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“Pooh?”
“Yes, Piglet.”
“I’ve been thinking...”

“That is a very good habit to get into, Piglet.”

- A.A. Milne, Winnie-the-Pooh
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Far from equilibrium: dynamics of entanglement and fluctuations

by Marianne HOOGEVEEN

We consider the state of a one-dimensional critical quantum system after a “thermal
cut-and-glue quench”, which is a local quench in which two independently thermalized
halves are connected to form a homogeneous infinite system and left to evolve unitarily
until they reach a non-equilibrium steady state (NESS). This quench was studied in [1],
and exact CFT results for the current and its fluctuations in the NESS were found. We
add to these results by studying the growth of entanglement after the quench. Further-
more, we generalise to the case in which the system is not critical, but described by an
integrable relativistic quantum field theory (IQFT) with diagonal scattering, and find
exact expressions for the energy current and scaled cumulant generating function (CGF)
in the NESS. Another generalisation we consider is the thermal cut-and-glue quench for
N independently thermalised critical one-dimensional systems. These are made to form
a quantum junction consisting of N one-dimensional critical systems that are connected
at one point in a star graph configuration, with a particular, simple connection condition
at the vertex. We find in this situation the exact energy current and scaled CGF in the
NESS.

This thesis is based on the publications [2—4], which are incorporated in their published
form in Chapters 3 and 4.
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Chapter 1

Introduction

Condensed matter physics is the study of the behaviour of many quantum particles usu-
ally in strong interaction with each other. Starting from a one-particle description, one
might think that describing these many-particle systems is extremely difficult. How-
ever, when describing certain systems that contain a very large number of particles,
something interesting happens. In thermodynamic equilibrium, statistical mechanics
drastically simplify the effective description of the state, which is reduced to finding
a small number of thermodynamic quantities, such as the temperature, volume, pres-
sure or entropy. Another powerful result is the fluctuation-dissipation theorem, stating
that both for classical and quantum systems, the response to small perturbations from
equilibrium depends only on equilibrium properties [5-9]. Much of the progress that has
been made in describing quantum many-body systems has been for equilibrium systems.
However, in nature, systems are not always close to equilibrium, and we often want to
understand the dynamics underlying physical processes such as relaxation toward equi-

librium or phase transitions.

Important experimental breakthroughs in the field of ultracold atomic gases (see [10]
and references therein') allow for a great degree of manipulation of the interactions of
a system, and for a very sudden change of these interactions. Crucially, the dynamics
of these gases is very slow compared to most condensed matter systems, which makes

studying the dynamics feasible in an experimental setting.

n particular, in [11] a gas in a one-dimensional optical lattice, a harmonic trap due to a combination
of laser beams, was brought out of equilibrium by suddenly exciting slow-moving particles using two
laser pulses. This resulted in two fast-moving opposite clouds of particles each behaving more or less
like a pendulum due to the harmonic trap.
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1.1 Quantum Phase Transitions

The description of matter usually changes when you consider the physics happening at
different length scales. One example is the fact that on small scales, electromagnetism
and the strong and weak forces govern the behaviour of matter, whereas at large scales,
gravity becomes important. In general, small-scale interactions between particles can
lead to very different emergent phenomena. A phase transition happens when a small
change in the interactions of constituent particles has a dramatic effect on the emergent
behaviour of the collective. This can be a discontinuous (or ‘first order’) phase transi-
tion, which happens when two distinct phases are present at the same time (an example
is the melting of ice), and is characterised by a discontinuity of the first derivative of
the free energy. Most phase transitions one encounters in nature are of this kind. An-
other kind of phase transition happens when instead of two phases competing at the
transition point, the two phases at either side of the transition are continuously mor-
phed into a third, ‘critical’ phase, which is characterised by large-scale correlation. An
example of a continuous phase transition is the disappearance of spontaneous magneti-
sation as a ferromagnetic material is heated up to its paramagnetic phase. This type of
phase transition is called a continuous (sometimes ‘second order’) phase transition, and
has a continuous first-order derivative of the free energy. We will consider only phase

transitions of the second, continuous, type.

Typically, a phase transition is between an ordered phase and a disordered phase. When
approaching a critical point from the disordered phase, small regions where the material
is ordered will begin to form, whose size increases as the system is tuned towards the
critical point. In the example of the ferromagnetic transition these are small regions
where the spins tend to be aligned. The typical size of these regions defines a distance
scale, which diverges at the critical point. The result is that at the critical point, the
difference between short- and long-distance behaviour disappears and one can effectively
describe the critical phase by a scale invariant theory. Apart from this large length
scale, systems also have short length scales, such as the lattice spacing. However, the
description of a system near a critical point turns out to be highly insensitive to the
precise form of interactions at this small scale. In the limit where the ordered regions
become large compared to the lattice spacing, one can neglect the size of the lattice

spacing and describe the system in terms of a continuum field theory. The fact that
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FIGURE 1.1: A Quantum Critical Point (QCP) is a point in a phase diagram where a
continuous Quantum Phase Transition (QPT) takes place, which is a phase transition
at zero temperature, due to a non-thermal control variable. This can be the result of
the temperature at which a classical critical point occurs being depressed to zero.The
Quantum Critical Regime is the part of the phase diagram in which (1) the temperature
is high enough to overcome the energy gap caused by tuning slightly away from the
QCP, and (2) the temperature is low enough for lattice effects not to be important for
the description of the physics.

this continuum description of a critical point is insensitive to the microscopic details
explains why some magnetic phase transitions may be described by the same theory as

nonmagnetic phase transitions.

In this thesis we will be interested in the description of systems that are at or near
a quantum critical point (QCP), which is a continuous quantum phase transition. By
definition, a quantum phase transition is a transition which occurs at zero temperature,
as a result of varying some non-thermal control parameter, such as applied magnetic field
or pressure. Since classically the entropy at zero temperature has to vanish, a quantum
phase transition can not be caused by the competition between energy and entropy, like
its finite-temperature counterpart. Rather, it is a result of competition between different
terms in the Hamiltonian describing the system. A common type of phase diagrams with
a QCP has a line of finite-temperature critical points where the transition temperature
is depressed to zero by varying a coupling constant (see figure 1.1). Around this finite-
temperature critical line, the system can be described by a classical field theory, even
though the transition temperature may be very low. This is due to the fact that close
to a critical point, the length scale above which the behaviour changes qualitatively is
very large. Around any nonzero temperature critical point, therefore, one has kT > w
where w is some typical energy scale above which the behaviour of the system changes

(for example an energy gap). This reasoning clearly breaks down for a quantum phase
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transition, where the temperature is strictly zero. The behaviour at a QCP is expected
to be characterized by competition between low-lying states [12]. This quantum critical
behaviour is different from typical low energy behaviour, which can be understood in
terms of quasi-particles on a ground state. This competition effect tends to break down
away from the QCP on the zero temperature line, as an energy gap forms and the
system chooses a ground state. However, if the temperature is increased such that this
gap may be overcome the interplay between the different energy levels again becomes the
dominant behaviour. The finite temperature region? of the phase diagram in which this

quantum critical behaviour is important is called the quantum critical regime (QCR).

The case of one-dimensional quantum systems is a special one, because there are many
cases that have an exact solution. This means that one can solve strongly interacting
systems, which are inaccessible using perturbative methods. In particular, in the critical
regime, the continuous description is scale invariant, and we can use the framework of
two-dimensional conformal field theory (CEFT). Slightly away from the critical point,
where the temperature is not high enough to overcome the energy gap, but energy gap
is still small, we may use massive quantum field theory (QFT). In this thesis we will
consider the general situation where the field theory is integrable, namely it can be

solved exactly using a technique called the Thermodynamic Bethe Ansatz (TBA).

A more thorough treatment of CFT and TBA will be the subject of Chapter 2.

1.2 Physical observables

As we want to better understand the dynamics of many-body quantum systems, we need
physical objects whose behaviour we can study. Two widely studied objects in quantum
dynamics are local observables and entanglement. The former are experimentally ac-
cessible, in the form of response functions, where the experimenter perturbs the system
and measures a local response. Entanglement, although not measurable, contains useful
information about the state of the system, since knowledge of the density matrix is in
principle enough to compute all possible correlation functions. Studying suitable mea-
sures of the growth of entanglement in a nonequilibrium setting might therefore teach us

more about the state of the system than expectation values of local observables could.

2Note that this region is also bound from above because at higher temperatures lattice effects will
become important.
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1.2.1 Energy current and fluctuations

When a Hermitian operator commutes with the Hamiltonian, the corresponding object
is said to be conserved. For example, the fact that the Hamiltonian commutes with
itself leads to the conservation of the total energy in a system. This statement does
not immediately rule out the possibility that energy could disappear from one place and
immediately reappear on the other side of the world. A stronger statement is that energy
is locally conserved: Energy can neither be created nor destroyed, nor can it “teleport”
from one place to another - it can only move by a continuous flow. A continuity equation
defining a conserved current is the mathematical way to express this kind of statement.
A typical system has three conservation laws; particle number, total energy, and total

momentum. We shall focus on the energy current.

An empirical rule of heat transfer in solids is Fourier’s law, which states that the rate of

heat transfer is proportional to the gradient of the temperature,
J=—kVT, (1.1)

where k is a property of the material called the thermal conductivity. Close to equilib-
rium, the relation between the gradient and the current is approximately linear. The
constant of proportionality is called the transport coefficient, which is what experiments
often measure. One may define an energy density u(x,t) which satisfies a continu-
ity equation, dyu + V - J = 0. Together with the notion of specific heat, defined via

Ou/OT = ¢, we can use this to obtain the heat diffusion equation (if ¢ is constant):
K
T =V - (—VT) . (1.2)
c

It is clear that Fourier’s law implies diffusive transfer of energy. Dissipative currents such
as the energy current in (1.1) increase entropy and bring the system back to thermal
equilibrium. A microscopic picture is that the heat carriers (molecules, electrons, lattice
vibrations, etc.) have random collisions and hence move diffusively. Fourier’s law (1.1)
relies on the establishment of a local thermal equilibrium through diffusion, and proving
that this happens for systems with reversible dynamics (where the entire system is

described by some Hamiltonian) is challenging [13]. In fact, for low-dimensional systems
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(1D and 2D) it has been proved to break down [13-15], as there are anomalous non-
local contributions to heat conduction, causing the basic assumption of local thermal
equilibrium to break down. A conserved current leads to a nonzero Drude weight? [16,
17]. Specifically, close to equilibrium and assuming there is local Gibbs thermalization,
a conserved current leads to ballistic transport of small perturbations. Under certain
conditions, it has been proved that a conserved current leads to non-equilibrium ballistic

transport [18].

Besides the energy current, we are also interested in its fluctuations, to generalize the
powerful framework of thermodynamics to situations that are not close to equilibrium.
When a system is far from equilibrium, the relaxation to equilibrium may take a very long
time, or it may even be impossible. For systems that are not in equilibrium (and cannot
be described by linear response), the fluctuation-dissipation relations do not hold. In
order to extend the powerful framework of thermodynamics to situations when a system
is not in (or near) thermodynamic equilibrium, equations generalizing the fluctuation-
dissipation relation to out-of-equilibrium situations must be found. For classical systems
that are driven out of equilibrium, so-called ‘Fluctuation Theorems’ (FT) have been
found, describing how a system’s irreversibility develops in time from a completely time-
reversible system at short observation times, to a thermodynamically irreversible one at

4. These are relations between the probability P(Q; = A) of a

infinitely long times
random variable taking some value A, and the probability P(€); = —A) of this random
variable taking the opposite value —A. This variable can be either the irreversible

work performed on the system, or the entropy that is produced during a nonequilibrium

3 The Drude weight is the weight of the singular part of the conductivity at w = 0 and depends on
temperature. Generally, the existence of a Drude weight is connected to the presence of a conservation
law, such as momentum conservation, which protects the current from decaying.

4The fluctuation theorem was derived to solve one of the fundamental paradoxes of statistical me-
chanics, Lochsmidts paradox. In 1876, Lochsmidt pointed out a fundamental problem associated with
nonequilibrium thermodynamics: the macroscopic behaviour of a system is irreversible, as embodied in
the second law, but the microscopic motion of all of the individual components is fully time reversible.
Therefore for any system change, the opposite system change must also be possible. Even at that time,
a resolution to the paradox was recognised by some. As noted by Maxwell: “The truth of the second
law is a statistical, not a mathematical, truth, for it depends on the fact that the bodies we deal with
consist of millions of molecules Hence the second law of thermodynamics is continually being violated,
and that to a considerable extent, in any sufficiently small group of molecules belonging to a real body”,
and Boltzmann: “as soon as one looks at bodies of such small dimension that they contain only a very
few molecules, the validity of this theorem [the Second Law]| must cease”. This means that the second
law of thermodynamics is the limiting result of a statistical effect where the probability of observing
the behaviour predicted from thermodynamics becomes more and more likely as the system size grows.
However, for sufficiently small systems observed for short periods, we would expect to observe both types
of behaviour. The fluctuation theorem quantifies this result.
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process. There are various Fluctuation Theorems, but they are all of the form

Py =A) A

PO ~e

et (1.3)

where ), is the dissipation function, which quantifies the thermodynamic reversibility
of a trajectory®. The dissipation function is like entropy production in that it can be
used to indicate whether a system’s behaviour is in accordance to the Second “Law” of
thermodynamics (which is deemed to be the case if there is positive entropy production
or dissipation). Negative dissipation is against the “Law”, and is seen by the FT as being
very unlikely. Close to equilibrium in large systems, where entropy production can be
defined, the average dissipation is equal to the entropy production. However, unlike en-
tropy production, the dissipation function is well-defined arbitrarily far from equilibrium
and for systems of arbitrary size. Furthermore, it obeys a number of exact theorems:
the FT, the Second “Law” inequality and various relaxation theorems. Dissipation is
also the fundamental quantity required for all linear and nonlinear response theory both
for driven and relaxing systems. Often, however, FTs are formulated for quantities
such as irreversible work or entropy, depending on the particular setup. Particularly for

quantum systems it is not always easy to find a suitable quantity (see [20]).

There are different FTs depending on whether the system in consideration is isolated or
connected to a reservoir with which it can exchange energy and/or particles. The first
FT was found by Evans and Searles [19, 21]. Classical FTs for work performed on an
isolated system have been found for instance in [22, 23], and FTs for entropy production
in thermostatted systems (these are systems that exchange only energy with a reservoir)
with deterministic dynamics in e.g. [24, 25]. FTs for entropy production or transfer of
heat or matter in systems with stochastic dynamics (these systems exchange energy and

sometimes particles with a reservoir) were found e.g. in [26-30].

There are two different statements of the FT. If the time averages appearing in (1.3),
), are calculated from ¢t = 0 and the ensemble averages used to compute the probability
distribution P(§);) are taken over the initial ensemble, (1.3) is exact for all averaging

durations t, and the theorem is called the transient FT (TFT). On the other hand if the

Tt compares the probability of observing and arbitrary system trajectory with the probability of
observing the time reverse of that trajectory (its conjugate anti-trajectory) in the same ensemble of
trajectories [19]
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time and ensemble averaging are carried out in a nonequilibrium steady state (NESS) 6 |
after the relaxation of the initial transients, (1.3) is termed the steady state FT (SSFT),

and furthermore it is only true asymptotically, as t — oo:

1, PO = A)
lim = In ot =A)
oot P(Qy = —A)

= A. (1.4)
Extending these results to quantum systems poses some problems: first, defining the
path that the state of the system takes is difficult, since one has to deal with the quantum
probabilities. Secondly, whereas in classical systems one can assume that observing the
state of the system doesn’t affect the system itself, this is not the case for quantum
systems; one has to come up with a measurement protocol that tells you what the state
of the system is’, for example taking an indirect measurement [31] or taking projective
measurements at two different moments in time to measure the change in a quantity of
interest (energy, charge, particles, etc.) [32]. In this thesis, we will consider fluctuations
in the output of a two-point projective measurement of energy. This allows us to avoid
the detailed modeling of detectors and their dynamics. The projective measurement
can be viewed as an effective modeling of the effect of the system-detector interaction
on the system or as resulting in a fundamental way from the quantum measurement
postulate. Any other approaches for deriving FTs can be recovered in some limits of the
two-point measurement approach [20], so this provides a unified framework from which

the different types of FTs previously derived for quantum systems can be obtained.

We will study the energy current and its fluctuations in a non-equilibrium steady state,
which will be described in more detail in section 1.4, in a situation in which Fourier’s
law does not hold due to the current being ballistic (i.e. not dissipative, as in (1.1)).

The results are presented in Chapter 4.

1.2.2 Entanglement

Recent technological advances have made it possible to create entangled states in a

controlled way. These are states that exhibit a new type of quantum correlation, which

A nonequilibrium steady state (NESS) is a state where there is a current flowing (of electric charge
or heat, for instance), but the current does not change in time. A precise definition of a steady state is
that like in equilibrium, all intensive quantities (such as the current) are constant, while some extensive
properties (like difference of total energy or charge) may change in time, but the second derivative is
Zero.

"hence, the notion of a FT in terms of probabilities of paths is not clear.
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has no classical equivalent. This opens up the possibility of creating devices which rely
on the manipulation of entangled states, and is one of the driving forces behind the fast
growing field of quantum information. For a comprehensive review, see the book [33].
In the field of physics the study of entanglement is leading to profound new insights
in both high and low energy physics. For instance, entanglement has been linked to
quantum corrections to the entropy of a black hole, and led to the idea of black holes
emitting so-called Hawking radiation. In condensed matter physics, the behaviour of
certain measures of entanglement signal a Quantum Phase Transition®, see the review

[35].

1.2.2.1 Short history of entanglement

The idea of entanglement was born in the classic work by Eisntein, Podolski and Rosen
[36], in which the question was posed whether quantum mechanics as a description
of reality was complete. The argument that this could not be the case was made on
the basis of what is now known as the EPR paradox: the existence of states in which
measurements of two particles can be correlated even if the two particles are so far
apart that they are not causally connected. These states are superpositions of two-
particle states, and have the necessary feature that it is not possible to choose a basis in
which the two-particle state becomes a product state of the single particle states. The
term entanglement was coined by Schrodinger [37], referring to the fact that such EPR
states cannot be factorised. The simplest examples of these entangled states are Bell
states (nowadays often also referred to as EPR states), which consist of superpositions
of two spin-1/2 states, for instance,
1

U —
|UBel) 7

(INa|Ns—-1Ha®l)B). (1.5)

If the above two-particle state is created, and both particles are allowed to move away
from each other, one can measure them at the same time and see whether the results
are correlated. Looking at the state (1.5) one notices that both particle A and particle
B have equal probability of having ‘spin up’ or ‘spin down’, when measured. However,
if one of the particles is measured and found to be in the spin up state, say, then the

other particle suddenly has a probability of 1 to be in the up state as welll Somehow it

8In particular, the divergence of correlations as a system is tuned to criticality, as discussed in
Chapter 2, is always accompanied by the divergence of a suitably defined entanglement length [34].
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appears that the result of the measurement of one particle is instantaneously known in
the lab where the spin of the other particle is measured, even though the particles may

be very far apart.

It was argued in [36] that this correlation should either be the result of instantaneous
interactions (“spooky action at a distance”), which the authors dismissed on the basis
of it violating the principle of relativity, or of some information ‘hidden’ in the separate
states causing the results of all combined measurements to be known. The latter expla-
nation was proposed as the solution, and models that contained this extra information
came to be known as ‘local hidden variable’ (LHV) models. It wasn’t until [38] that a
method was devised to test whether a LHV model might explain these correlations, by
comparing the different ways a pure entangled state such as the Bell state (1.5) and a
state in a LHV model would transform under change of basis. This was done by consid-
ering the Bell state (1.5) and measuring the spins of the two particles in 3 directions, at
equal angles of 120°. It was shown that if the possible outcomes for all directions were
already known, as would be the case in a LHV model, then the two spins should have
an opposite value at least 5 times out of 9 (or about 56%). It turned out that the spins
had opposite value 50% of the time, which could be explained by normal rules of quan-
tum mechanics. These tests, called Bell inequalities, provided a tool for experimental
verification, and Bell’s inequalities were soon shown to fail in the vast majority of exper-
imental realisations (see for instance [39]), demonstrating that quantum entanglement
is physical reality. Recently, a team in Delft have demonstrated the violation of Bell’s
inequality [40] in the strongest refutation to date of Einstein’s hypothesis of local real-
ism. It was shown that for pure states, Bell’s inequalities are sufficient to characterise
entanglement [41, 42]. However, further study of non-separable mixed states led to the
discovery of entangled states that do admit the LHV model, and hence do not violate
Bell’s inequalities [43].

1.2.2.2 What is entanglement, and how do we measure it?

We have seen an example of an entangled state (1.5), and we know that a separable
state, that is, a state that can be written as [U)%F, = [¢)) 4 ® |¢)p if it is a pure state,
and as pyhp = >, pi py @ py if it is a mixed state, contains no entanglement. In order

to quantify entanglement, we need to find a suitable measure E(p) of how far the state



Chapter 1. Introduction 11

p (pure or mixed) is from being separable. This turns out to be easier for pure states

than for mixed states.

Two systems, let us call them A and B (we may talk of these systems as being Alice’s
and Bob’s labs, respectively), are entangled if there exist quantum correlations between
them: these are correlations that cannot be described as classical correlations. Clas-
sical correlations can be created between two quantum systems using local (quantum)
operations and classical communication, together usually denoted ‘LOCC’ (Fig. 1.2).

Any correlation that cannot be produced in this way (and is not the result of a classical

A

o o2

CC

S

r
o

B

T

e
- .

/ =
L.O.

FIGURE 1.2: Local Operations (‘LO’) and Classical Communication (‘CC’).

nonlocal interaction [44]) is then a quantum correlation.

We will use this definition of entanglement, as correlations that cannot be created by
LOCC alone, as well as the initial definition introduced by [36, 37], namely the corre-
lations that are present between parts of a system that is in a quantum state that is
not separable, to define a ‘good measure’ of entanglement to be a mapping from density

matrices into positive real numbers which satisfies the following two conditions:

1. E(p) = 0 if the state p is separable

2. E does not increase under LOCC

A measure F(p) which has these two properties is called an entanglement monotone®.

We are now in a position to consider which measures of entanglement are suitable for

our purpose of learning more about entanglement in many-body quantum systems. For

9 Sometimes another requirement is added, namely that an entanglement measure is convez, which
means that one requires E(3 . pipi) <>, piE(p:).
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reasons that will become clear, we will consider first the case in which the total system

is in a pure state, and later the case in which the total system is in a mixed state.

