let us now consider a global quantum quench from an initial conformal invariant state with an
evolution Hamiltonian given by the continuum limit of Eq. . The emerging quasiparticles
will move with one single velocity and, in the space-time scaling limit ¢,£4,¢p > 79 (with 79 an
ultraviolet cutoff), the charged moments are given by

Aa
log Z, (o) = 7r7_ %[t — Max(Min(£a,¢B)/2,t) — Max(Max(€a,¢p)/2,t) + Max(t, (¢4 + {p)/2)],
0
(16.4.11)
where ) ) . )
L s L A
Ar = (n n) +2 (277) . (16.4.12)

From this result valid for a CF'T, one can formulate a quasiparticle picture for the charged moments
of free fermionic models with global conserved U(1) charge, whose quench dynamics starts from
initial states that are also invariant under U(1) symmetry. This is obtained from the CFT result
in Eq. by first replacing ¢t — |v(k)|t, with |v(k)| the velocity of quasiparticles, that for
conformal invariant systems is fixed to be v(k) = 1. Then we can integrate over the quasiparticles
with quasimomentum k, and replace 7AS/(79) — 22y, (k, ), which is the density (in momentum
space) of the thermodynamic charged moments in the stationary state, obtaining

T dk
log Zn(a) = / ke, ) [t\v(kz)|—
_x 2m
Max(Min(¢4,¢p)/2,tlv(k)|) — Max(Max(€4,¢p)/2,tlv(k)|) + Max(t|v(k)|, (€a + EB)/2)} .

(16.4.13)
We remind that a similar trick has been used in Chapter In order to have a predictive formula,
one has to fix the function z,(k, «) in Eq. (16.4.13). Here we focus on out-of-equilibrium protocols
for free-fermion models, whose time evolution is given by the Hamiltonian in Eq. (16.4.3)). In this

case zn(k,a) is determined from the population of the modes nj of the postquench Hamiltonian
in the stationary state [49626] and it reads

Zn(k, @) = log[e’n} + (1 — ng)"] — ia/2. (16.4.14)

We focus the attention on a quench from the Néel state, for which ny = 1/2 and the quasiparticle
picture for the charged moments reads

T dk
log Z,(a)) = (2(1 — n)log 2 + 2log(cos(a/2))) / — [t|v(k)| — Max(Min(l4,4p)/2,t|v(k)|)+

_x 2m

— Max(Max (€, ¢5)/2,tlv(k)|) + Max(t|v(k)|, (£4 + EB)/Q)},
(16.4.15)

where |v(k)| = |sin(k)| and, for the sake of conciseness, we can introduce the function

J(t) = /W dﬁ[ﬂv(k)\ — Max(Min(€4, £5)/2, to(k) )+

g 2T

— Max(Max (£, £5)/2,tjv(k)|) + Max(t|v(k)|, L4/2)|. (16.4.16)

The quasiparticle prediction for the total OE is also easily obtained as

1
S (pam) = 1

]

log Zy,(0). (16.4.17)



16.4. SROE IN FREE FERMIONIC CHAINS 259

16.4.3 Time delay, barrier and equipartition

From the computation of the charged moments done above, the symmetry resolved moments read
T d - 2J(t)
Z,q) = 22T / Q—O‘e—mq (cos g) . (16.4.18)
_x 2m

As already pointed out for the usual symmetry resolved entropies in [132,|133], this quantity
assumes negative values for J(t) < |¢|. This allows us to identify a delay time tp such that the
SROE in a given charge sector starts only after ¢tp. The equation J(tp) = |¢| reads (as long as
vamtp < AMin(la, (p) self-consistently and vy = max(v(k)) = 1)

() = /7r %y sin(k)|t < |gl, (16.4.19)

—T

and we can conclude that tp = 7|q|/2 for |q| < Min(€4,fp)/m. Therefore, the SROE is given by

0 t<tp

’ (16.4.20)
2j(t) log 2 + log Z1(q) t>1p

S (pap) = {

We remark that this expression does not depend on the replica index n. In the regime J(t) > |q|,
for large J(t), we obtain