1.2.2.3 Pure states: Entanglement entropy

Let us now make the above ideas more precise. Consider a pure state |¥) 4up, which is
defined on a Hilbert space H4 ® Hp. Now let us see what happens if we want to perform
a measurement in system A only. We can represent this as the expectation value of an
operator Q4 which only acts on the Hilbert space of system A (or if we think of A and
B as two spatially distinct regions, we might say O4 is only supported in A). We might

write the expectation value in the following way

(Oa) = Try s 0mp (PauB Oa) = Tryg, (Try (pauB)Oa), (1.6)

where we use the fact that the summation over states in system B can be performed
separately, since the operator only acts on the Hilbert space of system A. Any effect of
system B on the measurement performed by O4 on system A is now contained in the

reduced density matriz

pa = Try,(pauB). (1.7)

If the system is separable, i.e. it can be written as |¥)%5 5 = |¥)4 ® |$)p, then the
density matrix can be written as p*P = |¢) 44 (Y| ® |¢) (|, and the reduced density

matrix for system A becomes

pa=Try, (p05) = 1) aa(¥], (1.8)

which is again a pure state.

If, however, the system is not separable, as is the case in the above Bell state (1.5), then
the reduced density matrix becomes,

pa = Try, (pA0R) =

(I Daalt I+ 1Haall D) (1.9)

N | =

This reduced density matrix cannot be written in the form p = [¢)(¢|, and we say that
system A is in a mixed state. We see that for a total system in a pure state, we can

determine whether it is separable or not by considering the reduced density looking at
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the reduced density matrix: for any separable state the reduced density matrix will be
also that of a pure state, but for an entangled state, the reduced density matrix will
be that of a mixed state. The entanglement is encoded in the spectrum of the reduced
density matrix. However, we would like to find a single measure of the “amount” of
entanglement between two systems, without having to compute all the eigenvalues of

the reduced density matrix.

The above suggests we measure the entanglement between A and B by measuring the
‘mixedness’ of the reduced density matrix by computing its von Neumann entropy. In

this context, it is usually referred to as Entanglement Entropy (EE):

Sa=—Try,(palnpa). (1.10)

Similarly, one may define

Sp=—Try,(ppInpp). (1.11)

For pure states, we have S4 = Sp, since the eigenvalues of p4 and pp are the same,
and the EE depends only on the eigenvalues. The EE has several nice properties:
additivity, convexity'?, and basis independence. For pure states, it turns out that any
entanglement monotone that is additive on pure states and “sufficiently continuous”!!
must equal Sy on all pure states [45-47]. This uniqueness originates from the fact that
the pure state entanglement can asymptotically be manipulated in a reversible manner

[48] under LOCC. However, for mixed states the situation is less clear: the EE contains

a contribution due to classical entropy, as well as entanglement!?.

1.2.2.4 Mixed states: Negativity

Finding a suitable entanglement measure in mixed states is less straightforward than in
pure states. Firstly, as mentioned above, the EE acquires a classical contribution. Sec-
ondly, to identify entangled states, Bell inequalities are no longer a good indication, due
to the existence of mixed entangled states that nevertheless allow for a LHV description
(so-called ”Werner states”) [43]. These Werner states have the additional property that

it is sometimes possible to distill'® from many copies of a Werner state a new state

10which amounts to stating that the loss of classical information does not increase entanglement
"y which we mean, asymptotically continuous

1211 fact, there is no unique measure of entanglement in mixed states, at least under LOCC
350e [48] for details on distillation
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that does violate some Bell inequality [49]. Several measures for entanglement in mixed
states have been proposed. One is distillable entanglement, which is a measure of how
much entanglement can be extracted from a state using only LOCC. Another measure is
the entanglement of formation, which is the entanglement required to create some state.
Whilst for pure states these measures are both equal to the entanglement entropy, as
they should, they are difficult to compute. For that reason, we will instead consider an-
other measure based on the spectral data of the partial transpose of the reduced density
matrix. A necessary condition for separability of a given density matrix is the positivity
of the partial transpose of the density matrix [50], usually called the PPT criterion, or
Peres criterion. Again considering a bipartite system, the criterion dwells on the fact

sep

that the partial transpose ((p ) =" pipYy @ (pi3)T of a separable density matrix
(Pl g = >ipip'y @ ply) found by transposing one of the constituent density matrices
is a valid density matrix. This readily follows from the fact that the transposed ma-
trix (pp)T is a valid density matrix, which leads to the positivity of the eigenvalues of
pﬂ‘a p- Having a positive partial transpose is therefore a necessary criterion for separa-
bility. However, it is only sufficient for composite systems having dimensions 2 x 2 and
2 x 3 (two-qubit/qubit-trit systems), not for systems with a higher dimensional Hilbert

space [51]%. A quantitative measure of entanglement based on the PPT-criterion is the

negativity, defined as
||P || 1
N = nri =2

5 , (1.12)

where ||pTB||1 is the trace norm of the auxiliary matrix p’2, which is just the sum of the
absolute values of its eigenvalues A;. In order to understand the meaning of the term

“negativity”, note that the trace of a matrix is invariant under partial transposition,
Te(p™) = Y A + 37 = Tx(p), (1.13)
i J
so the negativity is given by
NOEEE DS SIFVRIE ) bVl (114
i J J

hence the name.

“although density matrices with positive partial transpose (PPT) have zero distillable entanglement
- they may only have what is called bound entanglement.
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The negativity is an entanglement monotone, but it is not additive. Therefore, a different

measure is often used instead, namely the logarithmic negativity:
E(p) =n[|p" |1, (1.15)

which is trivially related to the negativity via the relation N' = (e —1)/2.

Both the negativity and the logarithmic negativity have the property that they are
entanglement monotones [52, 53], although they do not reduce to the entanglement
entropy for pure states'®. Nevertheless, a significant advantage to considering negativity
as a measure of entanglement is that it is based on properties of the density matrix, and

therefore computable for larger systems.

1.3 Quantum quenches

A quantum quench is defined as an instantaneous change in the parameters that deter-
mine the dynamics of an isolated'® quantum system. By instantaneous, we mean that
the change is done in a time interval much shorter than any characteristic time scale
of the model. This means that if initially the system was in the ground state, there is
no time for the system to relax to the new ground state. Typically, one expects the
state after the quench to evolve in time. To make this more precise, let us say that at
t = 0, the system is in the ground state [¢)9) of a Hamiltonian Hy. Then at t > 0 we
instantaneously change some parameter of the Hamiltonian, thus obtaining a different

Hamiltonian H such that [Hy, H] # 0. The state after the quantum quench is then

simply [ (t)) = e |y)y).

These quenches fall into two categories: a global quench is a change in parameters of the
Hamiltonian that is translationally invariant, whereas under a local quench the change
happens only in one or more localized regions. Examples of a global quench are the
change of a mass parameter or homogeneous external magnetic field, and an example of
a local quench is a sudden change of boundary conditions, for example as might be the

result of adding links to connect two chains together. An important difference is that

15For pure states the logarithmic negativity is related [52] to the Rényi entropy of B for n = 1/2:
E= Sgﬂ = 21nTrp}3/2,

16{ e. unitary time evolution
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the energy added to the system after a local quench is often negligible, whereas after a

global quench it may be quite large.

One of the first examples of a global quantum quench that was studied is the XY-Ising
chain in a transverse field [54-57]. Using the mapping to free fermions, the time evolution
of the transverse magnetization after an instantaneous change of the external transverse
field was computed exactly. Much progress was made by Calabrese and Cardy, who
studied quantum quenches where the post-quench Hamiltonian describes a conformal
field theory (CFT). In their arguments they use a path integral approach and the well-
known mapping of the quantum problem to a classical one in d + 1 dimensions. The
initial state |1g), which is the ground state of the Hamiltonian Hy with a mass gap
myo, plays the role of a boundary condition. In case of the 1 + 1 dimensional problem,
powerful techniques of boundary conformal field theory can be applied to study the time
evolution of the entanglement entropy [58] as well as correlation functions [59, 60]. For

the relaxation of a primary field operator ® from the initial state |1), they found
(®(t)) o e~ @m/270, (1.16)

(@(€,1)2(0,1)) — ((0,¢))? o e (4D
e—Tm/210 _ o—amt/T0  for ¢ > €/2a

where 79 is a non-universal constant and z is the scaling dimension of ®(¢). What is
interesting to note is that both before and after the quench the system is in a pure state.
Before the quench, it is described by CFT at temperature T' = 0, so there is no energy
scale in the system, and correlation functions decay algebraically. After the quench,
although the system is still in a pure state, correlation functions decay exponentially!”.
Their findings allowed a simple interpretation in terms of classical quasi-particles. The
initial state |¢)p) has an (extensively) high energy relative to the ground state of the
Hamiltonian H, which governs the subsequent time evolution, and therefore acts as
a source of quasi-particle excitations. Those quasi-particles originating from closely
separated points (roughly within the correlation length &, of the ground state of Hy)
are quantum entangled and particles emitted from points far away from each other

are incoherent. If the quasi-particle dispersion relation is E = wy, the classical group

170One way to think about this might be that although the system before and after the quench remains
isolated, and therefore in a pure state, the quench involves pumping a potentially large amount of energy
into the system, which in real life might be thought of as connecting it to a large reservoir.
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velocity is vy = Ogwy. We assume that there is a maximum speed v, = maxy |vg|. A
quasi-particle of momentum k produced at £ is therefore at £ 4+ vit at time ¢, assuming
scattering effects can be ignored. These free quasi-particles have two distinct effects.
Firstly, incoherent quasi-particles arriving at a given point ¢ from well-separated sources
cause relaxation of (most) local observables. Secondly, entangled quasi-particles arriving
at the same time ¢ at points with separation [¢| > & induce quantum correlations
between local observables. In the case where they travel at a unique speed v (as is the
case for a CFT), therefore, there is a sharp “horizon” or light-cone effect: the connected
correlations do not change from their initial values until time ¢ ~ [¢|/2v. After this time,
they rapidly saturate to time-independent values. For large separations (but still much

smaller than 2vt), these decay exponentially.

FIGURE 1.3: There is a horizon effect: correlations only begin to change after points
come into mutual causal contact. Local observables with separation £ become correlated
when left- and right-moving particles originating from the same spatial region ~ mg !
can first reach them. In the first picture 2vt < ¢, and the two fields ®(0) and ®(¥)
are still uncorrelated: (®(£)®(0)) ~ (®)2. In the middle figure they are just starting

to be correlated, and in the last picture the correlation looks thermal: (®(¢)®(0)) ~
e—2mAal/vB

In this thesis, we will consider an example of a local quench, which will be described in

the next section.

1.4 “Thermal cut-and-glue quench”: connecting infinite

thermal reservoirs

The transport properties of condensed matter systems are often measured by driving
currents externally and measuring the resulting voltages or temperature differences. In
cold atomic gas clouds, on the other hand, transport is more often measured by setting up
transient out-of-equilibrium initial conditions and measuring the subsequent relaxation
towards equilibrium. One such setup in which one can study the dynamics of a system
that relaxes not to equilibrium, but to a nonequilibrium steady state (NESS), can be

made by connecting the system to at least two thermal baths (or: reservoirs). This is
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similar to when one connects a quantum system to a large bath to bring it in thermal
equilibrium, but now one connects it to different baths, at different temperatures. The
influence of the baths is to provide a way for the system to dissipate energy to, and at

the same time energy can flow from the bath to the system.

T
L FaERS

* Unitary evolution *

Steady-state limit
E
Asymptotic Transient Steady-state Transient Asymptotic
reservoir region region region reservoir

FIGURE 1.4: We consider two semi-infinite critical systems, initially thermalized at

different temperatures. At time ¢ = 0, the systems are connected along the directions

in #, so that energy can flow between them in the z! direction. After time ¢, there is

a sharply defined region of size R  t in which there is a steady state description. We

want to consider the behaviour of the entanglement between the left- and right baths

as time evolves, and the energy current and its fluctuations in the steady state. (figure
taken with permission from [61])

An simple example of such a setup is the so-called “cut-and-glue” quench, which is a
local quench in which two systems are initially thermalised at different temperatures,
and suddenly connected to allow energy to flow between them (see Figure 1.4). More
precisely, the initial, disconnected, Hamiltonian is given by Hy = H' + H", where H'/"
are the Hamiltonians of the left- and the right system, respectively. After the quench,
the system is allowed to evolve unitarily with a Hamiltonian given by H = Hy + AH,
where AH represents the connection between the left and the right system. Note that
in general we do not need to know the detailed form of this term, but we do know that it
does not commute with Hy, and that its contribution to the total energy is vanishingly

small.

Since the total system including the baths can be considered isolated, the time evolution
of the total system is unitary. The density matrix can then be related to the equilibrium

density matrix by evolving unitarily with the full Hamiltonian:
p(t) = e i p(0)etHt (1.18)

where the equilibrium density matrix p(0) corresponds to the system before it was con-

nected to the baths, and the time evolution after connection is with the full Hamiltonian
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of the system connected to the baths.

Constructing a steady state in this way, as a part of a larger system, has the advantage
that one may consider models that are exactly solvable. Examples are free models of
fermions or bosons. More generally, one can look at models that have interactions, but
are integrable. In the case of a one-dimensional system, these may be solvable using
Bethe Ansatz techniques if they are integrable, or when they are critical they can be

described exactly using a Virasoro algebra.

1.4.1 Existence of the steady state

One may expect a steady state to occur after sufficient time in some finite region around
the connection point. More precisely, for a local observable, the system will appear to
be in a steady state if we take the limit of infinite system size, followed by the limit
t — 00, keeping the support £ of the observable constant.

(O)gtat = L>>111;?i>oo<0>(L; t), v, £ constant. (1.19)

In this limit, the thermal reservoirs are infinitely far away, and excitations cannot reach
the endpoints and be reflected, thus creating correlations. For a discussion of this limit,

see [62-64].

The first study of the steady state limit (1.19) was done for the classical harmonic
chain [65]. For quantum models, the XY model was treated in [66, 67], and for certain

conditions in [68].

If the combined system can be described by a conformal field theory, it has been proved

that after a suitable limit the system converges toward a steady state [1, 69].

Generically, one expects local thermalization to occur, and the heat current will satisfy
Fourier’s law (1.1). In the steady state limit (1.19) it is clear that since no part is kept
at a fixed temperature, and the baths are effectively infinitely far apart, the gradient
term in (1.1) goes to zero, and a purely diffusive current therefore also goes to zero.

Nevertheless, a finite current may be supported if it has a ballistic component.



Chapter 1. Introduction 20

We expect there to be ballistic transport if there are certain conserved quantities to
support the current, which is expected to be the case for the energy current in any inte-
grable system [70-72]. In this many-body quantum system, we have ballistic transport
if there is a nonzero current. In that case the density matrix in the region described
by a steady state is the exponent of a sum of conserved charges. Another situation
in which the energy current is conserved is close to a critical point, as the lattice ef-
fects are washed out by the long-range correlations, and the system becomes effectively

translation invariant!®.

1.4.2 Research question

The aim of this thesis is to better understand the state of a one-dimensional quantum
system after the thermal cut-and-glue quench. We will build upon previous work [1,
73], where the idea of a nonequilibrium steady state density matrix for energy transfer
between two critical quantum wires was developed in the context of CFT. The authors
proved that these systems converge towards steady states, and gave a general description
of such non-equilibrium steady states in terms of quantum field theory data. They also

computed the large deviation function of charge and energy transfer through the contact.

81n real life, we should get diffusive transport after a long time (which one cannot reach in simulations),
due to the system being away from criticality because of the finite (though small) temperature.
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The results in [1, 73] are specific to the operators (energy and charge) that are considered,
and describe the steady state. As discussed in section 1.2, one can learn more about the
nonequilibrium state of the system after connecting the baths by studying properties
of the density matrix, such as the entanglement entropy or the logarithmic negativity.
Of these two, the latter is a good measure for entanglement in our setup, and we find
general results for the case of two critical systems that have factorised pairing, which

we will discuss in Chapter 3.

Furthermore, one may wonder how general the results in [1, 73] are when one considers a
similar setup but for N systems connected in a specific way at one point (see Chapter 4
and [2] for details). One of the interesting questions to ask is if in this situation again

universal fluctuation relations hold.
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Another generalization one can make is to consider the same setup as in [1, 73], but
for states that are not conformally invariant. In reality, tuning a system exactly to
criticality is very difficult, and one expects a small gap to be present in the description.
Therefore, the next generalization is the calculation of the steady-state energy current

for general massive integrable QF T (see Chapter 4 and [3]).

1.5 Outline of this thesis

Chapter 2 is an introduction to the description of the two types of one-dimensional
quantum systems we will consider: the first are in the quantum critical regime, so
that they can be described by a continuous gapless model, or a CFT. The second are
perturbations away from criticality, so that the description is that of a continuous system
with a gap. We will consider only the case in which the description is still integrable,

and a description can be found using thermodynamic Bethe ansatz (TBA).
The next two chapters are devoted to the research papers on which this thesis is based:

In Chapter 3 we review the entanglement entropy and negativity in extended systems,
both at zero temperature and finite temperature. This chapter concludes with the
paper [4], written together with Benjamin Doyon, which appeared in the journal Nuclear

Physics B.

Chapter 4 contains an introduction to thermodynamics away from equilibrium, and a
more detailed description of the local quantum quench which we consider, and the steady
state which occurs at late times. This chapter contains the paper [2], written together
with Benjamin Doyon and Denis Bernard, which appeared in the Journal of Statistical
Physics, as well as the paper [3], which is a collaboration with Olalla Castro-Alvaredo,
Yixiong Chen and Benjamin Doyon, and which appeared in the Journal of Statistical

Physics.

Finally, Chapter 5 contains a discussion of the results of the papers [2-4], as well as

ideas for future directions this research could take.

9for which the form of the density matrix in the steady state was predicted in [74]
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One-dimensional (near-)critical

quantum systems

In this chapter we will give a description of the physics of many-body
quantum systems that are close to a so-called quantum critical point
(QCP), which is the point in the phase diagram at which a continuous
phase transition occurs due to a non-thermal control variable. Close
to such a continuous quantum phase transition, a many-body system
can be effectively described by a quantum field theory (QFT), with a
mass that goes to zero as the system is tuned to criticality. The scale
invariant field theory at the critical point often has additional symme-
tries, so that the QCP can be described by a Conformal Field Theory
(CFT). We will consider general properties of CFTs. In the special
case of two dimensions, we will find that a CFT has an infinite number
of conserved charges, allowing us to find exact expressions for some
correlation functions. We will then describe the situation in which
the system is tuned away slightly from this quantum critical point, in
such a way that the system can be described by a massive QFT, con-
sidering only the special case in which there still are infinitely many
conserved quantities and the resulting system is an Integrable Quan-
tum Field Theory (IQFT). We will review how the thermodynamics of
this system can be described using the thermodynamic Bethe ansatz
(TBA).
23
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2.1 Many-body quantum systems

The microscopic constituents of matter are fairly well understood. At least at the
level of protons, neutrons and electrons we have a good way of describing how these
interact. There are several length scales that are important in finding a description of
the system. One is a microscopic scale a at which interactions typically take place (for
example the lattice spacing). Another may be the total size of the system. When many
of these individual particles interact with each other, interesting things happen: the
particles can form various types of ordered phases, or be in a phase that is completely
disordered. Often the behaviour of the whole does not simply reflect the interactions
at the microscopic level, and one can see very similar macroscopic behaviour in very
different materials, or conversely, the tiniest change of temperature, pressure or magnetic
field can have a profound effect on the macroscopic behaviour of the material. This is
due to the fact that as many particles interact with each other, collective behaviour can
emerge that is very different from the microscopic behaviour of the individual particles.
The length scale £ at which the behaviour changes is called the correlation length. For
example, if you take a piece of material and break it up into smaller and smaller pieces,
the macroscopic properties of the pieces do not change until you reach a size of around

the correlation length.

The correlation length depends on the coupling constants of the theory describing the
system, and it can therefore be varied by changing the parameters (temperature, pres-
sure, external magnetic field, etc.). A special phase of the system is the critical phase, in
which the correlation length is infinite, and fluctuations exist on all length scales. These
are the critical points in the phase diagram at which a continuous phase transition
occurs, and these turn out to have many special properties that make them both inter-
esting and amenable to calculation. When a system is close enough to a critical point,
the correlation length becomes much larger than the microscopic length scale: & > a,
and one assumes that the lattice degrees of freedom at nearby lattice sites co-vary. This
allows for an effective description in terms of a continuous function. This effective field
theory description is very powerful, as it describes states in terms of excitations rather
than the constituent particles, which means it is a good description of the important
physics. Such a description turns out to be convenient for spotting symmetries that

are very important in understanding phase transitions. Furthermore, as this description
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does not include the microscopic details, its results may be applicable to a wider range

of systems that share similar large-scale behaviour.

2.1.1 Scaling limit

The basic constituents that we will be looking at when describing quantum systems are
quantum expectation values, as these could in theory be measured. These can be local
observables (O(x)), such as the local magnetisation at a site on the lattice, but one can
also look at how these observables co-vary. This is measured in a correlation function
(O(x)O(y)), which quantifies how microscopic variables co-vary across space and time.

These correlation functions are a measure of order in a system.

Considering a one-dimensional lattice model, these observables O(x) will take values on
the sites of the chain, so x then takes discrete values ia with ¢ = 1,2..., and with «a
the lattice spacing. In the following, we will be interested in situations in which the
fluctuations on the scale of the lattice spacing can be ignored. As discussed above, this
is the case when a system is close enough to a critical point, and it can then be described
more conveniently by taking the scaling limit, which is the limit where the lattice spacing
a is sent to zero whilst keeping the correlation length (and the domain) fixed. Whether

the scaling limit can be taken depends on the existence of the limit

lim a~ 20 24(O01(21) -+ On(x)) = (p1(21) . . . dn(zn)), (2.1)

a—0

where the powers {A;} needed to regulate the expression are called the scaling dimen-
sions of the fields {¢;}. Note that on the left-hand side of (2.1), we must understand
the {z;} to mean “the nearest lattice sites to the points {z;}”. In the limit a — 0, they
take continuous values. The scaling limit is only valid for non-coincident {z;}, and the
correlation functions in (2.1) are singular when two fields coincide. However, it seems
natural to assume that in the limit that two fields coincide, the properties of this com-
posite field become those of a local field. Then, assuming that at each point we have a
complete basis {¢;}, we can expand this composite field in the same local basis using

the operator product expansion (OPE):

(o dila)di(ay)...) = Conlmi —2;)( .. dula;)...). (2.2)

k
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When |z; — x| is smaller than the separation between x; and all other arguments in the
correlation function, the coefficients Cjj; are independent of whatever else is inside the

correlator. For the sake of brevity, one therefore often writes
d) T ¢] x] Zczgk ¢k($]) (2'3)

where it is understood that this equality is only valid inside a correlator, and in the
limit x; — xj. Since the correlation functions in the scaling limit do not depend on the
lattice spacing a, one might as well have started with a different lattice spacing which
is a fraction of the original: a/b. At the same time, this new model would be the same
as having the original lattice spacing a, but multiplying all length scales in the system
by b. Thus, we conclude that correlation functions in the scaling limit transform under

scale transformations as

(@1(b21) . dn(brg)) = b™ 2= 2y (1) - (). (2.4)

The above scale transformation is often denoted as a transformation of the scaling field,

¢(br) = b2 (x). (2.5)

2.1.2 Effective description (Renormalisation group)

In the scaling limit, correlation function away from a critical point behave in the limit
|z —y| — oo as

(B(z)(y)) ~ e 7l (2.6)

where a is the lattice spacing and £ the correlation length, indicating that observables
tend to be uncorrelated on length scales larger than the correlation length. In a con-
tinuous description of the system in terms of the scaling fields ¢(x), £ will typically be

proportional to the inverse of the mass of the lightest field.

Exactly at the critical point, the correlation length diverges (i.e., the mass scale goes to
zero and the spectrum becomes gapless), and correlation functions behave like powers
of the distance:

(Bx)py)) ~ |z -y, & (2.7)

I
3
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where A is the scaling dimension of the field ¢.

The behaviour of the correlation functions away from a critical point (2.6) and exactly at
a critical point (2.7) tell us how fluctuations behave at different length scales: away from
the critical point one can divide fluctuations into short-range fluctuations (on distance
scales much shorter than the correlation length) and long-range fluctuations (on distance
scales much longer than the correlation length), whereas at the critical point this division

cannot be made and the system becomes scale invariant.

One can make these ideas exact by applying the ideas of the renormalisation group
(RG) to phase transitions. An RG transformation is like ‘zooming out’ and looking at
the same system from a larger distance, which makes sense, since a phase transition
is a change in the macroscopic properties of a system. When describing the system
near such a transition, one is not interested in its microscopic details, but rather the
effective behaviour of many particles which becomes important at large length scales.
The renormalisation group is a method of coarse-graining the description of the system,

such that the large-length scale behaviour can be obtained.

Starting from a microscopic Hamiltonian describing a system with a short-distance (lat-
tice) cutoff a, a renormalisation group (RG) transformation can be made by increasing
the short-distance cutoff a by a certain factor and integrating out the degrees of free-
dom below this distance scale (coarse-graining). In order to compare the coarse-grained
theory to the original model, one then rescales the distances and fields. After the RG
transformation, the cutoff is the same as before the coarse-graining. If the integration
has produced new couplings, these must be added to the original Hamiltonian, and the
RG transformation is iterated, until no new terms appear. A single RG transforma-
tion is also called an RG step. One then compares the Hamiltonian before and after
the transformation. The coupling constants in the Hamiltonian typically change af-
ter coarse-graining and rescaling. If after an RG step the coupling strength of a term
increases, this term is called relevant, since at longer distances it will become more
important. Conversely, if a coupling constant becomes smaller when looking at larger
distance scales, it corresponds to an irrelevant term'. A coupling constant which does

not change after an RG step is called marginal.?

rrelevant operators are operators that blow up in the UV, and are non-renormalisable. Adding
irrelevant operators means that a different UV theory should be started from.

2Usually the RG equations can not be solved for the exact Hamiltonian and are solved perturbatively.
One generally expects relevant terms to remain relevant, and irrelevant terms to remain irrelevant.
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By taking the limit in which the rescaling is infinitesimal, one can obtain a set of differ-
ential equations called RG equations® for the coupling constants, which involve so-called
beta-functions:

d{g} _
- B({g}) (2.8)

where {g} is the collection of coupling constants depending on [, and | = Inb, where b

is the length scale of the coarse-graining in the RG step.

In general, after an RG transformation, the system will have a smaller correlation length.
Exceptions are when the correlation length before the RG step is either zero of infinity.
These are called RG fixed points, and they correspond to points in the space of couplings
where the system is scale invariant and the beta-function vanishes®. If all perturbations
around this fixed point are (ir)relevant, then the fixed point is a repulsive (attractive)
fixed point. In general, a fixed point will have both relevant and irrelevant directions.
Such a fixed point is called a separatrix, and it is these types of fixed points that describe

the critical points of a phase transition (see Figure 2.1)°.

A typical RG flow describing a real-life system starts at a point in the space of couplings
which is not a fixed point. We will call this the ‘physical point’, and the system is
described by a theory which has as bare parameters these ‘physical’ values of the coupling
constants and as a short-distance cutoff the spacing between the important degrees of
freedom (e.g. spins, etc.). This is typically the lattice spacing. When a system is
not tuned to a fixed point, an RG transformation will cause the theory to flow to a
different theory with smaller correlation length giving the behaviour of the system at
slightly longer distances. Following the flow all the way down to zero correlation length,

one ends up in a scale invariant theory describing the ultra-long distance behaviour:

Exceptions to the latter rule are termed “dangerously irrelevant”. Operators that are marginal to first
order and become relevant at higher order are termed “marginally relevant”.

3Note that this is a local equation in energy scale.

4A theory may be scale invariant for all couplings, in which case it has a beta function which is
identically zero, or it may have some points in the space of all couplings for which beta function has
a zero. In the latter case perturbing the system will break the scale invariance and depending on the
dimension of the perturbing operator, lead away from the fixed point (relevant) or back to the fixed point
(irrelevant). This way, one can define stable and unstable fixed points as being fixed points where all
small perturbations lead to an RG flow which brings the system away from the fixed point (unstable), or
back towards the fixed point (stable). Typically, there will be both relevant and irrelevant perturbations
in the space of all couplings

®The reason why the critical phase is so difficult to reach can be seen from the RG flow diagram of
the critical surface and the fact that a parameter that tunes the system through a phase transition must
correspond to a relevant operator.
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FIGURE 2.1: Renormalisation group flows near a fixed point with both a relevant and
an irrelevant direction. A phase transition occurs when one tunes the system through
the critical surface along a relevant direction which affects the value of £&. The dotted
line corresponds to the physical values of the coupling constants. The short-distance
cutoff on the dotted line is typically the lattice spacing. Unless the system is at a
fixed point, RG flows lead away from the physical line, towards a fixed point which
gives the long-distance scale description (sometimes called IR fixed point). At points
A and B, which do not lie on the critical surface, the correlation length is finite and
RG flows will lead away from the critical surface, towards another fixed point which
has £ = 0 (not included in the figure). At point C, where the system is tuned through
the critical surface, the correlation length is infinite, and the system flows towards the
critical point.

an IR fized point®. The flow towards the IR fixed point must be due to a relevant
(or marginally relevant) field. This fact, and the fact that most fields are actually
(marginally) irrelevant, means that only a handful of fields determine the IR fixed point.
It is then possible for different systems to be described by the same IR fixed point. This

is called universality.

5In some cases, one can also extend the flow back to the limit where the lattice cutoff goes to zero, by
taking the system to be a low-energy description of a more general renormalisable quantum field theory.
The passing to the general theory describing the high-energy limit is called UV completion. This general
theory will have a UV fized point which governs the ultra-short distance behaviour, from which the RG
flow leads towards the physical point, and from there via the original RG flow to the IR fixed point.
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2.1.3 Aside: the quantum-classical mapping

If one considers a d-dimensional quantum system in equilibrium that is close to a critical
point, one can describe its universal properties using a D = d 4+ 1-dimensional classical
field theory, where the extra dimension has a finite length corresponding to the inverse
temperature of the quantum system. This is called the quantum-classical mapping. The
heuristic explanation is as follows: consider a quantum system close to a critical point,
so that we can consider the scaling limit and use the quantum field theory language
to describe its universal properties. If the system has some finite inverse temperature

B =1/kpT, then the partition function looks like
Z ~ Tre PHart (2.9)

which in the language of path integrals looks like an evolution of an imaginary length i
along the time direction. The trace causes this imaginary time direction to be periodic
with length 8. We therefore talk about temperature of the quantum system being
equivalent to an imaginary time scale. More formally stated, a quantum model defined
on a d-dimensional space R? maps onto a classical model on R? x S', where the circle
S! has circumference 8. In particular, the classical model in infinite d + 1-dimensional

spacetime maps onto a d-dimensional quantum model at zero temperature.

2.2 Conformal Field Theory in 2 dimensions

When a system is exactly at a critical point, it can be described effectively by a theory
that is scale invariant, i.e. it is invariant under global dilatation of the length scale:
x — Azx. If one further assumes that the system has local interactions and can be
described in the scaling limit by a translationally invariant and rotationally invariant

theory, then according to Polyakov [75] it is invariant under the more general local scale
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transformations (or conformal transformations)”:
x = Ax)x. (2.10)
The conformal transformations are the transformations that locally leave angles invari-

ant. It can therefore be described as a rescaling that is slowly varying in space.

In order to find the generators, we consider infinitesimal conformal transformations:
at — ah + €, (2.11)

where in order for the transformation to be a conformal transformation, we must have

that the metric g,, transforms in such a way that
ds?* = gdatda” — p(z) ds?, (2.12)
where the Einstein summation convention is used. This means that
Ou€y + Op€u X Guu- (2.13)

Comparing the trace of both sides, we find that an infinitesimal conformal transformation
(2.11) must satisfy
2
Ou€y + Opey = D 0 €guv- (2.14)

Note that in the following, we will always consider either flat Euclidean space, g, =
diag(1,1---,1) or flat Minkowski space-time g,, = diag(—1,1,---,1). As a short-
hand, we will denote two-dimensional Euclidean space with D = 2, and one-dimensional

Minkowski space-time with D =1+ 1.

In two-dimensional Euclidean space (D = 2), the condition (2.14) gives the Cauchy-
Riemann equations,

8162 = —3261, 8161 = 6262, (2.15)

"This is due to the fact that for a local theory one can define a stress-energy tensor, and using
invariance of the action under translation, rotation and dilatation, one can deduce that the stress tensor
must be conserved, symmetric and traceless. One can use these properties to show that the action is then
invariant under the conformal transformations, which satisfy (2.10). One often assumes more generally
that a physical system that is scale invariant is also invariant under the conformal group, as long as it
is local. This is due to the fact that counterexamples are in fact rare (an example can be found though
in [76]).
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and we can use complex coordinates z,zZ = xgt iz, €,€ = €y T i€, to see that in D = 2,
an infinitesimal conformal transformation is a transformation (2.11) where € = €(z) is a
holomorphic function of z, and € = €(Z) anti-holomorphic. These can be represented as

an infinite Laurent series
oo

ez)= > 2", (2.16)

n=—oo

and we find that the generators of these local transformations are
l, = —2""19,, 1,=-z""9;, n=0,+1,42, ..., (2.17)
which have the following commutation relations
Ly ln] = (m — 1)l gn, Ly ln] = (M — 1)l gn, [l ln] = 0, (2.18)

also known as the Witt algebra. We see that in D = 2 CFT there is a decoupling in
the holomorphic and anti-holomorphic degrees of freedom. In the following, therefore,
we will generally consider only the holomorphic degrees of freedom, and assume that a

similar relation holds for the anti-holomorphic degrees of freedom.

Note that the generators [, and I, are not all well-defined globally. By considering a
conformal transformation v(z) =Y., anly, = — Y, a,2"10,, and writing it in terms of
the coordinate w = 1/z, it can be seen that the only choice leading to a well-defined
transformation everywhere is one which has all a,s set to 0 except for a_1, ag and
a1. The exact same holds for the anti-holomorphic generators. In fact, the generators
lo,l+1 U {lp,l+1} form a finite subalgebra of globally defined infinitesimal conformal
transformations, with [_; and [_; the generators of translations, Iy + [y the generator of
dilatations, i(lop — lo) the generator of rotations and I; and [; the generators of special

conformal transformations.
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2.2.1 Primary fields

A generalization of the notion of vectors or tensors for the conformal group are called

primary fields. These are fields that transform under a generic conformal mapping as®

_ 82\ " [z \ " _
q)n(2'7 Z) — <8Z> (az> q)n(Z/, Z/)7 (219)
where (%) is the Jacobian of the mapping, and (hy,h,) are called the conformal
dimensions of the field. Considering only the holomorphic part, correlation functions

of primary fields therefore satisfy the relation

<¢>1(zl)...¢n(zN)>_<gi>hl ...(%j)hlv (®1(2]) - D (). (2.20)

z=2z1 Z=zZN

For the two-point function, the conformal group in two dimensions completely restricts
its dependence on z; and zo: firstly, due to translation and rotation invariance (which
has Jacobian of unity), the two-point function can only depend on zjs := |21 — 22|,
and secondly, due to the behaviour of primary fields under scale transformations, the

function has to be of the form

C12

<(I)1(Z1,§1)‘I)2(2’2,22)> = it (2.21)
212

with c¢12 a normalisation constant. We can determine this further by imposing covariance

under the special conformal transformations, which impose h; = ho for z15 # 0.
Similarly, we find that the three-point function takes the form

_ _ _ C123
<(I)1(Z1,zl)(I)Q(ZQ,zg)‘I)g(Z3,Z3)> = “hitha—hs haths—h1 _hiths—hg (2.22)
212 23 13

The coefficients c12 and c1a3 are related to the coefficients in the OPE (2.3), and in
particular, the conformal gauge, which sets the leading term in the OPE of a field with

itself to 1, means that the coefficient cj2 in (2.21) is 1 for &1 = .

81f the transformation holds only for global conformal transformations, it is called a quasi-primary
field.

9The combination d,, = hn + hn is called the anomalous scaling dimension, and s = h,, — hn the spin
of the field ®,(z, ).
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For n > 4 the correlation functions cannot be determined completely, since it is now

possible to create conformally invariant cross ratios, e.g.

212234
Y
213224

(2.23)

and the correlation functions can only be defined up to an arbitrary function of all the
cross ratios, of which there are N(N — 3)/2 for an N-point function. For instance, a
4-point function depends on two cross ratios, and has the general form:
_ _ _ _ _ —(hi+h;i)+h/3 _—(hi+h;)+h/3
(1 (21, 21)®(22, 22) @325, 23)@a (24, 20)) = F (x,7) [ 2 " ] 5,02
i<j 1<j
(2.24)

where h = Y"}'_; hy (similar for k) and we note that the different conformally invariant

cross ratios for 4 points are not independent, as they satisfy the relations

212234 214723 T 212234
x = , l—a= , = . (2.25)
213224 213224 1—2 214203

2.2.2 Energy momentum tensor

We may want to explore the conserved quantities associated to the global symmetries
that conformal field theories exhibit. The energy momentum tensor 7}, is the matrix

of conserved currents associated to translation invariance:
o', = 0. (2.26)

Invariance under rotations further implies that it is symmetric. In a CFT, there is also

scale invariance, which implies that
1%, = 0. (2.27)

In complex coordinates, we have T, = T3, = 0, and for T, and T35 the above conditions

can be rewritten as

agTZZ = 0, 8ZT52 = O, (228)
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so that we find that the energy momentum tensor has holomorphic and anti-holomorphic
components:

T(z) =T.,., T(z) = Tz, (2.29)

which tells us that at criticality, T = T'(z) is an analytic operator, and T = T(Z) is
an anti-analytic operator, at least at the classical level (and in the case of short-range

interactions).

For a quantum CFT in 2 dimensions, it is assumed that inside correlation functions
these analytic properties continue to hold (except at positions where other fields are

inserted).

We might wonder whether the energy momentum tensor is a primary field. The answer

is that it is not: it transforms under a conformal transformation z — f(z) as

T(z) = (0F)°T ((2)) + 15 S(:2), (2:30)

with the Schwarzian derivative

)

S(f,z) = 0.7)2 , (2.31)

and the central charge ¢, which is part of the basic data of a CFT (along with the
scaling dimensions (hj,h;) and the OPE coefficients Cj;z). The constant c is called
the central charge because as we will see later this term results in a so-called central
extension of the conformal algebra (2.45). Its value depends on the model in question,
and the value ¢ of the central charge for the anti-holomorphic algebra is the same as
¢ for theories that are Lorentz invariant and have conserved two point function of the
stress tensor. The central charge is additive: if we take two field theories and add their
actions without adding a coupling term between them, then their energy momentum
tensors add together, as do their central charges'’. Furthermore, for a two-dimensional
field theory that is unitary, invariant under rotations, and for which conservation of the

stress-energy tensor holds, there exists a function of the coupling constants C'({\;}) > 0

10For this reason, it is often said that the central charge can be interpreted as a measure of degrees of
freedom.
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that decreases along the RG flows, and is stationary only at the fixed points. Its value

at the fixed points coincides with the central charge ¢ of the corresponding CFTs!!

2.2.3 Holomorphic factorisation

It is well known that, although holomorphic factorisation in CFT is true at the level of
Virasoro representations — that is, the factors are local fields — it does not hold, gener-
ically, at the level of the operator algebra. That is, the OPE between fields p;(x) and
©;(y) is generically not the product of the OPEs between their individual holomorphic,
@f(a:)gpj(y), and anti-holomorphic, ¢; ()¢ (y), components. For instance, one may

have the diagonal structure (here for spinless fields)
Z CHCE (w —y) DBk (y) (2.32)
instead of the factorized structure

= 3 CECE (@ — )™ e ol (h) oy (y): (2.33)
k,k'
One may say that although holomorphic and anti-holomorphic components are local,

they generically have semi-local properties with respect to the operator algebra.

It is known that the particular structure of the OPEs constitute additional data of
the CFT model under consideration, which, along with the central charge, the set of
modules involved and the chiral OPE coefficients, fully characterize the CFT model.
This additional data may be referred to as the pairing data of the model. Because of
the separation between the chiral and anti-chiral components of the stress-tensor (and
of other symmetry currents), highest-weight modules always appear, in any OPE, in a
factorized fashion, hence the only pairing data necessary is that identifying the pairing

between modules.

The pairing of holomorphic and anti-holomorphic components is a manifestation, at the
CFT level, of the fact that, at the quantum-chain level, time-evolved fields are not in
general locally supported on end-points of the light-cone, but rather are supported on

the full interval lying inside the light-cone. Formally, we may represent this pairing as a

Tt was first proved by Zamolodchikov in [77], and later a proof in integral form was given by Cardy
in [78).
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connection between holomorphic and anti-holomorphic components, and this connection

constrains the OPEs involving the separate components.

Models in which the pairing is trivially factorized are those that are completely built out
of symmetry currents: those where all representations involved are the representations
associated to the symmetry algebra itself. Free-boson (harmonic chains) and free-fermion
models display this property. By construction, in a model with trivially factorized

pairing, the OPEs of twist fields in the replica model also trivially factorizes.

2.2.4 Quantisation

In the operator formalism, time plays a special role. If we want to consider states
in a quantum field theory, therefore, we must first think about the space they live in
and their evolution. Usually, one defines a quantum field theory on space-time, with
coordinates (t,z) (where z denotes all the spatial coordinates, and ¢ the time direction.
For a D =1+ 1 theory, x contains only one coordinate). States are defined at a point
in time (also called ‘time slice’), and evolve in time under unitary time evolution with
the Hamiltonian: |[¢(t)) = exp(—itH)|1(0)). In the quantum theory, states can be
expressed in terms of local operators acting on a Hilbert space. If the spectrum of H is
discrete, one can think of the creation and annihilation operators as ladder operators. In
a conformal quantum field theory, however, this approach has a problem: the lack of an
energy scale means the energy spectrum of the states is continuous, and disentangling
the eigenstates from one another is difficult. If the system can be mapped to a CFT
on Euclidean space (i.e. from D =1+ 1 to D = 2), there is a way around this. Since
the system is scale invariant, we can simply consider states on radial slices instead of
time slices (see Figure 2.2), so that the dilatation operator D (here we added a hat
to distinguish from the space-time dimenion D) plays the role of the Hamiltonian, and
states evolve as [)(r)) = exp(—irD)|1(0)). The spectrum of D is discrete, due to the
fact that if ‘time’ runs radially outward (along the line of a scale transformation) then
‘space’ is perpendicular to that, and therefore our new spatial direction is compact. Note
that Lo + Lo generates dilatations (so this will play the role of the Hamiltonian), and

i(Lo — Lo) generates rotations (so this will play the role of the momentum operator).
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X ~ -

FIGURE 2.2: In the usual quantisation, in terms of eigenstates of the Hamiltonian

operator, we have time and space as seen in the left picture. For a scale invariant system,

however, the Hamiltonian does not have a discrete spectrum, and instead the dilatation

operator is used to construct a discrete spectrum. Since this is also a symmetry operator

of a scale invariant system, this is possible, and results in a description in which time

runs radially outward, and the spatial direction is the circle. In this description, an
operator inserted at the origin corresponds with an ‘in’-state.

In our new coordinates, the distance from the origin plays the role of time, and correla-

tion functions are considered to be radially ordered:

(¢(z1,21)0(22, 22)) = (0[R (¢(21, 21) (22, 22)) [0), (2.34)
where radial ordering is implemented by the operator R:

R(A()Bw) = { P =Tl (2.35)
B(w)A(z) |z| < |w].

We can use the conformal symmetry to derive conformal Ward identities for the radially
quantised theory. In D = 2 CFT these simplify significantly, as we will see. Recall that

we have a conserved current j, = T, €”, with the associated conserved charge

Q- / a0y (0) = 5 f d=T(2)e(2) + c.c.. (2.36)

Then the transformation of a field ¢(w, w) under a conformal transformation is given by

Secolw,) = Quolw,w)] = 5 § =T ()e(z). dlw, w)] + [dT(2)el2): blw, w)]
(2.37)
where the commutator is an equal-radius commutator. This means that there is an
ambiguity, as one has to choose whether w and w are inside or outside the contour C.
This is resolved using the earlier realisation that in analogy to time-ordered operators
in a correlator, we define operators to be radially ordered when we compute their cor-

relation function (see (2.35)). Assuming operators to be radially ordered, we have for a
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holomorphic field A(z) that

%dz [A(2), B(w)] = 7{2|>w dz A(Z)B(w)?{ZK'w' dz B(w)A(z) = 7{:(10) dzR (A(z)(f:(:;)) )

where C(w) is the contour enclosing the point w (see Figure 2.3). The transformation

-0

FI1GURE 2.3: Path integral representation of an equal-radius commutator.

of our field ¢ is then given by the residue:

1
2mi

deep(w,w) = ]i( | (dze(2)R(T(2)p(w,w)) + dz€(Z)R (T(2)p(w,w))) . (2.39)

This is where the simplification occurs. Since our conserved current is a sum of a purely
holomorphic and a purely anti-holomorphic part, Cauchy’s theorem can be used. For
example, for a primary field we know how it should transform under an infinitesimal
conformal transformation, so we can work out the singularities that should be there in

the OPE between T' and the field.