Sy (pap) = 27 ()1og2 — (T () + ¢)log(1 + /T (t)) = (T (t) — q) log(1 — ¢/ T (1)). (16.4.21)

The comparison between this formula and the numerical results in the tight-binding model chain
is displayed in the top-right panel of Fig. The solid lines correspond to the saddle-point
approximation in Eq. for t > tp. The agreement is good and we can also observe that
there are some charge sectors with zero entanglement for ¢ < tp. However, for t > (€4 + (p)/2
the discrepancy between the numerics and the analytical prediction in Eq. is larger. One
explanation could be that at finite /4 and ¢ the data exhibit some small corrections, and our
prediction is recovered only in the scaling limit ¢,£4,¢p — oo with their ratio fixed.

For |¢| < J(t) we find from Eq. (16.4.21)

2
S (pag) = J(t) (2 log2 — j%t)Q) . (16.4.22)
This result states that for small |g| there is an effective equipartition of the OE with violations of
order ¢?/(fa + £B).

We observe that the SROE is small both at short and at large times, so it can be captured

by an MPO with small bond dimension. However, it blows up linearly in the transient regime
t < (ba + €B)/(2), preventing efficient simulation using the MPO representation, whose bond
dimension would blow up exponentially in that time window. This also happens for the total
OE [631]. At short times, the RDM is still very close to the one of the pure state, and one does not
gain much by approximating psp instead of the corresponding state; this trick becomes efficient
only at later times.
We conclude by commenting the bottom-right panel of Fig. obtained through the free-fermion
techniques described in Sec. We show that the dynamics of the SROE in the different charge
sectors is affected by the finite size of the system, which is much smaller with respect to the result
showed in the panel above of the same Figure. In particular, one can observe the entanglement
barrier only in the sector ¢ = 0, while for ¢ = 1 the data present a plateaux followed by a decrease
due do the finite size of the system.
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16.5 Closing remarks

This Chapter is devoted to analyse the OE of the RDM after a global quantum quench and its
symmetry resolution. These quantities blow up linearly in time, before they decrease and saturate
to a finite value. The presence of this barrier is strongly affected by the finite size of the system, as
can be demonstrated experimentally. This feature is also visible for free fermionic systems evolving
under unitary evolution, which have been our main focus since they fit with the topics/techniques
of the previous Chapters of this thesis. However, let us summarise again all the results we have
found in [716).

The experimental results, also supported by tensor network simulations, have been obtained
by a post-processing method of randomized measurements data that has practical applications
to probe non-linear properties of quantum many-body systems. We observe the presence of the
entanglement barrier of the RDM of a partition of 4 ions out of L = 10,20 both for the total OE
and for the charge sector ¢ = 0 and L = 20. However, the finite size effects prevent the appearance
of such a barrier in the charge sectors ¢ = +1 and for ¢ = 0, L = 10. When L = 20, in the charge
sectors ¢ = 41, the available statistics only allows us to explore the early time behaviour of the
SROE.

For small system sizes L, the phenomenology mentioned above can be also observed in free
fermionic systems without dissipation. Therefore, guided by conformal field theory and free-
fermion techniques, we show that the semiclassical picture of moving quasiparticles [44] can be
adapted in this context, leading to a general conjecture for the charged OEs whose Fourier trans-
form gives the desired SROE. Beyond the barrier, we observe a delay time proportional to the
charge sector and an effective equipartition for small gq.

Because of this phenomenology, we expect our main physical findings to show up for rather
generic quench protocols. However, it would be very interesting to engineer situations in which
some of them are absent, e.g. with the entanglement barrier appearing only in given charge sectors,
breaking equipartition.

The combination of CFT and exact calculations in critical free-fermion chains allows to compute
the SROE of other operators, such as the thermal density matrix pg and the local operators evolving
in Heisenberg picture O = e Oe™"H  t00. The main trait of the former case is that the leading
order term of the SROE corresponds to the total OE, which diverges logarithmically in the the
subsystem size, £ 4, at low temperatures, i.e. when the RDM is very close to the one of the ground
state, while it is bounded (in £4) at finite temperature 3. The fact that the leading term coincides
with the total OE resembles the entanglement equipartition for the usual symmetry resolution,
and it can be traced back to the conformal invariance of the system also in this case. For the latter
operator and free fermion Hamiltonians, one can study the SROE of a Jordan-Wigner string and it
turns out that it grows logarithmically in time, while the fermion creation/annihilation operators
satisfy the operator area law. These are preliminary steps towards the general understanding of
the symmetry resolution of OE, which certainly deserves further investigation.