The upshot of this is that if we know the OPE between an operator and the energy mo-
mentum tensors T(z) and T(Z), then we immediately know how the operator transforms
under conformal symmetry. Or conversely, if we know how an operator transforms then
we know at least some part of its OPE with T'(z) and T(z). For example, the transfor-
mation law (2.19) for a primary field ®(w,w) leads to the OPEs

T(2)®(w,w) = Lfb(w, w) + ﬁ@wfb(w,u_}) +... (2.40)

T(2)®(w, @) = (z—h}z)z’q’(“” 7) + ﬁ&ﬁb(w,@) b (2.41)

By performing two conformal transformations in succession, one can determine the OPE

of the energy momentum tensor with itself, which takes the general form

T()T(w) = 7 c_/i)4 + _2w)2T(w) b1 0T(w), (2.42)
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and similar for anti-holomorphic terms.

2.2.5 The Virasoro algebra

After quantisation, the algebra of local conformal transformations acquires an extra term
due to the fact that the two-point function of the stress tensor no longer vanishes in
general. A way to see this is by defining the generators of the conformal symmetry as

the modes of the Laurent expansion of the stress tensor:

T(z2) =Y 2" Ly, T(2)=) z "Ly, (2.43)

neL nez

which can be formally inverted by

1 _ 1 _
Lyn=— ¢ dz2""T(2), L,=-— ¢dzz""'T(2). (2.44)

- 211 211

Using the OPE of T with itself (2.42), and the same for T, it can be shown using the

methods outlined in the previous section that

(Lo, Ln] = (m — 1) Lupsn + 1—02m(m2 — )6 im0, (2.45)
(Lo, Ln] = (m — 1) Lpsn + 1—C2m(m2 — )6 im0, (2.46)
[Lin, Ly] = 0. (2.47)

2.2.6 Representations of the Virasoro algebra

The role of the Hamiltonian is played by the dilatation operator Lo + Lo. However,
since the left- and right-moving parts of the energy-momentum tensor decouple, we can
consider Ly as the Hamiltonian for the right-moving part of the theory, and Lg for the

left-moving part. The equivalent of an in-state is an operator inserted at the origin:

65 = lim 0,(2)0). (2.48)

From the OPE with the energy momentum tensor we can deduce that

Lolgj) = hjld;), (2.49)
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where h; is its holomorphic conformal dimension. In case the field inserted at the origin

is primary, we further see that

L,|®;)=0, n>1. (2.50)

From the commutation relations (2.45), we can infer that the L,’s (and L,’s) act as

raising- and lowering operators, since:
[Lo, Lp] = —nLy, (2.51)

so that Lo (L_y|¢;)) = (hj + n) |¢;), meaning that acting with L,, on a state shifts the

eigenvalue by —n, so for n > 0 it is a lowering operator, and for n < 0 a raising operator.

We will consider only unitary theories, which follows automatically if the Hamiltonian is
Hermitian. If we demand Hermiticity, the Virasoro generators must satisfy the following
conjugation relation:

LI =L_,. (2.52)
From (2.50) we see that the spectrum of states is bounded from below, as states that
are created by acting with a primary operator on the vacuum are annihilated by all the
lowering operators. These states are usually called highest-weight state, and they have
the property that it is annihilated by all L,, with n > 0 (which is why it is sometimes
called a lowest-weight state instead). By acting with the raising operators L_, (n > 0)
on the highest-weight states, one builds representations of the Virasoro algebra, called
Verma modules. Obviously this results in an infinite tower of states. All states obtained

in this way are called descendants.

2.3 Integrability

Conformal Field Theory is an example of an integrable field theory!?. In general, non-
integrable QFT must be solved perturbatively, which can be done only for weakly coupled

systems. However, for CFT and other integrable theories, one can in principle find

7 13

“exac expressions for correlation functions, regardless of the interaction strength.

12 For the integrable structure of CFT, see [79] and references therein.
35ee for a discussion of the notion of integrability the paper by [80]



Chapter 2. One-dimensional (near-)critical quantum systems 42

It is possible to find a relevant deformation of CFT that results in massive integrable
QFT, since an infinite number of integrals of motion can survive when perturbing a
CFT by particular relevant operators which lead to integrable field theories that are
not scale invariant [81]. The presence of these infinite integrals of motion gives huge
simplifications for the possible scattering events: it means the scattering has to preserve
the number of particles and the set of their momenta [82]. Also, one can apply a higher
spin symmetry and conclude that all scattering processes can be regarded as a series of

two-body scattering processes [83].

2.3.1 Intuitive picture of integrability

In order to get an idea of when a system might be integrable, consider a 2 — 2 scattering

process in a 1+1-dimensional system.

kl\ /fh

in out.

kg/ \\Q2

If we assume that energy and momentum are conserved, then we have the following two
conserved quantities: P = k1 + ks = ¢1 + g2 and E = k? + k3 = ¢ + ¢5. This has two
solutions, (k1 = q1, k2 = ¢2) and (k1 = g2, k2 = ¢1). Now if we look at a process in which

three particles scatter off each other,
3} S o T
in ko *H*—H q2 out,
k3 / \\ 0
then the conservation of energy and momentum, giving the two equations P = ki + ko +
ks=q+q+q3and E = k% —i—k% —i—k% = q% —i—q% —|—q§, are insufficient to specify a solution.
However, if there were a third conserved quantity, for instance Q3 = k3 + k3 + k:g =

4} + @3 + g3, we would be able to solve for {qi1,q2,q3} in terms of {ki, ks, ks}. In this
case, a solution has the property {ki, k2, ks} = {q1, ¢2, g3}
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In general, N of these ‘suitable’ conserved charges imply:

{kla"'ka}in :{ql,...,qN}out. (253)

The number of particles is conserved, as is the set of their momenta. Scattering is
elastic. If we want to consider a system with an infinite number of degrees of freedom,
such as a quantum field theory, then for this system to be integrable the number of these

conserved quantities must be infinite as well.

2.3.2 Quantum Integrability

Let us make more precise what we mean when we say a quantum system is integrable.
A definition for quantum integrability is those quantum systems which have an infinite
set of conserved quantities (‘charges’) @); that are local, conserved and in involution, i.e.

they satisfy the following properties:

e There is a set of quantities {Q);} that all commute with each other

Qj,Qr] =0 Vj,k (2.54)

with one of the charges the Hamiltonian, so they are all conserved.

e The charges (); are local, i.e.
Q; = / fi(x)da (2.55)

It was argued in [82] that the existence of such an infinite set of conserved charges is
a necessary and sufficient condition for factorised scattering: Since these charges are
local, one can consider asymptotic in/out states that are sufficiently separated so that

the charges (J,, act on these asymptotic wave packets separately.

Let us construct these wave-packets as follows!?,

o0
Ui(z) = / dp e—olv—pi)? gipla—a:) (2.56)

—00

Yor we might replace exp(—a(p — p:)?) by another function of p, peaked around p;
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FIGURE 2.4: Yang-Baxter relation: By acting with a local conserved charge, a three-
body scattering process can be seen to be equivalent to different series of two-body
scattering processes.

Acting with the symmetry operator exp(ib@,,) on each of the wave packets has the effect

of shifting the peak of each wave packet:

d
x; = x;—b [dkwn(kz)] - (2.57)

where wy, (k) is the eigenvalue of the symmetry operator. Considering an N-body scat-
tering process, we can shift the centre of mass of all the particles (wave packets) by
a different amount, and change the order in which they scatter off each other (see
Fig. 2.4). Since exp(ib@,) commutes with the S-matrix, these many body scattering
processes must be equivalent to a series of two-body scattering processes. For the case

of three-body scattering, this gives the Yang-Baxter relation:
S(123) = S(23)5(13)S(12) = S5(12)S(13)S5(23), (2.58)

where S(ijk) denotes the scattering process between particles labeled 4, j and k, respec-

tively.

This gives the important result that the determination of the complete S-matrix for
a 1+41-dimensional integrable theory reduces to the determination of the two-body S-
matrix. The quantum inverse scattering theory, based on the Yang-Baxter relation, has
placed the theory of exactly solvable models in a unified framework and has provided
a powerful method for studying these models. The Yang-Baxter relation is a sufficient
condition for solvability, and leads to a consistent and effective method to find new

solvable models'®.

154n fact, an infinite number of solvable lattice models have been discovered using the quantum inverse
scattering method in the last twenty years.
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2.3.3 Integrable QFT

For a quantum field theory to be integrable, it must have no particle production (as
scattering must be elastic). One might try to use Feynman diagrams to identify a La-
grangian that corresponds to an integrable quantum field theory (IQFT). As an example,
consider a 1+1D QFT'6 with only one scalar field ¢ and Z; symmetry. We have the

following Feynman rules:

> — m7 = —igu, etc...
The Lagrangian for this theory is of the form
1 94 ge
L= 3 [(6#(,0)2 - m2g02] - ngl - g(pﬁ +.... (2.59)

If we want to find out how the interaction strengths {g;} should be chosen in such a
way that no particle production can take place (and we have elastic scattering, and
therefore an integrable field theory), we analyze all possible production processes in
turn, starting with the lowest: (2 — 4). The total amplitude for this production process
is ﬁ(gi — g6), so that if one chooses gg = g7, this process is dynamically suppressed.
Similarly, the analysis for the process (2 — 6) leads to the choice gg = g3, etc. It turns
out that the only Lagrangian theories with Z5 symmetry that dynamically suppress all

production processes are represented by the Lagrangian

) — QQif‘*—fﬁifs 2.60
[(Oup)” =m*@?] £ T = Tre £ r 4 (2.60)

L= 1 )

DN |

When all signs are chosen positive, this corresponds to the so-called sinh-Gordon model,

and when they are alternating, it is the sine-Gordon model.

The same analysis can be done with a more general Lagrangian which also has odd
powers of the field. In that case, the Lagrangian takes the form
1 2 g3

_ 4 2 2921 93,9 4 9 5
ﬁ_z[(a,m) m?¢?] Ry T (2.61)

18the only interesting IQFTs are 141 dimensional (otherwise they must have free or long-range inter-
actions) [84].
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Having a description in terms of an IQFT is not sufficient: in order to extract physical
quantities of interest one needs a way of describing the thermodynamics. That is the

subject of the next section.

2.4 Thermodynamic Bethe Ansatz

The thermodynamic Bethe ansatz (TBA) was developed more than twenty years ago by
Yang and Yang [85], initially as a technique which allows to compute thermodynamic
quantities for a system of bosons interacting dynamically via factorisable scattering.
After Lieb and Liniger [86] took the thermodynamic limit of the periodic gas of inter-
acting bosons, and wrote down the Bethe solution for the Bose gas with a delta function
interaction at zero temperature, Yang and Yang wrote down an ansatz for the Gibbs
partition function [85] (which was finally rigorously proved two decades later in [87]),
and found a solution for the saddle point which led to the TBA equations. The incredible
power of their result lies in the fact that for theories with local interactions the saddle
point contribution dominates the partition function, so the problem now becomes find-
ing the particle and hole densities that minimise the free energy. Later, Zamolodchikov
and Zamolodchikov considered the thermodynamics of certain relativistic quantum field
theories in [82], and A.B. Zamolodchikov generalised the arguments of Yang and Yang
to the case of a system of particles which interact dynamically in a relativistic manner
through a scattering matrix which belongs to an IQFT [88]. This latter approach, nowa-
days usually referred to as thermodynamic Bethe ansatz, has triggered numerous further
investigations. The reason for this activity is at least twofold: on one hand the TBA
serves as an interface between conformally invariant theories and massive integrable de-
formations of them and on the other hand it serves as a complementary approach to
other methods and techniques. The TBA-approach allows to extract various types of
information from a massive IQFT once its scattering matrix is known. Most easily one
obtains the central charge of the Virasoro algebra of the underlying ultraviolet conformal
field theory, the conformal dimension and the factor of proportionality of the perturb-
ing operator, the vacuum expectation values of the energy-momentum tensor and other
interesting physical and mathematical quantities. The TBA provides quantities which
may be employed in other contexts, such as the computation of correlation functions.

For instance, the constant of proportionality, the dimension of the perturbing field and
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the vacuum expectation value of the trace of the energy-momentum tensor may be used
in a perturbative approach around the OPE of a two-point function within a conformal

field theory.

An important thing to note is that while off-shell particle creation complicates the
procedure, one can always go far enough back in time to consider an ”in” state in which
all wave packets are sufficiently separated. More precisely, |z; — z;11| > &, where ¢ is
again the correlation length (proportional to the inverse mass of the lightest particle).
In that limit, the wave packets behave as if they were free, and one can represent the
“in” state with the Bethe wave function. Similarly, after any interactions have taken
place, we can write down an “out”-state which is sufficiently far in the future, so that all

wave packets are again sufficiently separated:

N
U(ziy, .. wiy) = [ ] Pt (2.62)
k=1

During the intermediate period in which wave packets can interact with each other, this
simplification is of course not valid, but we can use what we know about the scattering
matrix to relate in-states to out-states. This leads us to the quantisation conditions for

bosons or fermions,

N
e 80— 0;) =+1,  i=1,...,N, (2.63)

JF
where we have used the rapidity variables #;. The positive sign in (2.63) is the condition
for bosons, and the negative sign the condition for fermions. This quantisation condition

can be expressed in terms of the rapidities alone,
N
m; L sinh 6; + Z —iln Sz'j (91 — HJ) = 2mn;, (2.64)
J#i

where n; € Z for bosons, and n; € Z + 3 for fermions. The numbers {n;} and the

rapidities {6;} that solve the quantisation condition identify the Bethe states:

In1,01;...5nN,0N). (2.65)
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The energy and momentum of these states are still given by

N N
E = Zmz cosh 6;, p= z:mZ sinh 6;, (2.66)

i=1 i=1
but now the rapidities can only take up values that obey the condition (2.64). In
general, this condition is very difficult to solve, as it involves a set of transcendental
equations, but in the thermodynamic limit (sending both L — oo and the number of
particles N, — oo, whilst keeping their ratio fixed), the spectrum of the rapidities that
solve (2.64) becomes dense, and one can introduce continuous densities pg) (0), which
is defined as the number of particles with label a that have a rapidity between 6 and
0 + AQ, divided by LA#. In this limit, the energy per unit length of the system can be

written as

E[p"] = Z/ df myg cosh Bp{"). (2.67)
a=1v7%°

When the system length L is much larger than the correlation length & ~ ml_l, the

quantisation condition (2.64) becomes

n (a)
Ma .+ pla) (r) _
o sinh §;" + ; <5ab * Py ) (0) = 7 (2.68)
with 0;;(8) = —iln S;;(0), and where * is the convolution of the functions
< a’ N
(fxg)O)= [ 5 f(0—0)g(0). (2.69)

To derive the thermodynamics of this integrable field theory, one must also find an
expression for the entropy as a function of the particle (and hole) densities, and use this

to minimise the free energy,
F[p,p(r)] _ E[p(T)] —TS[p, p(f’)]7 (2.70)

with respect to the two densities p, p("). Here, F is the free energy, T is the temperature
and S is the entropy. This can be done by using a Lagrange multiplier, and elegantly

expressed by introducing the pseudo-energies €,(0), in terms of which the extremum
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condition reduces to the integral equation

/
mqR coshf = €,(0) £ Z/amgoab 0 — 6')log(1 £ e~ (@), (2.71)

where we have defined ¢qp(6) := deé »(60). This gives us the free energy at the extremum:

F=7F_ Z/ ma cosh 01 <1ie ﬁa(‘))) (2.72)

Technically the TBA-approach consists essentially of the following steps, first solving
the TBA-equations with a given scattering matrix for the pseudo-energies, then using
the solution to compute the free energy, and extract finally the quantities of interest
from it (some interesting quantities can already be obtained from the knowledge of the
pseudo-energies). Due to the fact that the TBA-equations are a system of coupled non-
linear integral equations there exist no closed analytical solutions for them. Nonetheless,
numerically this is in principle a well controllable problem (it becomes, however, quite
complex for an increasing number of particle types) and the equations may be solved

iteratively.
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Entanglement dynamics

In this chapter we will present the results of [4], after a short review
on the replica method of calculating the Entanglement Entropy and

the logarithmic negativity in QFT.
3.1 Entanglement in extended quantum systems

In the following, we will consider the methods for computing entanglement in the scaling
limit. In this limit, measures such as the entanglement entropy (EE) and negativity,
discussed in section 1.2.2, can be computed using path integral techniques. We will treat
separately two cases: entanglement between parts of a system that is in a pure state
and entanglement between parts of a system that is in a mixed state. If a system is in a
pure state, the EE provides a computable and also intuitively clear way of representing
entanglement. It possesses desirable qualities such as monotonicity, additivity, convexity
and basis independence (see the discussion in section 1.2.2). However, for systems that
are in a mixed state (which is the case for systems that are thermalised) the EE contains
contributions due to classical entropy in a system. In order to find a way to quantify
entanglement in a monotonic way for systems in a mixed states, one may instead consider
negativity. Negativity does not reduce to the EE in the low-temperature limit!, and its
intuitive meaning is less clear than that of the EE. Nevertheless, it has the advantage,

like the EE; of being computable for the type of systems we consider.

'rather, its zero-temperature behaviour is like a R’enyi entropy S /2

50
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In this chapter, we will review the methods developed by [89-91] which computed the
bi-partite entanglement entropy (defined in (1.10)) in the scaling limit using geometric
quantities, using a method reminiscent of the replica trick in disordered (e.g. spin glass)
systems (see for instance [92]). For mixed states, we will review the methods of [93, 94]

to compute the logarithmic negativity, defined in (1.15).

3.1.1 Pure states: Entanglement Entropy

When dealing with a system with a finite number of degrees of freedom, as in the two-
particle case discussed in Chapter 1, computing the eigenvalues \; of the reduced density

matrix allows one to compute the entanglement entropy (1.10) as
Sa=-Y_Ailn\. (3.1)
i

These eigenvalues are probabilities, and therefore \; € [0,1], and ), A; = 1. It follows
that the sum ), A" is absolutely convergent for any n > 1, and therefore it is analytic
for all Re n > 1. This means one can take the derivative with respect to n for n > 1,
and if the entropy is finite, then the first derivative converges to this value in the limit
n— 1"

.0 n
SA——%;H{%TrpA. (3.2)

One way to calculate the entanglement entropy is to compute Tr p"j for a generic real n
and use (3.2). In some cases Tr p’j may be easier to compute for n integer. In that case
the calculation can be done using a type of replica trick: if one can compute Tr p;y for a
positive integral n and one assumes that this can be analytically continued to a general
complex value, one can use (3.2) to compute the entanglement entropy. The question
remains whether this analytic continuation can be made, and yields a unique answer in

2

the limit n — 1. When the sum (3.1) is finite, the analytic continuation is unique #, and

yields an answer that equates to the result of the sum (3.1).

We are interested in computing suitable measures for entanglement (EE and negativity)
in the scaling limit, which will give us the universal part of the behaviour near a quantum
critical point (see Chapter 2). The EE diverges in the scaling limit [89-91], and whether

the replica trick works in the scaling limit has not been proven in general.

2under the condition that the result does not increase exponentially as Im(n) — oo
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The reason why the replica trick is useful in the scaling limit is because computing the
trace of the n-th power of the reduced density matrix in a QFT can be done using a
path integral. If (¢|p|¢’) is one matrix element of the density matrix for a system at
inverse temperature 3, one can compute it by taking the path integral on the imaginary
time interval (0, 8) over the Euclidean action and setting the field equal to ¢(z) at 7 =0
and ¢'(2’) at 7 = 8. In order to ensure that Tr p = 1, we have to normalize by a factor

Z, which is the partition function.

T ¢
3

= Z{ple”"M|¢) (3.3)
0 10) T

— [ld0(. DI5(6(5.0) — ¢ )30 B) — d(2)e =, (3.4)

where Sg is the Euclidean action, and Z denotes the partition function: Z = Tre A,

In the path integral, the partition function is computed by setting the value of the
endpoints of the field equal to each other, and integrating over them. This is equivalent

to considering the path integral over a cylinder.

=7 ="Tre Pl (3.5)

For the reduced density matrix py = Trp p, tracing only over the degrees of freedom in

part B means that only at points in B the endpoints are sewn together.

T = Z(¢lpald) = Z(¢| Trp e 7 |¢), (3.6)

where ¢ and ¢’ now denote states in H 4 only.
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We can take a product of these reduced density matrices,

> (lpald) (@ lpald”) -, (3.7)
¢

which amounts to sewing together one side of the cut on cylinder number 1 to the other

side of the cut on the next cylinder, etc., as shown in the following figure.

= 2"(6l0}1¢) (3.8)

Finally, tracing over the remaining degrees of freedom in A means connecting the last
cylinder with the first cylinder. We are left with n cylinders that are cyclically con-
nected via the degrees of freedom in A, let us call this Riemann surface R,. The
zero-temperature case may be considered by taking the limit 5 — oo, which means that
the geometry now becomes that of n sheets cyclically connected as described before.
Therefore, R,, is generally referred to as an n-sheeted Riemann surface. If we call the
partition function of the theory on this surface Zg,, then we can compute the Rényi

entropy using

Trph = Zzin : (3.9)
Therefore, the computation of the entanglement entropy can be translated into the
computation of partition functions on n-sheeted Riemann functions with 2N conical
singularities, where N is the number of cuts. This can be effectively done by instead of
having fields that can wind around the conical singularities and end up on a different
sheet, making n copies of the fields, which each live on only one of the sheets, and defining
operators that, when a field twists around them, send the field to the next sheet (or the
previous one, depending on the direction). These operators are called branch-point twist
fields 195, 96], and they arise out of the symmetry under permutation of the copies. The
advantage to our n copy model is that now the fields are again local with respect to

the n-copy Lagrangian (a property that was lost in the n-sheeted Riemann surface) [96].
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The main property of the twist field of interest, associated with a cyclic permutation, is

the exchange property

sl 8) Tl ) = T, t) @i(y 1) (y <) (3.100)
T(w,t) pir1(y,t) (z <y).

Similarly, the “anti-twist” field, associated with the inverse cyclic permutation, satisfies

~ ﬂ.l‘,t) @i(y,t) (y < .%')
ei(y, 1) T(x, 1) = . (3.10b)
Tz, t) pi-1(y, 1) (z <y).
The twist fields are local, primary fields, and their scaling dimension was found in [95, 97]

to be
dp = —(n—nb). (3.11)

T(2)T(y) ~ (x —y) " (3.12)

In general, the trace of the product of reduced density matrices appearing in the expres-
sion for the Rényi entropy 51(4") for a region A consisting of N cuts A = [uj,v1]U--- U
[un,vn], is given, for an initial state represented by (---), by the following 2/N-point

function

Trplh = f N (Tlur ) T(vr) - - T(un) Tow)) e, (3.13)

where ,/c, is a nonuniversal constant encoding the conical singularity at the positions
of the twist fields (this depends on the number of sheets) ®, and § is a short-distance
regulator such as a lattice spacing. Note that the expression on the right-hand side of

(3.13) is dimensionless, as the twist fields have dimension d,,.

3.1.2 Mixed states: (Logarithmic) Negativity

In the path integral, taking the transpose, which means exchanging the row and column

indices of the reduced density matrix, corresponds to exchanging upper and lower edges

3Note the different way in which our constant ¢, appears in the formulae compared to formulae in
[91] and other papers of these authors: in our case, twist fields are finite CFT fields, hence the constant
appears when a pair of twist fields is inserted, whereas in some other works it appears in the computation
of the correlation function of twist fields.
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of the cuts. This would mean we have to define new branch-point twist fields, depending
on the number of sheets. If we consider the reduced density matrix ps, where A =
Ay U Ay = [ug,v1] U [ug,v], such that Tr(pa)™ o (T{u1)T(v1)T(u2)T(v2)), and take
the partial transpose with respect to Ao, we have to compute the following correlation

function:

Tr(pi?)" o (TTur) T(o1) T (u2) T (v2)), (3.14)

where 7™~ ! has the property that it connects a field on sheet j with a field on sheet
j+n—1(mod n), and 7"~ connects a field on sheet j with a field on sheet j —n+1(mod
n). One may use the methods of [98, 99] to obtain the conformal dimensions of these
fields. However, we may replace 7" '(z) — T(z) and 7" '(z) — 7T(z). Therefore,
we do not have to introduce different twist fields at this stage, and we find the partial
transposition simply has the effect of exchanging twist fields and anti-twist fields for the

transposed region.

Tr(pg)" oc (TTur) To1) Tuz) T(vz)). (3.15)

3.2 Review of existing EE and logarithmic negativity re-

sults

The entanglement entropy of a single interval of length ¢ in a one-dimensional system

at T'= 0 is given by [90, 91, 100]:

¢
Sy = §1n5+c'1, (3.16)

with § the lattice spacing, and where ¢} is simply the limit n — 1 of the non-universal

constant
, Ine,

= . 1

Despite their non-universal nature, the constants ¢}, are known exactly for few integrable

models [96, 101-104].

The logarithmic negativity at 7' = 0 for a single interval of length ¢ is given by [94]

c, t
&= §lng—|—21ncl/2. (3.18)
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The fact that for a single interval Tr p’y transforms under a general conformal transfor-
mation as a two-point function of primary operators means that it is simple to compute
in other geometries. A simple generalization is to consider a finite-size system with
periodic boundary conditions, or a system in a thermal mixed state. The result for the
entropy at temperature T = 371 is [91, 105]:

_c 6 .. 7wl ,
SA = g ].n <7T5 Slnh IB> =+ Cl. (319)

For low temperatures (or 8 > /), this result reduces to the zero-temperature result
(3.16), as it should, whereas in the high-temperature limit (8 < ¢), the result is linear

in the interval length:
_mc

= 33

At finite temperature, the computation of the negativity in [93, 94] has some subtleties,

S (+d (B<). (3.20)

as discussed in [106], and the result for a single interval of length ¢ is

c 6 ..l el o
5:21n<ﬂ_5smhﬂ)—25+f(e 26/5)—1—211&01/2, (3.21)
where f(x) := lim,, 1 Fp(z), i.e. the limit of n — 1 starting from an even value of

n, of the function F,(z), which contains the remaining degrees of freedom in a four-
point function, as discussed in Chapter 2. For high temperatures and at fixed interval
length ¢ equation (3.21) is valid only as long as 5 > ¢ and so it never becomes negative,
as it could seem at a first superficial look. Another fundamental feature is that the
logarithmic negativity depends on the full operator content of the model through the
function f(z).

If we have a boundary,

c, 20
Sa= G In <+ &, (3.22)
where the constant ¢ is given by the limit n — 1 of &, := % The constants for

the situation with a boundary and the situation without a boundary are related to the

boundary entropy In g [91, 107, 108] via

-5 = Ing, (3.23)
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where Ing is the boundary entropy, first discussed by Affleck and Ludwig [109]. We
recall that g is universal and depends only on the boundary CFT.

The entanglement between two semi-infinite halves, a sufficiently long time ¢t > € after

a local “cut-and-glue” quench at 7' = 0, is given by[110]:

St > ) = glng + ko, (3.24)

with ko := & + (¢/6)In(6/€). The result (3.24) tells us that the leading long time
behavior is only determined by the central charge of the theory in analogy with the

ground state value for a slit.

For the logarithmic negativity between two adjacent intervals of length ¢; and ¢y at

T =0, [93, 94]:
C 6152
=-1
¢ " 0+ 0

=1 + const. (3.25)
For the thermal cut-and-glue quench described in Chapter 1, the authors of [111] con-
jectured that the logarithmic negativity in the NESS reached after connecting reservoirs
of different temperatures, £(5;, Br) is just the average of the thermal state logarithmic

negativities, where the systems are thermalised at (inverse) temperatures [3; and f,:

gNESS(Blyﬁr) _ Seq(ﬁl) ;Seq(ﬁr) ) (3.26)

The finite temperature logarithmic negativity for two intervals of equal length ¢ is given
by
g

E(;B) = Zln <7T5 tanh 7;) + const. (3.27)

Numerical studies of the logarithmic negativity between two adjacent intervals of length
¢ at finite temperature in the harmonic chain [111] revealed the following behaviour as

a function of time:
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FIGURE 3.1: [111]

3.3 Overview of results

We have confirmed (3.26) for the NESS for general CFTs, and furthermore, found that
for the special case of CFTs with trivial pairing data?, a more general expression holds

for all times t:

£(t: 1, Br) = 5 (6065 1) + E(1:5,)), (3.25)

where the expressions on the right-hand side are just the logarithmic negativities after

connecting two baths of equal temperature.

For the transient regime, we found that in general, disentangling the left- and right
thermal baths might not be possible, unless the CFT model has trivial pairing data.
For the case of trivial pairing data, we found expressions that require knowledge of the
specific CFT model in question. However, for very short times after the quench, and
in the prethermal regime (which is reached as one takes the limit ¢ > t — oo, so as
not to reach the steady state), exact expressions could be found. The evolution of the
logarithmic negativity just after the quench is independent of the temperature and the

length ¢ of the intervals:

t
E(t; ) = gln 5 +1In 077:; +1Ineyjp +3Ing, (t < any other scale). (3.29)

4This refers to the pairing between holomorphic and antiholomorphic modules of the CFT. The OPE
between fields ¢;(z) and ¢;(y) is generically not the product of the OPEs between their individual
holomorphic, ¢; (x)¢] (y), and anti-holomorphic, ¢; ()¢} (y), components. The particular structure of
the OPEs constitute additional data of the CFT model under consideration, which may be referred to
as the pairing data of the model. Models in which the pairing is trivially factorised are those that are
completely built out of symmetry currents: those where all representations involved are the representa-
tions associated to the symmetry algebra itself. Free-boson (harmonic chains) and free-fermion models
display this property.
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It does have some non-universal contributions. The logarithmic negativity in the prether-

mal regime is given by

E(t;,B)zgln%+3ln0ﬁ+lnc1/2+3lng7 (£ >1—00), (3.30)

which tells us that if the intervals are large enough, and we wait long enough, the
logarithmic negativity reaches a plateau, which is different from the thermal plateau
that is reached in the steady state. Taking the difference of these two expressions, we

obtain a universal function of ¢/f.

A possible explanation of why the negativity just after the quench does not depend
on the temperatures of the reservoirs is that the initial buildup of entanglement is due
to the fastest particles, which make up the sharp front between the reservoirs and the

steady state. After a while, slower particles become important as well.

Personal contributions

The following section consists of the third paper [4] on which this thesis is based. In

this paper I performed all the computations, with input and ideas from my supervisor.
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1. Introduction

Finding ways to quantify the entanglement of quantum many body systems is an interesting
problem with various applications, for instance as a tool for detecting quantum critical behavior,
and topological phases [1,2]. A measure of the quantum entanglement for bipartite systems in a
pure state is the Entanglement Entropy (EE),

Sa=—Trpalnpyu, (D

which is calculated using the reduced density matrix p4 = Trp p, where p is the density matrix
of the whole system, and A and B are complementary parts of the system. Together with the
Rényi entropies,

1
(n) _
Sa” = 1—n

InTr p%, lim S = 8,4, (2)
n—1

this encodes a lot of information about the entanglement [3—6]. A striking feature of the EE is
the universal behavior it displays near a Quantum Phase Transition. This allows one to compute
it using methods from Quantum Field Theory, or, exactly at criticality, Conformal Field Theory
(CFT). In [7.8], a field theory method was introduced to compute the entanglement entropy using
the replica trick, whereby Tr o’ is interpreted as a partition function on an n-sheeted Riemann
surface.

When a system is in a mixed state, the EE is not a good measure of entanglement, as it contains
a classical contribution from the entropy of the mixed state. A measure of entanglement that does
not have this problem for mixed states is the logarithmic negativity [9], which was shown to be an
entanglement monotone in [10]. The logarithmic negativity between two parts A; and A; (such
that A = A; U A3, and the total system is A1 U Ay U B) is given by

Earay=Inl|p 2|l =InTr|p], 3)

where the trace norm || ,o? ||1 1s the sum of the absolute values of the eigenvalues A; of ,oiz, and

p? is the partial transpose of p4 with respect to the tensor factor corresponding to A,. Note that
A1 and A; need not be complementary parts of the system (which is the case only when B = §).
In [11,12], a systematic way was developed to compute the logarithmic negativity using field
theory methods.

Recently, the dynamics of entanglement out of equilibrium has seen a surge in interest, and
this has been studied in a variety of cases. A system can be brought out of equilibrium by apply-
ing a quantum quench, which is a sudden change of a parameter in the Hamiltonian, such that the
new Hamiltonian does not commute with the original one. This can be a global quench, such as
a sudden change of a mass parameter, external magnetic field or interaction strength, or a local
quench, such as a sudden change in interaction strength between two sites on a chain. Such situ-
ations offer insight into quantum physics out of equilibrium. A particular type of local quench is
the so-called “cut and glue” quench, in which a system is cut into two pieces and glued together,
possibly after the separate halves have been thermalized at different temperatures. This type of
quench has been studied since a long time, especially from the viewpoint of constructing non-
equilibrium steady states (NESS) (where the setup is referred to as the “partitioning approach”)
[13—15]. The thermodynamics of the NESS and its approach were studied in various quantum
chains [16-20], and recently the energy current and fluctuations were studied in one-dimensional
CFT [21-23] and in higher-dimensional CFT [24].
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Numerical results for the EE after this type of quench, in which two infinite chains of free
fermions in their respective ground states are connected at a point, were found in [25]. Ana-
lytical results for the more general case where the theories could be described by a CFT were
found in [26] (with a correction in [27]). These results were generalized for systems of finite
length [28], and re-obtained by developing the holographic dual of the local quench between two
CFTs in their ground state [29]. In the same setup, the mutual information and EE after a local
quench at zero temperature were calculated in [30], and in a nonequilibrium steady state in the
presence of an energy current (in an infinite chain of free fermions) [31]. An analytical formula
for the negativity after the quench was conjectured for the case in which the system reaches a
nonequilibrium steady state with finite energy current [32], and numerical results were found for
any time after the quench, confirming the relation for the NESS.

In this paper we consider the entanglement arising after the “cut and glue”” quench in CFT with
independently thermalized halves, where an energy current is generated and a nonequilibrium
steady state is reached at late times. We confirm and generalize to a certain class of CFTs the
results of [31,32]. We find that in certain CFTs, at any time, the negativity after the quench at
different temperatures can be written in terms of negativities in systems where the temperatures
are equal. We also find equations for various time regimes relating the negativity after the quench
with equilibrium expressions, in which the effect of the time evolution is only present in a change
of the intervals. For certain time regimes, we find analytical results for the finite time behavior
before the NESS is reached.

We present new techniques using holomorphic (chiral) twist fields for computing measures of
entanglement after a local quench, expanding previous results [8,33] (see also the various reviews
in [27]). We consider both Rényi entropies and the logarithmic negativity, but we concentrate on
the latter, as the former is not a good measure of entanglement when considering mixed states.

The organization of the paper is as follows. In Section 2, we describe the type of “cut and
glue” quench we are interested in, and give an overview of important results in the literature,
as well as the main results obtained in this paper. In Section 3, we review the properties of
branch-point twist fields [34,35,33], and discuss holomorphic twist fields. We use these fields to
find a relation between the EE after the quench in terms of equilibrium quantities. In Section 4
we finally describe the time evolution of the logarithmic negativity after a local quench using
these holomorphic twist fields, and identify cases in which a universal result can be obtained.
In particular, we find results for the nonequilibrium steady state (NESS), and the time evolution
leading up to that. In Appendix A we confirm that the NESS, on (holomorphic) twist fields, can
still be described [21,24] as a boosted thermal state. In Appendix B we find relations between
structure constants that appear in OPEs of twist fields, in Appendix C we relate some of the
nonuniversal constants in our results to the boundary entropy, and in Appendix D we relate the
time evolution of the mutual information to quantities that can be computed in equilibrium.

Shortly after this paper appeared in preprint, another preprint [36] appeared, in which the
negativity in the same setup was considered, but with both reservoirs at zero temperature. The
results broadly agree with the low temperature limit of our results.

2. Local quench between independently thermalized systems

Consider two copies of a semi-infinite one-dimensional quantum system (say, a spin chain),
separately prepared in generically different thermal states with inverse temperatures B; and f;.
As the two copies are separately prepared, they are completely unentangled. At time ¢ = 0, the
two copies are connected at their boundary point, forming the left and right halves of a single
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Fig. 1. We consider two semi-infinite critical systems, initially thermalized at different temperatures. At time ¢t = 0, the
systems are connected at a point so that energy can flow between them. After time ¢, there is a sharply defined region of
size R o<t in which there is a steady state description. We want to consider the behavior of the entanglement between the
left and right baths as time evolves.

infinite, homogeneous total system. The total system is then left to evolve unitarily. The process
we are describing is a local quench: at time ¢ = 0, the dynamics is suddenly changed from that of
two disconnected semi-infinite systems to that of a single homogeneous total system, by adding
a local connection (one or a few links in the spin chain). Because of the interaction thus created
between the left and right subsystems, one expects the subsystems to become entangled as time
goes on.

In the total system, energy can flow between the left and right subsystems, and because of the
initial temperature imbalance an energy current develops. In certain situations, including those
we will be considering here, after an infinitely long time a steady state emerges where energy
flows constantly from one side to the other [16-23,37,38,24,39-41] (Fig. 1). This quench process
is sometimes referred to as the “partitioning approach” for constructing non-equilibrium steady
states (NESS) [13—-15]. We are interested in the dynamics of the entanglement between the left
and right subsystems in the presence of a developing energy current, and in the entanglement
present in the steady state emerging at late times.

Let us denote by H! and H" the Hamiltonians of the left and right subsystems, respectively.
The density matrix describing the initial state, with independently thermalized subsystems, is

_ l_ r
po = e A=A, @)

The expectation value taken in the initial state is denoted as

(o= Tr(po---)
Tr(p0)

Note that since [H!, H"] = 0, the expectation values factorize into the left and right systems: if
O1(x) and O>(y) are local observables at positions x < 0 and y > 0, respectively, then

(01(x)02(y))0 = (01(x))1(02(y))r  (x <0, y>0), (6)

. . 1 r .
where the expectation values (- - -);/, are taken with respect to e PH and e P-H" | respectively.
After the quench, a connection is added between the left and right subsystems, and the full
Hamiltonian is

®)

H=H'+H"+3§H. (7)

The term describing the connection 8 H does not commute with either H' or H”. Although it
may have a vanishingly small effect on the value of the total energy, it affects the dynamics
in an important way. The density matrix evolves with time according to the full Hamiltonian,
po(t) = e poet i and for any time 7 > 0 it does not factorize into left and right subsystems
anymore. Expectation values of observables in the state at time ¢ after the quench can naturally
be written in terms of expectation values with respect to pg of time-evolved observables,
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(a) Before the quench: ¢ < 0. (b) After the quench: ¢ > 0.

Fig. 2. Before the time of connection, the systems (at low temperatures) are described by two copies of the same CFT,
each on the half-line, with different temperatures. After the connection, the total system is described by a CFT on the
line, but one cannot associate a temperature to the state.

Tr(po(1)0)
——=(0 , 8
Trpoyy O ®)

with O (1) = ¢! 0™ H! (see Fig. 3).

At all times ¢ > 0, and in particular in the non-equilibrium steady state occurring at infinite
times, the density matrix corresponds to non-trivial, generically non-thermal mixed states. Hence
in order to study the dynamics of the entanglement after the quench and in the steady state in
the presence of an energy current, we need to use a measure of entanglement that is appropri-
ate for any mixed states. One such measure is the logarithmic negativity [9,10]. This provides
real numbers characterizing the quantity of entanglement between any two subsystems in mixed
states. That is, for any decomposition of the Hilbert space as H = Ha, ® Ha, ® Hp (Where Hp
may be trivial) and for any density matrix p on H, the logarithmic negativity €4, 4,(p) gives a
measure for the quantity of entanglement present in p between subsystems H4, and Ha,. The
results of [11,12] provide, in field theory, the logarithmic negativity as a certain nontrivial limit
on averages with respect to p of observables determined by A; and A,. The observables involve
the branch-point twist fields, which are local observables of the replicated (multi-copy) field the-
ory model [34,35,33]. Hence we may use (8) in order to evaluate the entanglement negativity in
field theory.

Below we will study the cases where A; = [u1, vi] and Ay = [u3, v2] represent disjoint, con-
tiguous sets of local degrees of freedom (sites in the quantum chain).

Let us now assume that the quantum system 1is critical, and that the dynamical exponent is
unity (for instance a quantum chain at a critical point, such as the Heisenberg model). If we
assume that the initial temperatures, ,81_1 and B, L of the left and right halves are small as com-
pared to microscopic energy scales (for instance, the typical energy of a link in the quantum
chain), we may describe the physics by using Conformal Field Theory (CFT). The quench pro-
cess that we described above has been studied within CFT in [21,22], and as explained there,
a current-carrying non-equilibrium steady state develops at late times. From standard CFT ar-
guments, the fields that are in the same conformal family as the energy and momentum density
separate into right and left movers. On each of the semi-infinite initial, separate, subsystems,
right and left movers are related to each other via conformal boundary conditions at the end-
points, see Fig. 2. The effect of the local quench is to modify the dynamics in such a way that
at times ¢ > 0, right and left movers flow continuously through the total system, at the speed
of light (the Lieb—Robinson velocity of the quantum chain). This has the effect of producing a
light cone, outside which the initial independently thermalized states are observed, and inside
which a non-equilibrium steady state occurs. The steady state is completely described by inde-
pendently thermalizing right and left movers at inverse temperatures §; and B,, respectively, or
equivalently by boosting a thermal state of rest-frame inverse temperature /f; 8, and boost ve-
locity (B, — B1)/(Br + Bi); the latter picture of a boosted thermal state has a generalization to
higher-dimensional CFT [24] (Fig. 1).
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Fig. 3. Expectation values at time ¢ after the quench are computed using time evolved observables on the disconnected
state. The observables are evolved with the full Hamiltonian H, which includes the connection between the left and right
systems.

B Ay B A B

—v —u 0 u v

Fig. 4. The negativity between two parts A} = [—v, —u] and A = [u, v] of finite length, and equal distance from the
point of connection. The negativity is a measure for the entanglement between two (not necessarily complementary)
regions A1 and A of asystem A; U Ap U B.

Below we will combine the CFT description of the quench problem and the emerging steady
state with the twist-field expressions for logarithmic negativity in order to study the universal
dynamics of entanglement in the presence of energy flows in critical systems.

Remark. The quantum-chain precursor to branch-point twist fields are cyclic replica permutation
operators, studied in [42]. Generalizing the field-theory arguments of [11,12] and using these
quantum-chain operators, one obtains the logarithmic negativity via averages of local observables
in quantum chains. Hence, one may also use (8) in quantum chains in order to study the dynamics
of the negativity, by replacing the observable O with products of cyclic replica permutation
operators instead of branch-point twist fields.

2.1. Main results of this paper

We denote by €4, a,(t; B, Br) the logarithmic negativity between degrees of freedom lying
on subsets A1 and A;, a time ¢ after the connection, with initial left and right inverse temperatures
B and B, respectively (see Fig. 2). In the following, we will denote the logarithmic negativity
in equilibrium (i.e. in a system where no quench has taken place) at inverse temperature 8 by
5;?, A, (B). For technical reasons, calculations will mainly be restricted to CFT models with triv-
ially factorized pairing between holomorphic and anti-holomorphic modules of the CFT (which
we will refer to as trivial pairing data). However, certain results generalize to arbitrary pairing,
as we will indicate. We find the following.

For CFT models with trivial pairing data, the logarithmic negativity between two intervals of
equal length, A} = [—v, —u] and Ay = [u, v] (Fig. 4) is given by the average of two expressions
that each depend only on one of the temperatures,

1

8[—v,—u],[u,v] (t; ﬁl’ IBr) = E (5[—v,—u],[u,v] (t; ,31) + S[—v,—u],[u,v] (t; ,Br)) ’ (9)

where E_y _u,[u,0](t; B) is the negativity obtained from initially thermalizing both halves at
the same temperature. We find different behavior for the latter function depending on the length
v — u of the intervals we are measuring, and the time ¢ after connection.

Entanglement starts building after + > u. For intermediate times u < ¢ < v, the following
relation between the logarithmic negativity after the quench in terms of the equilibrium negativity
between different intervals holds for CFT models with trivial pairing data:
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Fig. 5. Negativity between two parts A| and A of finite length €.