To conclude, the study of the OE and its interplay with symmetries leave space for further
investigations about the connection between entanglement measures and the charge operators
defined in the enlarged Hilbert space, as in Eq. . We will come back to this in the
conclusions of this thesis.



Chapter 17

Conclusions

Despite each Chapter contains its own conclusions, which are more related to the specific topic we
dealt with, here we want to give a more general overview about the possible aspects that could
deserve further investigations.

The core of this thesis has been the study of entanglement in theories with global conserved
charges. However, it would be natural to ask whether similar procedures could be applied in
systems endowed with local symmetries, and, therefore, a possible connection with the study
of entanglement in gauge theories. This problem is quite challenging because it turns out that
the Hilbert space of physical states, i.e., gauge-invariant states, does not admit a tensor product
decomposition in terms of the Hilbert space of states in a region A and its complement. Thus, it
is not clear how to compute the entanglement by simply using the definition of reduced density
matrix. One possible approach for defining the entanglement entropy was given in [219]: the
authors work with gauge-invariant states, and the algebra of operators acting in the region A
and its complement B. They argue that this algebra has a non-trivial centre for gauge theories,
and this centre is responsible for the space of gauge-invariant states not having a tensor product
decomposition. Therefore, by diagonalising the centre and going to sectors where it takes a fixed
value, the Hilbert space of gauge-invariant states in each sector does admit a tensor product
decomposition, leading to a definition of the density matrix and the entanglement entropy. Another
possible approach consists in working on a spatial lattice, embedding the space of gauge-invariant
states in a bigger space obtained by taking the tensor product of the Hilbert spaces on each link of
the lattice [221,222]. This admits a tensor product decomposition in terms of the Hilbert spaces
for the set of links of interest. It would be interesting if using one of this two approaches, one can
use the tools adopted in this thesis, like the charged moments and the approach of Chapter (3] to
study this subject.

This idea of enlarging the Hilbert space reminds other possible ways to quantify the entangle-
ment. One of this involves the purification of a mixed state. Let us appeal (for the last time!)
to our travel friends Alice and Bob to specify a bit better what we mean by purification, without
any details about how this operation can be done. To achieve this goal, we need to introduce a
possible third adversary, Eve, such that we start from a pure state |¥) living in the Alice’s, Bob’s
and Eve’s Hilbert space

V) €e Ha @ Hp @ HE. (17.0.1)

Then we trace over Eve’s Hilbert space, Hp, producing a mixed state pap. The purification is a
process which transforms the mixed state p 4p into pure states, meaning that the final state of Alice
and Bob has to be pure and hence not entangled with anything else. The adversary Eve is out of
the game, whatever operation and measurements she performs. This procedure allows recovering
a pure state starting from a mixed one and can be defined, for example, by properly enlarging
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the original Hilbert space of our theory [720H723|. If we introduce an Hilbert space which is the
identical copy of the original one, the entanglement entropy computed from the canonically purified
state living in this doubled Hilbert space provides the reflected entropy [703,/704]. Despite this
quantity, like the entanglement of purification, has been introduced in the context of AdS/CFT
because it posseses an understandable gravity dual, it would be interesting to study what we can
learn from it in the presence of a global charge. As done for the negavity, this process would
require to understand what is the correct quantum number and, therefore, the charge with respect
to which one should perform the resolution.

It should be clear from this work that the investigation of the entanglement in different contexts
allows, on one hand, to explore lots of aspects of quantum many-body systems. On the other hand,
it also gives the possibility to learn several techniques which are extremely powerful, ranging from
the realm of integrability to quantum field theory. We hope that the work collected in this thesis
will stimulate future investigations in this fascinating field of research.
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