7’2
g[ v,—ul,[u, v](t ,B) —v,—u]U[t,v],[u, t](,B) + In C'T’T lnC1/2 + 3lng,
u<t<v. (10)

Recall that the equilibrium negativities 5 ol i, e calculated in an infinite system where no
quench has taken place; the effect of the quench is encoded in the now changed intervals A=

[—v, —u]U[t, v] and Ay = [u, t]. The constant C;:ZT is the limit n» — 1 from even n of a universal
3-point coupling characteristic of the CFT model, whereas ¢/ is a non-universal constant that
depends on the microscopic details of the quantum chain. Finally, we have a term which is a
multiple of In g, the boundary entropy [43]. For late times, ¢ > v, the observables measuring the
negativity are in the NESS. The logarithmic negativity in the NESS does not depend on time, and
the relation between the negativity after the quench and equilibrium expressions simplifies:

Elmv—at ) (6 B) =2, B 1> 0. (11)

Note that in this regime the above relation (11) and the relation (9) are consistent with the state
being a boosted thermal state with boost velocity (8, — f;)/(B, + Bi) and rest-frame inverse
temperature +/f; B, . This latter description is expected to hold for CFTs with nontrivial pairing
data as well.

The equilibrium expressions for the negativity in the above relations generally depend on the
CFT model in question, and therefore an explicit solution cannot be found from CFT methods.
However, specializing to the case A; = [—¢,0] and A; = [0, £] (Fig. 5), we may find approxi-
mate solutions for certain limits of £ and .

For instance, just after the quench, the logarithmic negativity calculated using (10), withu =0
and v = £, becomes

E—r.01.10.00(t; B) == ln 5 + In C;:;—i— Inci; +3Ing, t < any other scale, (12)

where § is a non-unlversal factor related to the lattice spacing of the underlying quantum chain
and c is the central charge of the CFT model. Here all non-vanishing terms, in the small-# limit,
have been accounted for. Note that the behavior just after the quench does not depend on the
temperatures of the systems before the quench, or on the length ¢ of the intervals.

Another limit we can take is £ >t — oo. In this limit, the equilibrium terms in (10), again
specializing to u = 0 and v = ¢, can be found to be of the form

lim 5[_00 01,10 oo](s; B) = ¢ In ﬁ + 31nC7J2 + lnc1/2 +3Ing. (13)
§—00 B 2 2né T
This indicates a plateau, which is different from the plateau reached in the NESS.

We expect the asymptotic result for small ¢ (12) with (9) to hold for more general module
pairing in the CFT, but in the “prethermal” regime, the result (13) may have corrections for
CFTs with nontrivial pairing data. The difference between the logarithmic negativity just after
the quench and in the limit £ > ¢ — oo is a universal function of 7/8:

: c. 2mt T2
El=00,0110,001 (73 B) = M Ej—00,01,(0,001(53 B) = 7 In Y 2InCrr

t < any other scale. (14)
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One can interpret the second term as arising from the fact that the entanglement builds up around
the two boundary points, which in this limit are far away from each other.

The logarithmic negativity in the NESS (i.e. for ¢ > ¢) does not depend on time, and is given
by

c B ml T2
5[1\?323],[0’6] (B) = 5[_57()],[075] (t>4¢;p8)= Z In (ﬁ tanh F) +In C7—7—-|- lncl/z. (15)
In this regime it is expected that this result does not depend on pairing data.
By taking the limits £ — 0o and t — oo of the logarithmic negativity in different order
and subtracting the results, we can obtain the gap between the “prethermal” and the “thermal”

plateaus:

(mnlml—hm MH)&4pquﬂm=%@&5pwmmaﬂ&ﬂ)—ﬁfgnmwﬁm

I—>00f—00 {L—00l—>00

c T?

This is a universal function of the (inverse) temperature, and depends on the boundary entropy

and the structure constant C;:ZT.
2.2. Comparison to results in the literature

The CFT corresponding to the harmonic chain numerically studied in [32] has trivially factor-
ized module pairing. Therefore, all above results should apply to this case. Using general CFT
arguments and their numerical results, the authors of [32] conjectured an expression for the log-
arithmic negativity in the nonequilibrium steady state (NESS). Our result (15) at ¢ = 1 confirms
that this conjecture is correct. Further, other numerical results found in [32] for the regime be-
fore the system reaches the steady state suggest that the logarithmic negativity builds up quickly
(logarithmically), and then saturates to a finite value, before hitting the NESS regime in which it
saturates at a lower value. These general features are in agreement with the above results.

3. Branch-point twist fields and a real-time CFT approach to entanglement dynamics

As shown in [8,33] and [11,12], some measures of entanglement, such as the von Neumann
and Rényi entropies, and the (logarithmic) negativity, can be expressed using the replica trick in
terms of correlation functions of so-called branch-point twist fields [34,35,33], associated to the
permutation symmetry of the copies. Branch-point twist fields exist in any replica, n-copy QFT
model, and are associated with the symmetry under permutation of the copies. The main property
of the twist field of interest, associated with a cyclic permutation, is the exchange property

Tx, 1) @i(y, 1) (y <x)
(v, ) T(x,t) = 17a
#1010 TCx. 1) {WLQWH@J) (x < ). (17a)
Similarly, the “anti-twist” field, associated with the inverse cyclic permutation, satisfies
- T, 1) @i (y,1) (y <x)
i ( ,t)’f(x,t)z{ ~ (17b)
vy T, g, (x<y).

The twist fields are local, primary fields, and their scaling dimension was found in [34,35] to be
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Fig. 6. A picture representing the negativity between part A; = [u, v{] (dashed line) and Ay = [up, vy] (dotted line).

c
12
We will use the CFT normalization

dy=—m—n"b. (18)

TE)T() ~ (x — y) =2, (19)

In general, the trace of the product of reduced density matrices appearing in the expression
for the Rényi entropy Sgn) for a region A consisting of N cuts A = [uy,vi]U---Ulupn, vyl, is
given, for an initial state represented by (- - -), by the following 2 N -point function

Tr oy = e N (T T(wn) - Tuw) Tw)), (20)

where ,/c, is a nonuniversal constant encoding the conical singularity at the positions of the
twist fields (this depends on the number of sheets),l and § is a short-distance regulator such as
a lattice spacing. Note that the expression on the right-hand side of (20) is dimensionless, as the
twist fields have dimension d,,.

For the negativity, different configurations of twist fields are required. For instance, dividing
a system into three subsystems A1, A, and B, consider the negativity measuring of the entangle-
ment between A and A,, disregarding the entanglement with the third subsystem B (Fig. 6).

In a state represented by (---), the logarithmic negativity between the subsystems A =
[u1,v1] and Ay = [u2, v2] (with A = A1 U Ay and T, denotes partial transposition with respect
to Ap)is given by [11,12]
|n

Ear.ay = lim logTr|p,’|" = lim logTr(p,’)"

= lim logeps™ (TGu) T(w1) Tw2) T(w2)), 2n

n even

where we note that the last two equalities hold only when taking the limit n» — 1 analytically
continuing from an even number of copies.

Note that in the expressions for the Rényi entropies (20) and the logarithmic negativity (21) we
have not specified the state the system is in. In the following, we will consider the local quench
as described in Section 2. Our density matrices will therefore have the following dependencies

pa = pa(t; B, Br)- (22)

In some cases we will find relations between the negativity after the quench and negativities in
equilibrium, where a system is thermalized at a certain inverse temperature 8. We will denote
the equilibrium expressions with

Py =Py (B). (23)

I Note the different way in which our constant ¢; appears in the formulae compared to formulae in [8] and other papers
of these authors: in our case, twist fields are finite CFT fields, hence the constant appears when a pair of twist fields is
inserted, whereas in some other works it appears in the computation of the correlation function of twist fields.
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3.1. Chiral twist fields

In CFT, local fields decompose into local holomorphic (or chiral) and anti-holomorphic (or
anti-chiral) components. Seen as generating Virasoro modules, local fields may be written as
@(x) = ¢t (x)p~ (x) (more precisely, there is a basis such that this holds). Under homoge-
neous time evolution, a local field ¢(x, t) evolves as ¢(x,t) = @1 (x — 1)~ (x + t), again in
the sense of generators for Virasoro modules, and thus time evolution separates the components.
The field-theory meaning of this decomposition as modules is that the stress-tensor has inde-
pendent integer-power “holomorphic” (i.e. as function of x — ¢) and “anti-holomorphic” (i.e.
as function of x + t) expansions with finite-order singularities. This implies that each compo-
nent ¢ (x) and ¢~ (x) commutes with energy and momentum densities at space-like distances
— thus fulfilling the requirement of locality. Using this decoupling, we can formally define chiral
branch point twist fields, which are defined in such a way that they cyclically permute only chiral
or anti-chiral components. For example, the equal-time exchange relations for the right-moving
branch-point twist field with a right-moving field ¢ is

T e () (y <x)
TT®We L () (<)

while the equal-time exchange relation with a left-moving field ¢~ is simply

o7 T @) =T )0 (). (24b)

Similar relations hold for left-moving twist fields and for the anti-twist fields.

By considering exchange relations with the stress-energy tensor, it can immediately be seen
that these chiral twist fields commute with the full energy and momentum densities of the replica
(n-copy) theory. Hence, they are local fields, and one can infer from the above that these chiral
twist fields must be related to the usual twist fields via its own holomorphic factorization, 7(x) =
T (x)T ~(x). In particular, their conformal dimension is given by

A, == ! 25
n-ﬁ(n_;) (25)

Note that the chiral twist fields carry spin, since for a chiral twist field the difference between its
holomorphic dimension and its anti-holomorphic dimension is A # 0 in general.

When chiral twist fields are brought close to each other, they may or may not have a diver-
gence, depending on the chirality of the fields. Two fields of different chirality do not produce a
divergence. For instance,

o T (x) = { (24a)

N _

THOT ()~ TrOT () =T). (26)

However, fields of the same chirality do produce a divergence, for instance in the following OPE,
— @ _ T+)2

THOTH ) = (= ™ 2207200 @7)

412
where the structure constant C;Z 7)-+ is a property of the CFT model under consideration, and the

conformal dimension of the field (7 )2, which is equal to the conformal dimension of (T7)2,
(TH)? and (7 )2, is given by

A n odd
2).__ n
A= { 2A,2  neven (28)
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Similarly, we have the OPE

THOTTo) = (x = y) 722, (29)

where the normalization in (19) was used.
3.2. Fairings of holomorphic and anti-holomorphic fields

It is well known that, although holomorphic factorization in CFT is true at the level of Virasoro
representations — that is, the factors are local fields — it does not hold, generically, at the level
of the operator algebra. That is, the OPE between fields ¢; (x) and <p i (y) is generically not the
product of the OPEs between their individual holomorphic, ¢ T)et ; (y), and anti-holomorphic,

®; (x)gaj_ (y), components. For instance, one may have the diagonal structure (here for spinless
fields)

i ()9 (y) = ch Clix = )% igr(y) (30)

instead of the factorized structure

i) (1) = 3 CECE (x — M ATl o (1) g (). 31
kK

One may say that although holomorphic and anti-holomorphic components are local, they gener-
ically have semi-local properties with respect to the operator algebra. This generically affects the
chiral twist fields that we introduced above.

It is known that the particular structure of the OPEs constitute additional data of the CFT
model under consideration, which, along with the central charge, the set of modules involved
and the chiral OPE coefficients, fully characterize the CFT model. This additional data may
be referred to as the pairing data of the model. Because of the separation between the chiral
and anti-chiral components of the stress-tensor (and of other symmetry currents), highest-weight
modules always appear, in any OPE, in a factorized fashion, hence the only pairing data necessary
is that identifying the pairing between modules.

The pairing of holomorphic and anti-holomorphic components is a manifestation, at the CFT
level, of the fact that, at the quantum-chain level, time-evolved fields are not in general locally
supported on end-points of the light-cone, but rather are supported on the full interval lying inside
the light-cone. Formally, we may represent this pairing as a connection between holomorphic and
anti-holomorphic components, and this connection constrains the OPEs involving the separate
components.

Models in which the pairing is trivially factorized are those that are completely built out of
symmetry currents: those where all representations involved are the representations associated to
the symmetry algebra itself. Free-boson (harmonic chains) and free-fermion models display this
property. By construction, in a model with trivially factorized pairing, the OPEs of twist fields in
the replica model also trivially factorizes.

It is beyond the scope of this paper to go into any detail of the effect of the pairing data on
the dynamics of entanglement. Below we make general comments on this, but mostly consider
the special case of factorized pairing. However, many of our results, we expect, do not depend
on the pairing data.
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Remark. The pairing data of a CFT model affects n-point function calculations for n > 4; these
can be calculated generically by inserting OPEs, and pairing data is necessary within this proce-
dure. Pairing data leads to expressions of 4-point functions as particular linear combinations of
products of conformal blocks. One can see, on the other hand, that 2- and 3-point functions do
not depend on the pairing data.

3.3. Dynamics after a local quench

The definition of the chiral twist fields is invariant under conjugation by any unitary operator.
Considering the time-evolution operator, this allows us to deduce the behavior of branch-point
twist fields under time evolution. For example, evolving with the Hamiltonian H after connec-
tion, we get the following relation for right-moving fields:

eTHITH(x)el 1! ot (5) (y<x—1)

THITH e H gt ((5) (v —1<7) 2

(pl-l—(y) e—thT-l-(x)eth — {
where y := y — ¢. From this relation one can see that under time evolution with the Hamiltonian
after connection, the right-moving twist field indeed evolves as e 71T+ (x)e! 1! = T+ (x — 1),
and the left-moving fields as e HHIT=(x)e! 1t = T—(x + ). The same relations hold for the
other twist fields defined in (17).

After time evolution, chiral twist fields are evaluated in the disconnected state (- - -)o defined
by (6). It may be convenient to define a so-called unfolding map, in which left- and right-moving
fields of the half-line are mapped to holomorphic fields on the full line, as follows:

TH(x) > t(x), T (x) > T(—x), TH(x) > T(x), T~ (x) ~ t(—x). (33a)

The holomorphic twist fields t and 7 are defined on the unfolded line, and will be evaluated in
thermal states as per

(M (e .)%l;r, (33b)

where (-- -)%h denotes the thermal expectation value taken in the holomorphic sector. The con-
formal dimension of these holomorphic twist fields T and 7 are again given by (25). Similar
relations hold for the anti-twist fields.

Because of the generically nontrivial pairing data of the CFT, after time evolution, where
some chiral components have evolved through the origin x = 0 and changed side, the expecta-
tion value in the state (---)o does not generically factorize into a product of expectation values
in (---)/7. Indeed, pairing may imply connections between components that are positioned in
different halves of the system. Hence, the holomorphic expectation values (.. .)%ll‘r occurring af-
ter unfolding should be understood as thermal conformal blocks, and the time-evolve correlation
function is a sum of products of such blocks.

Fortunately, with factorized pairing, even after time evolution, the expectation value of chiral
components in (- --)o does factorize into a product expectation values in (- --)*/". Unfolding as
above, these are chiral expectation values on the line. Note that with factorized pairing, any
thermal expectation value of full (holomorphic times anti-holomorphic) fields also factorizes
into its chiral component, so that we have a convenient relation between the chiral expectation
values in the unfolded system and full twist-field expectation values on the line:

- 12
(). N = (T To)s) (34)
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Using (8), (20) and (21), one can use these chiral twist fields to describe the dynamics of
entanglement after the quench by evolving the fields under the full Hamiltonian H and then
considering the time evolved fields in the disconnected system. This means that, up to certain
subtleties, all twist fields that, after time evolution, are to the left of the defect should be evaluated
on the half-line at temperature f;, and all twist fields that are to the right of the defect, should be
evaluated on the half-line at temperature . These expressions can be simplified by unfolding the
left and right systems, and one is left with products of two holomorphic expressions (conformal
blocks) on the line, evaluated at different temperatures. The subtleties arise when the branch cuts
emanating from the twist fields cross the point x = 0 separating the left and right subsystems, as
we now explain.

3.4. Evolution of the entanglement entropy

As a simple example, take the entanglement entropy between a finite region A = [u, v] and
the rest. For reasons of simplicity, we will assume that both u and v are positive. Naively, we
have

Tr p% (1) = ¢, 8% (T(u, 1) T(w, 1))o, (35)

where (...)o is the expectation value taken in the disconnected system and the time-evolved
fields are as above. In fact, this formula might involve additional non-universal singularities.
Indeed, let us express the correlation function in terms of the chiral twist fields: (7 (u — ¢, 0)

T (u+t, 0)7~.+ (v —t, O)7~'_ (v+1))o. Here we have two different cuts for the left-moving fields
and the right-moving fields: A~ = [u +¢t,v+¢] and AT = [u — t, v — ], and a subtlety arises
when one of the points of these regions crosses the defect. The fact that in the state pg the
boundary conditions at the point of the defect is such that the two halves are separated, means
that each cut extending across the defect is divided into two shorter cuts, one on each side of
the defect. This is expressed by the insertion of an extra pair of twist fields, giving rise to extra
divergencies that must be regularized.
To make this precise, we consider the EE at the time of the quench as the following limit,

Tr o4 (0) = ¢8> (T, 0) T(w, 0))o
= cn8*4" lim (26)* (T(u, 0)T(t — £, 0) Tt + &, 0) (v, 0))o, (36)
£—>
where u <t < v. Evolving this over a time s with the connected Hamiltonian H, this becomes
Tr p's (5) = ¢, 82 lin%(28)2d” (T, s)Tt — &, 5)T(t +¢&,5)T (v, $))o
£—
= ¢, 840 lim Qe)* 2 (THu—s5,00T  (u+s,0T (@t —s—¢,0)
&—
T (t+s—e,0T ¢ —s+&,0T (t+s+e 0T T(w—s,0)
T~ (+s,0))o. 37)

The expression after time evolution over a time s =t with u < ¢ < v can be written as a product
of expectation values for the left and the right system, with the division at 0, as in (6). We can

use (6) and the OPE 7~ (2t — 8)7~’_ 2t +¢) 20 (2¢)~2An to obtain the expression

Trpy(u <t <v)= cp 8427 lim (2¢)%2
e—0

TTu—0T (T w+DTHEOTTw—DT (w+0),. (38)
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Fig. 7. EE between a part A = [u, v] (with u > 0 and v > 0) and the rest, a time ¢ after connection, with t < u < v
(top left), u <t < v (top right) and u < v < ¢ (bottom).

As will become clear below, the expectation values in (38) are regular as ¢ — 0. Hence we
must set the remaining factor 2¢ proportional to the short-distance cutoff §. This is equivalent to
reversing the limits of ¢ — 0 and the scaling limit § — 0. The constant of proportionality will
generally depend on the number of sheets n,

2
==

The first expectation value in (38), corresponding to the left subsystem, can be evaluated by
mapping to a chiral theory on the line via the unfolding map (33). We obtain

by : (39)

(THu =TT O = (Tw)F(1))§, (40)

where the expectation value is taken on the line at inverse temperature f;, and we have used
translation invariance to shift the rhs expression over ¢. Using the relation (34) between the
holomorphic twist fields and the full twist fields, we can relate this holomorphic expressions to a
Rényi entropy of a different interval, in a system in equilibrium at a different temperature.

On the other hand, the second expectation value in (38), corresponding to the right subsystem,
can be re-written as

u-+t u—+t
272

A physical interpretation as a Rényi entropy may be obtained by going to a Lorentz boosted frame
such that both twist fields, in this frame, are evaluated on the same time slice. In this frame, the
state represents a steady state with a thermal flow and with a moving boundary (intersecting the
origin of space time), and the Rényi entropy is evaluated instantaneously. The boost velocity
is (t —u)/(u +t — 2v), the resulting interval length is D = /ut — (u +t — 2v)v/2, and the
left-hand side of the interval is at space-time position given by xo =t = (u +t)(v — t)/(2D).
Note that the boost velocity is zero at t = u and is the speed of light at r = v.

Hence, we find that the Rényi entropy of an interval A = [u, v] an intermediate time u <t < v
after a quench can be written in terms of equilibrium and boosted-equilibrium quantities as
1 /

1 c d
(<t <vifr.pr) =SSN B + S SPN B — F 4 T Inby, (42)

T - w+DTTOTTw—0T (w+1), = (T( ) T, ). (41)

[u,v]

where we defined ¢, :== Inc, /(1 — n), where S(C" )€ (B) denotes the Rényi entropy between a
subsystem C and the rest in the system consisting of the full line, in equilibrium at inverse
temperature 8, and where S)P°%St (8.} denotes the Rényi entropy in the boosted state described
above (which depends on u, v and 7).

A simplification occurs in models with factorized pairing. The unfolding map gives

(T w+DTT@OT =0T +0)r = (T(—0)F(—w)T(t + ) T(V))§, (43)
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where again we used translation invariance to shift with 7. In factorized pairing models, the
4-point function of holomorphic twist fields has a direct interpretation as a Rényi entropy, using

the relation (34). From this we find §):b00st(g,) = S ®). equ]u[t ol (Br), giving

/

1 c d
[(’Zl)v](u <t<uv;fB,Br)= —S[(Z)t]eq(ﬁ )+ = S(n)vegu]U[l‘,v]('Br) - ?n + 1 _nn Inb,. 44)

The time dependence is now fully encoded in the intervals A; in Sﬁ‘"j)’eq (B), with A| = [u, t] and
Az =[—v, —u]U[t, v] for B = B; , respectively.
The EE is obtained by taking the limit n — 1, resulting in the expression

1 1 /
St W <1 < V3 Bry Br) = S 81 (B) + 5 S (B) — o = 5 Inby, (45)
and, with factorized pairing,
1 /
Stuw) (<t < v3 B, Br) = S (B + 3 S[ ot (Br) = 5 = E Inby, (46)

where we denote with b; the limit lim,_, | b,.” The last term is equal to the boundary entropy
[43]; see Appendix C.

Finally, from Fig. 7, it is clear that for late times ¢ > v, the cuts do not extend across the defect,
and we may simply write

Tr o (t > v) = ¢, 8" (T — 1,007 (v — 1,00 (T (u+1,00T " (v +1,0)),

= cn8* (T(u — DF — 1) §(T(—v — )F (U — 1)), (47)
which results in the following time-independent expression,
1
S > vi B, Br) = S[(;’)jq(ﬁz) + Esfgf;ﬁq(ﬁr). (48)

We may now use similar principles in order to study the negativity.

Remark. In (38), (40) and (47), we expect factorization to occur independently of the pairing
data of the CFT model, because only the identity module is involved in the two-point functions
evaluated. Further, we expect the re-writing (41) to be in agreement with the original pairing
between holomorphic and anti-holomorphic components imposed by the full twist fields in the
original expression. This is because of the simplifications arising from taking identity modules
when evaluating the limit ¢ — 0, and when evaluating the two-point function on the left subsys-
tem.

4. Evolution of the entanglement negativity after a local quench in the presence of an
energy current

In the following, we will calculate the logarithmic negativity between two parts of equal
length: A} =[—¢,0] and A, = [0, £]. We will be considering three important time regimes:
first, the time just after the quench (regime I in Fig. 8), in which the numerical results in [32]

2 Note that we need to specify the value of by as a limit, as for n = 1 the twist operators are just the identity operator,
and do not depend on position, wherefore the exchange of limits § — 0 and ¢ — 0 works for any b .
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Fig. 8. We will compute the logarithmic negativity in three regimes. I: just after the quench r < 1, II: a long time after
the quench, but before the steady regime 1 <« ¢ < £ and III: in the steady state ¢ > £.

H
N 1 N =
— I ¢

Fig. 9. The negativity between two finite parts of equal length £ in an infinite system at the time of the quench 7 = 0.
The dashed (dotted) lines indicate that for that chiral sector, each sheet is connected with the sheet above (below). After
evolution with the connected Hamiltonian H the twist fields are moved into the other system, and we must regularize the
expression for the negativity.

—v+t —u+t ut+t v+t
v+t —u+t v+t —_— - - (- - e < —_—
IR SR - SEASN ) R _;U_’g””+ > 0 > U—t;
—v—t —u—1t 0 u-—t¢ v—1 —u—1t u—t
(a) Negativity after a time ¢ < w. (b) Negativity after a time u < ¢t < v.
L
—_,—————— D | G S S A
—v—t 1{—750
—u—t u—

(c) Negativity after a time ¢t > v.

Fig. 10. The negativity at time ¢ between two finite parts of length |u — v| evolved back to the time of the quench. On
the top left (a), we have the regime ¢ < u, in which there is still no entanglement. The top right picture (b) represents the
case in which two cuts cross the defect. In the bottom picture (c), the cuts have moved into the different systems, and we
are in the steady regime (note that for ¢ > v, the negativity does not depend on ¢).

suggest the logarithmic negativity grows with time logarithmically. Next we consider the system
in the limit £ > t — oo, which would correspond to regime II in Fig. 8. From the numerical
results in [32] we expect the logarithmic negativity to saturate to a constant value in this limit.
Finally, when considering ¢ finite, one can study the NESS regime (regime III in Fig. 8), which
actually already exists for all times ¢ > £. From the numerics in [32], we expect that the value of
the logarithmic negativity in this regime will again be constant in time, and lower than the value
in regime II (Fig. 8).

Using the replica trick (21), the logarithmic negativity at the time of the quench can be found
by calculating the following expression:

Tr o'y o110, = 0) o< (T(—£,0)T (0, 0)T(E, 0))o, (49)

where we have used the notation p4, 4, 1= p?.

Since the expectation value (...)o is taken at the time of connection, we have to take into
account that as the boundary condition changes at the connection point, we must regularize the
expression. This will introduce various nonuniversal terms. Therefore, we will first calculate the
following expression:

Tr o}, 4, (t =0) = 8% (T(—v,0)T(—u, 0)T(u, 0)T(v, 0))o. (50)

where here we have defined A| = [—v, —u] and Ay = [u, v].
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As for the case of the EE discussed in Section 3, the regularization may change if the expres-
sion (49) is evolved over time (Fig. 9). First, in the trivial case of ¢t < u (Fig. 10 (a)), and for the
moment assuming trivial pairing data, we have:

Trply, 4, (t <u; Bi, Br)
=28 (TH(—v — 1,00 T T (—u — 1,007~ (—u+1,0)T~ (—v +1,0));
(T~ +t,0T @+t,0T w—1,00T+@w—1,0)),. (51)
This can be mapped to holomorphic twist fields using (33), to give

Tr o, a4, (t <us 1. Br) = cpd™ ™ (T(—v — DF(—u — )T(u — DF — 1))§
(t(—v—t)t(—u —t)T(u — t)t(v — t))/‘gl:. (52)

Using translation invariance of the holomorphic correlators, it is clear that this expression is

independent of time. What’s more, the correlators on the right-hand side can be rewritten as

follows

1/2
nd ™ (20 E T )T = (T, " B) (53)

resulting in the following relation for the logarithmic negativity

1
Envan(t <ui P fr) = 3 (€310, 0(B) + E1 L, 4 (B)) =0, (54)

This just tells us what we already know: if you consider two intervals a distance u away from the
point of connection, at a time ¢ < u after connection, the intervals have not yet had time to build
up entanglement. The terms 5 ol (,B) denote the logarithmic negativity between subsystems A1

and A, for a system in equlhbrlum at inverse temperature . These are calculated in an infinite
system where no quench has taken place. The upshot is that we can obtain time-dependent results
using equilibrium (finite temperature) expressions. However, as the intervals A; and A, change
during the time evolution, the correlation functions may become more complicated.

If the expression (49) is evolved over a time u <t < v (Fig. 10 (b)), extra fields must be
inserted at positions (—t —¢,t), (—t+¢&,1), (t —e&,t) and (t +¢, t). For that, we use the following
identity:

(T(=v, )T (=u, YT, ) T(v, 1))o
= Tim &) (T(—v, ) T(—t — &, O T(~t + &, ) T(—u, )T, 1)
£—

Tt —e.0)T( +&.0Tw, D)o. (55)
With this, we can express the trace using the chiral twist fields of Section 3.1, again assuming
the CFT model in question has trivial pairing data:
Trply, a,(u <t <v; B, Br)
= 2588 lim Q) (TH(—v—1,00T (—v+1,00T (=2t —e&,0)T (—¢,0)
E—>
TH(=2t 46,007 (—u— 1,007 T(u —1,0)T T (—e, 0));

(T 0T (—u+1,00T (w+1t,00T " Qt —e,00T 2t + ¢, 00T (e, 0)
T w+t,00T (w—1,0),. (56)
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Using the OPEs (29), we can simplify this expression:

Trpl, 4, <t <v; B, Br)
= 288 lim Qe (TH(—v—1,00T (—v +1,0)
&—

T (=, 00T (—u—1t,00T (u —1,0)TH(—¢,0))
(T 0T (—u+1t,0T u+t,0T &, 0T w+t,0THw—10),. (57

After mapping this expression to an expression containing holomorphic twist fields and using
translation invariance to shift by 7, we get

Trplh a4, <t <viBp Br)
= 25880 lim Q2e)* A (T(—0)F(—w)F)T(t — ) T(t + £)F (V)

(T(—v)T(—u)t(u)T(t —e)T(t + e)r(v))g:. (58)
Using the OPE t(x)t(y) ~ C;i (x — y)Ailz)_ZA”tz(y), we can write this as
) @ 2 . - ~
Trpl, 4, <t <v; By, By) = 2§88 Eh_r)r%)(Qs)ZA" (C;,)z(T(—U)l'(—bl)f(u)l'z(t)’f(v)>f3111

(F(—0)T(—)T@) T () T(v)) ] (59)

Setting 2¢ proportional to the cutoff parameter § introduces an n-dependent constant b,,, defined
in (39). This gives:

(2 (2)
Trplh 4, <1 < v B Br) = bEAT 283842807 (CI)2 (2(—0) F(—) () T2 (1) F(0)) 5

(F(—0)T(—)T@) T () T(W) ] (60)
‘We observe that
n(e) P50 - E R = (T ) (61)
n(Cp g = pz&lyﬁz )

where Al =[—v, —u]U[t, v], and Az =[u,t].
Taking the log of this expression, and sending n — 1 from n even in (28),

lim A® =2, (62)
n—1 8
n even

we can express the logarithmic negativity a time u < ¢t < v after the quench for CFTs with trivial
pairing in terms of the logarithmic negativity of systems in equilibrium at temperatures 8; and S,
respectively:

. _ 1 €q 1 €q
gA],Az(u <t<v BB = Egzil,ziz(ﬁl) + 58141,1&2('3”

T2 c
+lnC7’7'_lncl/2_11nb1’ (63)

where we have used C77;72—: (C ;i)z. Note that the structure constants C;?T defined in the OPE

depend on n, and that in (63) the limit n» — 1 from even n has been taken. We will not use

separate notation to indicate this. Also note that in (63) we used c,(12) = ci 2 for n even. The
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(a) Negativity after a time ¢ < £. (b) Negativity after a time ¢t > /.

Fig. 11. The negativity at time ¢ between two finite parts of length £ evolved back to the time of the quench. On the
left (a), we have the case t < £, in which two cuts cross the defect and when expressing the negativity in the disconnected
system, the 3-point functions become 4-point functions. On the right (b), the cuts have moved into the different systems,
and we are in the steady regime (note that for ¢ > £, the negativity does not depend on ¢).

last term, —7 Inb; = 3Ing, which is just three times the boundary entropy (see Appendix C).
Again, the terms Sjﬁ i (B) denote the logarithmic negativity between subsystems A; and A for
a system in equilibri{lm at inverse temperature 3. As before, the effect of the quench is encoded
in the now changed intervals Al =[—v, —u]U|[t, v] and Az = [u,t].

The expression for Tr pf‘ly 4, (1) at late times ¢ > v does not need a regulator, as in that case
the cuts do not extend over the connection point (see Fig. 10 (c)). We have

Trpl, 4, (> i B Br)
= 28¥ (TH—v =1, 00T T (—u— 1,00 T w —1,0)TH(w —1,0));
(T (=v+6,00T (—u+1t,00T  (u+1,00T (v+1,0)),, (64)

which, after mapping to holomorphic twist fields and using translation invariance, becomes

Trph, 4, (> V3 1. Br) = 8 (1(—0) E(—1) T ) T(0)) §H{F(—0) T(—) T F())§ . (65)

This results in the following expression

1 1
Eara(t > v 1, B) = SE41 4, (B) + 5E4] 4,(B)- (66)

From the form of (54), (63) and (66), we can conclude that for intervals A; = [—v, —u] and
A = [u, v] that are equidistant from the connection point and have equal length, we can always
write the logarithmic negativity after the quench as the average of the logarithmic negativity for a
system that is thermalized at inverse temperature ; and one that is thermalized at temperature S, :

1
g[—v,—u],[u,v] (; B, Br) = 5 (5[—v,—u],[u,v] ;B + g[—v,—u],[u,v] (t; ﬁr)) . (67)

Note that for models with trivial pairing data, this expression is valid at any time ¢ after the
quench. However, for more general CFTs we expect this to hold only for # > v. In the following,
we will always calculate the negativity for the case f; = B, = B. It must therefore be noted that
all our results for # < v may have corrections.

Let us now specialize to the case A| =[—¢,0] and A, = [0, £]. In this case there are two
situations: t < £ and ¢ > £ (Fig. 11). We must substitute v = £ and take the limit # — 0 in the
expressions (63) and (66).

In order to find the relation between the logarithmic negativity a time ¢ after the quench and
the negativity in equilibrium systems, we take the appropriate limits from the physical quantities
we have computed. For instance, the equilibrium expressions are defined as

eq . . eq
EZeo0n0.0B) = uh_% & o —u) ) (B)- (68)

v—>4
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Using (68), (63) and (66), we deduce that
Er—e.01.10.0(; B) = b}l_f)l}) El—v,—ul,fu,v1 (3 B). (69)

v—>¢
As a check, we may compute the relation between the two choices of intervals explicitly, and we
find that irrespective of the state of the system, we get the following expression:

lim Tr(p(—v, -, fu0)" = lim 2 8% (T(—v) T(—u) T(w) T(w))
v—>4 v—>4
=2 C;:; an—zd,,+d,§2) §2dn+ds? T—0T20)T(0)). (70)

where in the second step we used the OPE 7'(x)7'(y) ~C ;:;,(x — y) "% +dy” 7’2()/), and the con-

stant a; appears when we set (x — y) ~ a, 4 in this OPE. This constant is different from b,,, since
the OPE is different (it gives a different change in geometry). We note that for both equilibrium
and nonequilibrium states of the system, the difference between &y 01,[0,] and the limit u — 0
of &[—v,—ul,[u,v] 1 the same combination of constants, which on physical grounds (as asserted in
(68) and (69)) we require to add up to zero:

c T?
Zlnal—i—lncl/Z—InCﬁ_O. (71)

In the following, we will therefore be able to take u = 0 and v = ¢ directly.
4.1. Early times: regimes  and Il (t < £)

The expressions S[eil £.01U[1.€1.[0.1] (B) contain four-point functions:

(o, o e o) (B) = enc @824 (T T O T T0) 5. (72)

In this case the general result is strongly model dependent, as the expression for a four-point
function contains a model-dependent function of the cross-ratio of the four coordinates. We first
map this correlation function to the plane

(T=OT*>O)T*(1)T(0))p

2\ 2dn+2d;” o } 3
:(F> (@O (T IO TAH ) TP T P)) . (73)

Using global conformal invariance, the four-point function on the plane can be brought in the
following form:

~ ~ _ _9g®
(T T @) T @) Ta)e = lz1al ™% 223 70 Fo (), (74)
with the four-point ratio
_ 212234 (75)
213224
Mapping this result back to the cylinder using w; = % Inz;, and using
lim d, =0,  and lim d® =—c/4, (76)

n—1 n—1
n even n even
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we can express the finite-temperature negativity between Al =[—£,0]U[t, £] and A~2 =10, r],
for t < £ as follows

e c B .. mwt sinh(w (£ —1)/B)
g[gg’o]u[t’g],[(),t] (B) = 5 In (E sinh F) + f (sinh(rr(ﬁ n l)/ﬁ)) + 211’1C1/2,

t<Ad. (77)

The function f(n) :=1lim ,_.1 F,(n) is model-dependent (it depends on the universality class
of the CFT model). Howeseerv,e\%e may find its value for general CFT in certain limits, where the

four-point function reduces to a two- or three-point function.

4.1.1. Regime I
The behavior right after the quench can be studied directly by taking the limit # — 0, which
corresponds to z3 — z2 in (74), and considering the OPE

T2 T2 2 =y (78)

With this, the four-point function (74) becomes

(T T2 @) T2 @3) Tzw) 2= o320 (T(21) Tiza)). (79)

Again mapping back to the cylinder using z; :=exp(2rw;/B), with wy = —¢, w, =0, w3 =1
and wg = ¢, and considering the scaling dimensions (76) in the limit » — 1 from even values
of n, we find that, for very early times, the behavior of the logarithmic negativity is characterized
by the function

c t
SF(_]&O]U[M],[OJ] (B) ~ > lng +2Incy o, t < any other scale. (80)

Note that this equation only holds for ¢ very small, but the constants in the expression are all
accounted for. Using (63) to compute the logarithmic negativity after the quench, we obtain the
dynamics for the negativity a very short time after the quench.

t
Er—r.01.10,¢1(t; B) ~ gln 3 +In C;:ZT—i— Inci;2 +3Ing, t < any other scale, (81)

where again we note that —7Inb; = 3Ing (see Appendix C), where Ing is the boundary en-
tropy [43]. Note that although this result has been derived using the assumption of trivial pairing
data, we expect this result to hold for any CFT.

4.1.2. Regime Il

Another regime in which we may find a general expression is the limit £ >t — oo. Note that
the cross ratio in (77) depends on £ and . After taking the limit £ — oo, the cross ratio reduces
to exp(—2mt/B), and the four-point function in the replica limit simplifies to

B B f c/2
lim lim (T(—0)T2O)T2(1)T())5 = (é sinh ”—) Fi (6_27”/’3> . (82)
n—1 £{—o00 g ﬁ
n even
This gives model-dependent behavior of the logarithmic negativity as a function of time, since

there is a time-dependent part in f that is dependent on the CFT model (or specifically, its
universality class), and must be computed for different models, but we may study the limiting
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behavior of f(e~2"!/P) for very early or very late times. Note that we do not expect to reach the
NESS regime at late times, since we consider ¢ < £.

To characterize the behavior of f(n) for n — 0, we can compare the general expression for
the four-point function, and take the limit z; — z», so that the cross ratio n — 0. On the other
hand, we may evaluate the lhs explicitly by using the OPE

T T2 "~ €T el Tiza). (83)

By inserting an extra twist field, and comparing the expectation value of the lhs as z; — z3 to the
expectation value of the rhs, we obtain the following relation for the structure constant C ;CTZ:

T (2)
C;ﬂ_z}imzzcﬁzﬂml sl = Crpare (84)

Using this OPE, we can calculate the four-point function in the limit z; — z5.

(TN T @) T @) Ten) "7 L ol (T T2 @) Tis)
= (€T )P I a3 2 g 2, (85)

where we used (84) to obtain Csm 5= Criap= C;T?' Comparing this with (74), we see that

the function F,, behaves in the limit  — 0 as

—0 7 o)
Fal) "~ (€T )7 Il (86)
The result for the negativity in the limit £ >t — 00 is
T B\?
lim lim (T-OT*OT*()T0)p = (Crz,)* (—) : (87)
n—1 >t— 27
n even

resulting in the following expression for the equilibrium negativity for the changed interval’:

eq ,3 T
€ 00.01Ul1.001.0.0]B) = 2 N5 +2In CT7'2 +2lIncy 2, t — 00. (88)

Finally, we substitute the above expression into (63) to find the logarithmic negativity in this
limit, valid for CFT models with trivial pairing data:

: . p T T2
Sl_l)ngog[_oo,o],[o,oo](s, B) = Elnﬂ +21nCT7,2 +lnC7T+lnc1/2 +3Ing. (89)
This is simplified by using the relation
7 T?
cl,=Crr (90)

proved in Appendix B. The first thing we notice is that expression (88) does not depend on 7,
thus confirming that the limit in (89) exists, and in regime II the logarithmic negativity reaches

3 The expressions for the negativity in equilibrium (88) for £ — oo, correspond to the negativity of a bipartite system
at finite temperature, which was calculated in [44]. Our results agree, but we have made a different choice of function
Fn(x).
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a plateau. Unsurprisingly, the height of these plateaus decreases at higher temperatures. Another
thing we may do is look at the difference of the logarithmic negativity in regime I and regime II,
given by equations (81) and (89), the result is a universal function of ¢ and the inverse tempera-
ture B:

) c. 2wt 7
E1=00.0].[0.00] (t; B) — sl_l)n(}o E1—00,01,[0,00] (85 B) = 5 In VR 21n C;sz

t < any other scale. 91
4.2. Late times: regime Il (t > £)

We compute the equilibrium expression for the trace:

Tr(of o1 10.0p)" (B) = enle) 28247 (T(— ) T2 (0) 1)) . 92)

Using the exponential map, we get the expression in terms of a correlation function on the Rie-
mann sphere:

)
_ B —2dy—dy ~ N

(T=OT*O)T0) = (E (Te DT T P))e (93)

Using (84), we have
3 —2d, —d?
—278) B2 27e/B _ T : 2”_5 ”_E

(T(e YT=(1)T(e ))c = CT7'2 (2 sinh 5 tanh 5 , (94)

from which we compute the equilibrium negativity:
c B wl 7

S[e(_lg’o]’[o’g] B) = ) In (% tanh F) + In CT7~J2 +1Incy . 95)

Using (66) we find that this is equal to the NESS logarithmic negativity for ¢ > £:
NESS . ¢ B mt T
8[—6,0],[0,3](ﬂ) :g[_e’OL[O,[](t > E, ﬁ) == Zln ﬁtanhg +IHCT7~_2 +1nC1/2. (96)

Note that this expression is independent of pairing data of the CFT, and therefore should hold for
general CFT.

We can compare the values of this plateau (regime III, or the “thermal” regime) with the
plateau in regime II (or the “prethermal” regime) by taking the limit £ — oo in (96). Using (90)
to simplify the result in the prethermal regime, the difference between the two plateaus is

- : NESS c. B T?

which is universal.

Remark. We expect the general relations (54), (63) and (66) to depend on the pairing data of the
CFT model. However, the results of Section 4.1.1 are expected to hold in general, due simplifi-
cations arising when taking the limit # — 0.
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5. Discussion/conclusion

We have found analytical expressions for the EE and the logarithmic negativity after a local,
“cut and glue”-type, quench that are valid for CFT models with trivial pairing data, as well as a
few that are valid for any CFT, in certain time regimes. These expressions are in agreement with
the behavior found in [32], in which the time evolution of the logarithmic negativity was studied
numerically for the case of the harmonic chain. In particular, our initial logarithmic growth with ¢
appears to agree with the behavior found in [32], as does the initial saturation in regime II,
which is reached when ¢ is large enough, but still smaller than £. The results in [32] also suggest
the existence of a NESS shortly after the point # > ¢ is reached (in our exact results this is
instantaneous), whose conjectured form is confirmed by our results.

We find that for the case t < ¢ the universal dependence on ¢ and ¢ of the logarithmic nega-
tivity has the same form as the logarithmic negativity in a thermal state between a region [0, ]
and its direct environment [—£, 0] U [z, £], which has been considered in [44].

T

T72
factor 2, seems to indicate the appearance, at large times ¢ (in the limit £ — 00), of two points
around which the independent contributions to the entanglement arise. Looking at the form of
the equilibrium expressions in (63) in this limit, given by (88), it is clear from the intervals
Al = [—o0, 0] U [t, o], Az = [0, ¢] that in the large ¢ limit the same result can be obtained
by using a product of two three-point functions (TT>TVTT>T), giving rise to the 2In Crir -

The appearance of the term 2InC in the universal difference (91), in particular of the

term (note that C5- 4= C1-5p). This observation on the equilibrium expression represents the

fact that the negativity of an interval of length ¢ with respect to the rest of the system at finite
temperatures has, at large ¢, two independent contributions coming from the boundary points of
an interval, due to the finite effective correlation length generated by the nonzero temperature.

We may also give a physical explanation for the relation (63) between the negativity after the
quench and the equilibrium negativity. This physical explanation accounts for the equality of the
universal parts: the dependence on the time, temperatures and interval lengths, up to additional
non-universal constants. We take the case u = 0 and v = £ — oo for simplicity. See Fig. 12 for a
pictorial representation. In this picture, one considers the creation of entangled pairs at any time
before or after the quench. In the disconnected state, any particle from an entangled pair reflects
at the defect. However, after connection, one of the entangled particles can move into the other
subsystem. Whether this happens, depends on the time of creation, and the distance from the
connection point. Using such rules, one can “count” the number of entangled pairs contributing
to the entanglement between the left and right after a time 7. On the other hand, one can also
count the number of entangled pairs contributing to the entanglement of an interval of length ¢ at
equilibrium (without defect). A moment’s thought shows that these two numbers are equal.

In our calculations we have assumed that the pairing between holomorphic and anti-
holomorphic modules of the CFT is trivially factorized. This is not the case in general, and
therefore the relations we have found between the logarithmic negativity after a quench and the
logarithmic negativity in equilibrium do not hold in general. However, as explained, in certain
time regimes the results are expected to become independent of pairing data. Further, it is possi-
ble that the above physically compelling particle-pair-creation picture could have more general
validity.

A next step would be to learn more about the way in which pairing affects our computations.
In particular, we would like to find limits in which the results are independent of pairing, and
determine the corrections that our general relations would get for CFT models with nontrivial
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Fig. 12. A time ¢ after the quench, we start to see an effect of two lightcones (whose size depends on the length ¢ of the
intervals, so they can be infinite), one starting somewhere in the left system and one in the right, where in each lightcone
there is an interval of length ¢ in the other half of the system, which can entangle with the rest of the interval within the
lightcone. If we take these two lightcones together, we end up with something looking like an interval of length ¢ in a
larger system, which accounts for the appearance of two factors of C T2t late times.

pairing data. Other interesting directions are generalizing these results to integrable QFTs, and
to cases with nontrivial impurities after the connection (that situation has been studied in the
recent work [45]). Another avenue would be to apply the ideas developed in this and related
work to other observables. Finally, it would be extremely interesting to understand the evolution
of entanglement in higher-dimensional CFT in the cut-and-glue setup, possibly using methods of
gauge—gravity duality.
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Appendix A. The steady-state density matrix and scattering map

Consider again the quench problem as depicted in Fig. 1, where two independently thermal-
ized halves of the system are connected to each other and let to evolve unitarily. The steady
state is reached in the region around the connection point after an infinite time evolution. More
precisely, the steady-state (stationary) limit is

(O)ness = lim  lim (' Qe 1) (98)
t—00 L—00

where L is the total length of the system. This limit is expected to exist for O being any local

observable or product thereof.

In [21,22], the family of observables formed by the stress-energy tensor and its descendants
(the “energy sector”) was considered. In CFT, this family can of course be factorized into right-
movers and left-movers. It was shown that, on this family, the result of the steady-state limit can
be described by a state where right-movers and left-movers are independently thermalized. That
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is, if (pfgoz_ is a product of right-moving and left-moving observables in the energy sector, then
it was shown that

(@] 3 ness = (1), (92) 5, (99)

where @ > are the chiral fields corresponding to (pliz. This, in turn, can be interpreted as emerging
from a simple density matrix:

ness Tr (e_W)
where
W=pBH,+p-H- (101)

and Hy represent the total right/left-moving energies. Owing to the fact that the total energy is
H = Hy + H_ and that the total momentum is P = H; — H_, one can further re-interpret this
density matrix as the boost of a thermal state [24]:

W = Brest(coshf H — sinh6 P) (102)

where the rest-frame inverse temperature is Srest = +/B1 8- and the boost velocity is tanh6 =
Br = BD/(Br + BD)-

It is interesting to extend this family of observable and determine the form of the steady state
on the extended family. One of course expects the steady state to be described, on extended
families, in a similar manner as above, although the sharp light cone effect describing the instan-
taneous reach of the steady state in the energy sector [21,22] is not expected to hold in general.

In this section we show that the above description of the steady state stays valid on the
branch-point twist fields, where the right- and left-moving factors are the right- and left-moving
branch-point twist fields discussed in Section 3.

The clearest way to show this is to directly evaluate the scattering map S on branch-point
twist fields. The scattering map is a map acting on observables, O — S(O), which represents the
large-time forward evolution with H and backward evolution with Hy of local observables:

S(O) = lim e Hol oHHI Qi H1 oI ol (103)
t—00
It is a simple matter to see that it allows to write the steady state using the original state:

<O>ness - (S(O)>O (104)

The observables resulting from the application of the scattering map are to be evaluated in
the state (-)o. In this state, the left and right regions of the system are separated. The boundary
conditions for both left and right regions, at the point x = 0, are invariant under permutation of
the replica copies. Hence, the unitary symmetry operator Z for cyclic permutation, ¢; (x)Z =
Zi+1(x), can be separated into two unitary operators generating the independent symmetries
on the left and the right subsystems: Z = Z; Z, with

Z; i (x) (x>0)
Zipiv1(x) (x<0)’

Ziz1=7/7,=1.

Zrgit1(x) (x>0)

¢Mﬂ&={ qﬂﬂ%={L%@) (x <0)
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For later convenience, we define the reversed twist field,

Ux, 1) pi(y, 1) (x <y

(v, HU(x, 1) = 105
vl DU D Lunn¢ﬁu%o (v <) (105
with the corresponding reversed anti-twist field
y Ux, 1) ¢ (v, 1) (x <)
i ( ,t)u(x,t)={ - (105b)
o A0 (6 <x)

By definition, these are related to the normal twist fields via relations such as U (x) = Z7~’(x),
U (x) = ZT(x), etc., where Z and Z are the operators that permute the sheets one way or the
other (i.e. they insert a branch cut over the entire length of the system).

From these relations, it is clear that

T(x1) T(x2) = U(x1)U(x2) (106)
T(x1) T(x2) = Ux)U(x2). (107)

Naturally, it is possible to identify Z; and Z, with appropriate regularizations of ¢/(0™) and
T (01), respectively, with respect to the state (-)g. For instance, Z, = lim,_, o+ x*" T (x).
We will obtain the following:

U (—x) (x>0

+ = ~

S(TT(x) = 2070 (x <0) (108)

- 0

ST =1 S ey (109)
e | ZUT(=x) (x>0

SUT(x)) = U (x) (x <0) (110)
o |ZT ) x>0

SU (x)) = THex) (x<0) (111)

as well as similar equations with the exchange T+ U+, Z < 7~’i, U + ZZ -

One can interpret this map by analyzing its action on the cuts emanating from the positions
of the twist fields. These cuts are to be divided into segments that fall into one of four regions:
(A) left-moving fields in the left system, (B) left-moving fields in the right system, (C) right-
moving fields in the left system, and (D) right-moving fields in the right system. From the above
equations, we note that, essentially, the map S takes (B) and (C) into themselves, and (A) and
(D) into each other.

(A) (B) ; (D) (B)
A I B )\ B
(©) 0 (D) (C) 0 (A)

The map § above immediately implies chiral factorization in the steady state: right- and
left-movers are mapped onto left- and right-subsystems, respectively, which are independently
thermalized in (-)p. We may now map each independent subsystem onto a chiral theory, with
in particular Z; , mapping to the chiral replica permutation operator Z. One can see that the
composition with S is the identity operator, showing (99).
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Fig. 13. The forward time evolution with H and subsequent backward time evolution with Hyy of 2T (y) in equation (112)
and 2~ (x) in equation (113) is shown.

It is then a simple matter to observe that the steady-state values of the entanglement entropy
and negativity do reproduce the large-time limits evaluated by direct time evolution in the previ-
ous section.

A.l. Calculation of the scattering map
We deduce the form of S(7) and S(7) by comparing the equal-time exchange relations

before and after the process of forward and backward time evolution. Consider the right- and
left-moving energy densities 27 (y). On these fields, the scattering map is given by []

siton =1 oo (112)
and
N ) (y>0)
son={p "y 070 (113)

See Fig. 13 for a depiction of these results.
Consider the equal-time exchange relations

T+ (0) b (y) (y <x)
T O h', ). (>x)

Since the scattering (103) is a conjugation, the exchange relations are preserved. Therefore, we
also have:

It () T3(0) = { (114)

S(T3(x)) S(hi () (y <x)
S(h () S(To(x)) = { ST SUE ) (3> ) (115)
which, using (112), gives the following equations:
h ()S(Th (%)) = STy () hf () (y<x&y<0) (116)
h (ST (x) = (T3 () b, () (y>x&y<0) (117)
hi (=y)S(T4(x)) = S(TL(x)) h; (=) (y<x&y>0) (118)
hi (=y)S(T4+(x) = S(TH(x) h; 1 (=) (y>x&y>0) (119)

We can find more information on S(73) by doing the same with the exchange relations with ™.
Since 75 only acts as boundary-changing field on right-moving fields, these exchange relations
are trivial:

hy NT+(x) =T (x)h; (). (120)
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After scattering, these are
hy (V)S(T4(x)) = S(T+(x)h; () (y>0) (121)
AT (=) S(To(x)) = S(T- (x)h (—y) (y<0) (122)
Collecting these equations, we have the following exchange relations for S(73):
S(T+(e)h () (y<x&y<0,y>0)
ht(WS(T- = ! 123
P ST+ : S(TeODhf, () (x<y<0) (129
_ S(T+O0)A; (y) (—x<y<0,y>0)
h; S(T4 = ! 124
§ 3T+ { ST () (< —x&y<0) (129
When x > 0, this just simplifies to:
h ()S(Te(x) = S(Ty (x)h (v) (125)
_ S(T+(x)h; (y) (—x <y)
h; S(T, = ! 126
; MS(T+(x)) { S(T (eDhr, () (v < —x) (126)
which means that:
S(T+(x)) =U_(—x) x>0 (127)
However, for x < 0, we have
ST+ () (y <x)
h (1)S(T3(x)) = S(TH ()AL () (x<y<0) (128)
ST+ ()R () (y>0)
_ S(T+()h, () (y<0)
h (y)S(T, = ay 129
PO = s o) >0 (12

so for x < 0 the result of S(75) is a product between U/_(0) and a branch cut between x < y <0

for the right-moving fields:

S(T+(x) xU-(O) T+ (x)T(0)  (x <0)

This can be re-written as

S(T3(x)) < U—OUT (OUT(0) x Z1UT(x)  (x <0)

Taking into account the normalization of the field, we obtain (108).

The other relations can be obtained similarly.

Appendix B. Relations between structure constants

(130)

(131)

In this appendix we will establish general relations amongst structure constants associated
with cyclic permutation twist fields (powers of the branch-point twist fields). One of these rela-
tions will be (90), needed in the main text. We will use the following notation for the fields that
permute the n sheets cyclically by an amount of i € {0, 1,...,n — 1}:

o; = Tl.

For convenience, we extend the notation to i € N by periodicity o4, = o;.

(132)
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By the fundamental properties of twist fields, the OPE o;(x)o;(y) must be in the twist sector
associated to i + j, hence

it
CUI'Z,G]]' Oi+j(y)

xX—=>y
(oF} (X)UJ ()’) |x — yldi+dj_di+j

(133)

where d; is the scaling dimension of o;. We wish to establish constraints on the structure con-
o
stants C; j := Co; 5,

The CFT normalization is the condition
Ci_i=1 (134)
which amounts to normalizing the two-point function as

1
{01 (x1)0(x2)) = bi+j.0—5-- (135)
12

Further, since the subgroup of cyclic permutation is abelian, we have
Ci,j=Cj,i. (136)

By acting with the permutation element that inverts all sheets (this elements generates, along
with cyclic permutation elements, the maximal subgroup that preserves the cyclic permutation
subgroup), we also find

C.i—j=0Cj. (137)
With the identity element, the OPE is trivial, whence
Coi=1. (138)

In order to obtain additional information, we consider three-point functions, which are fixed
by conformal invariance up to multiplicative constants:
=5 Coropoiy 139
(01 (x1)0 (x2)0% (x3)) = it j+k,0 G d—dr ditdi—d, dTdi—d (139)
12 X13 X23

From the OPE (133), we find

xi—xy Ci joiyj(x2)or(x3)) Ci,j
<Gl (XI)UJ (XZ)Gk(x3)> di+dj_di+j - 81+]+k,0 dj+dj_di+j di+j+dk
X12 X12 X23
(140)
and comparing with the limit x; — x; in (139), it is clear that Cy, 4 o= C;, ;. Similarly,
x3—x3 Cjrloi(x1)0j4k(x3)) Cjk
<Gl (XI)UJ (XZ)Uk(x3)> dj+dk_dj+k - 8l+]+k,0 dj+dk_dj+k di+dj+k 9
X23 X23 X13
(141)
wherefore Cy; » o = Cj —i—j. From these we obtain an extra constraint on the structure
constants:
Ci,j=Cj_i—j. (142)

Putting i = j =1 in this equation, we find (90).
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Finally, by factorization of the multi-sheeted theory, we also have

Cisk,j/kin/k = Ci jin (143)

where we have explicitly written the number n of copies via C; ; = C; j.,, and where k divides
i, j and n.

Using these relations, one can reduce the number of unknown structure constants. For in-
stance, for n =2 we have C; j =1 for all i, j. For n = 3, we find a single unknown structure
constant, C; | = C > (the others are unity). For n = 4, there is also a single unknown struc-
ture constant, C1.1 = C12 = C3,1 = C23 = C32 = C33 (the others are unity). The non-unity
structure constants forn =5 are C1,1 =C13=C24=Cs4 and C; 2 =C22 =C33=C34 (up
to equality under exchanging indices). For n = 6, the unknown are C; | =C14=C25=0Cs5
and C1 2 =C13=C23=C34 = C35=C45 (again up to equality under exchanging indices),
C22 = C4 4 are related to structure constants for n = 3, and the others are unity. The unknown
structure constants must in general be determined by evaluating 4-point functions, and depend
on the particular CFT model under consideration.

Appendix C. Boundary entropy

In order to find an expression for the boundary entropy introduced in [43] in terms of the
nonuniversal constants appearing in our expressions for the EE and the logarithmic negativity,
we must relate the EE for an interval of length £ on the half-line to the EE for an interval of
length 2¢ on the line, both in equilibrium. Not specifying the state of the system, we first find an
expression for the trace of the system with a boundary:

bd . =~
Tr ppovg) = €ud ™ 1im (T(e) T(O) e (144)

We can compute this by unfolding (33) and using the OPE t(—¢)1(e) ~ (28)_2A" ,
lim (Te)TW)) g+ = lim (T(—O)F(—e)T(e)F(0)F = lim (2e) 2 (r(—0) TN, (145)

As discussed in Section 3, in taking the limit ¢ — 0 we are in effect exchanging this limit with
the scaling limit. In order to account for this, we define a constant b,, := 2¢ /4§, in terms of which
the trace can be written as

bd _ - 1/2. _ 1/2
Trpjh) = cuby 22824 (r(—DFO)™ = e 2 (Tepfy)) (146)
This leads to the relation
bdr 1 bulk C/l c
S0.0= 550+ 5 ~ 7 b1 (147)

0,61 = 5
from which we conclude that the boundary entropy is equal to [8,46,47],

c
Ing=——1Inby. 14
ng 12 nb ( 8)

Here we note that whenever we encounter by, we take this to be the limit lim,_ 1 b,. Recall
that b,, defined in (39), appears when taking a limit where a bulk field goes to the boundary,
which amounts to exchanging limits § — 0 and ¢ — 0. For n = 1 this works for any b1, since
the branch-point twist fields are just the identity, and do not depend on position.
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Appendix D. Mutual information

The mutual information between two regions A and A, is defined as

IA],AZ = SAl + SA2 - SAlUAza (149)

with S4 the EE between a region A and the rest of the system, and similarly the Rényi mutual
information is defined by

OO )
Iyoay =S4, + 54, —Saua, (150)

In order to find relations for the mutual information after a local quench, we first must compute
relations similar to (42) and (48) but in the case of an interval [—v, —u] in the left system, and

the case of an interval [—v, —u] U [u, v] in both systems. We take u > 0 and v > 0, as we did

)

before. The relation for S[(f ) Can be obtained by simply replacing f; <> B, in (42) and (48).

v
In order to find similar relations for S[(ﬁ)v,—u]u[u, o We follow the method outlined in Section 3.
First, we note that r > v the cuts do not extend across the defects, wherefore the NESS result
should be time independent. For times u < ¢t < v, the cuts do extend across the defects, and we
have to regularize the expression for the trace by inserting extra pairs of twist fields as follows:

Tr,of’_v’_u]u[u’v](u <t<v)

= 2% 111%(28)4dn (T(=v, )T (=t — &, )T(—t + &, ) T(—u, )T, )Tt — &, 1)
T +e,0)Tw, 1))o. (151)

Performing the time evolution on the chiral twist fields defined in Section 3 and using the neces-
sary OPEs, we obtain

Tr,oF_v,_M]U[u’v] (u<t<v)
= 2580 lir%(28)4A” (TH—v—1,00T (=0 +£,00T " (—u —£t,00T (u — 1, 0)
e—
T (=&, 0T (—¢,0);
(T 0T (—u+1,00T w+1,00T (0T (w—1,07T (v+1,0),. (152)
After the unfolding map, this becomes
Tr,o[”_w_u]u[u’v](u <t<v)
= ;8% 1im (26)* (1(—v — DF(—u — T — HF(—e)T(e)F (v — 1))
£—0 1
(T(—v — DF(—u — )T — DE(—e)T()F(v — 1)) . (153)
We can use the OPEs again to simplify this equation further:
Trof g o @ <1 <) =8 (1(—v = DF(—u — T — N — 1))
(r(—v = DF(—u — )T(u — DT — 1)), (154)
leading to the relation

Tr,of’_v’_u]u[u’v](u <t<v)

. . 1/2 . . 1/2
= (Tro{%, oo B) (Tr(0f, )" B0) - (155)
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Note that this relation does not depend on time. Since we also know that for times t < u and
t > u the relation is time independent, we find that the relation between the Rényi entropy after
the local quench and equilibrium quantities for two intervals of equal length, at equal distances
from the point of connection, is given by

1
(n) . _ (n),eq (n),eq
St @ B Br) =3 (S5 1B + S (B0 (156)

where, as before, we explicitly label equilibrium expressions. So the EE after a local quench
between [—v, —u] U [u, v] and its complement, does not depend on time. Using (156) and (42)
(both as is and with 8; <> B,), we have for u <t < v the following relation for the Rényi mutual
information:

1
(n) (n),eq (n),eq
Ly fu) @ <t <0 B Br) = 5 (I[u,t],[—u,—u]un,v](51) 11 v, —ulul, v](ﬁ"))

2d
" Inb,, (157)
1—n

with ¢}, :=1n¢, /(1 — n). The mutual information for this time regime simplifies to

/

1 €q €q
fi-o i@ <0< 0550 = 3 (it ot B0 + Bl oo (B0)
+c)+2Ing, (158)

with In g the boundary entropy first discussed in [43], see Appendix C. In the NESS, we can use
(156) together with (48) (again, for both choices of f;, B,) to find the simpler relation:

1
Bt > 0B B = 3 (1 B + 1 (B (159)
with the mutual information given by
. 1 eq eq
Mottt = 03 B B = 5 (10 o e BD + 12, (B (160)
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Chapter 4

Energy Current and Fluctuations

In this chapter we will present the results of [2] and [3]. We first intro-
duce the concept of Full Counting Statistics (FCS), and formulate a
steady-state fluctuation theorem (SSFT) for the energy transfer after
a thermal cut-and-glue quench. We explain how in the quantum me-
chanical case the quantity to consider is the energy transferred during

a time interval %.

In Chapter 1 we introduced the fluctuation theorems (FTs) that quantify the irreversibil-
ity of a macroscopic system as a statistical effect. There are many types of FTs, de-
pending on the system under consideration and the quantity that is fluctuating. In
this thesis we consider FTs related to heat exchange between two reservoirs at different
temperatures. The resulting fluctuation relations have been referred to as “exchange
fluctuation theorems” [32] to distinguish them from the “work fluctuation theorems”
that are the result of work performed by an external force. The first quantum exchange
fluctuation theorem was put forward by Jarzynski and Wojcik [32]. It applies to two
systems initially at different temperatures, 77 = 31 Vand Ty = By ! that are allowed to
interact weakly during a time period At via a possibly time-dependent interaction. If
the experiment is repeated many times, always initializing the two bodies at the specified
temperatures, the observed distribution of values of g over the ensemble of repetitions

satisfies [32]:

p(q) — (Bi—=P2)q
p(—q) ' “1)

95
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where ¢ = AE| = —AFE,, with the second equality following from the assumed weak
interaction. This situation was later generalised by [112, 113] to allow for the exchange
of energy and particles between several interacting systems initially at different temper-

atures and chemical potentials.

One basic assumption leading to the exchange fluctuation relation, (4.1), is that the
initial state is a factorised state, in which the various subsystems are uncorrelated from
each other. In most experimental situations, however, unavoidable interactions between
the systems would lead to some correlations and a consequent deviation from the as-
sumed factorised state. The resulting deviation from the exchange fluctuation relation
(4.1), is expected to vanish for observation times At larger than some characteristic
time scale At., determined by the specific physical properties of the experimental setup

20, 113, 114):

M At>Ale (B1-p2)q (4.2)
p(=9)

For those large times t > At, a nonequilibrium steady state sets in under the condition
that the reservoirs are chosen macroscopic. For this reason (4.2) is referred to as a steady
state fluctuation relation (SSFT). This is in contrast to the other fluctuation relation
discussed above, which instead are valid for any observation time At and is accordingly
referred to as transient fluctuation relation. Saito and Dhar [115] provided an explicit
demonstration of (4.2) for the quantum heat transfer across a harmonic chain connecting

two thermal reservoirs at different temperatures.

4.1 Full Counting Statistics

The exchange FTs involve the probability distribution p(q), which we define as the
probability that during a certain time period At, ¢ charges (which in this case means
units of energy) move from the first system into the second (with —¢ denoting the
reverse process). This situation is reminiscent of a current measurement in a quantum
conductor, and leads directly to the concept of full counting statistics (FCS)!. Full
counting statistics has its roots in quantum optics [116], where the number statistics
of photons is used, e. g., to characterise coherence properties of photon sources. The

major step to adopt the concept to mesoscopic electron transport has been undertaken

'The word “full” means that the entire distribution is known, not just the average and noise.
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by Levitov and Lesovik [117]. Since then the theory of FCS of charge transport in

mesoscopic conductors has advanced substantially, see [118, 119].

The information contained in the probability distribution function is also contained in

the cumulant generating function (CGF), defined by

S(A) =1In

) e“qp<q>] , (4.3)

where we introduced the counting field A. The normalisation condition requires »  p(q) =
1 <+ S(0) = 0. The cumulant generating function can be expanded to obtain the cumu-

lants ¢y,

SN =Y (12,) ", (4.4)
n=1 :

which are a good measure of how far away a distribution is from being normal?.

The heat exchange FT (4.1) translates directly into a symmetry relation for the CGF:
S(A) = 5(i(B1 — B2) — A). (4.5)

We are interested in discovering universal aspects of the fluctuations, which are expected
to emerge at long time intervals At, in the NESS. We will therefore take the NESS limit
described in section 1.4 and instead of the CGF, we consider the scaled CGF

FO) = Jim AitS(A). (4.6)

In analogy to (4.5), a steady-state fluctuation theorem (SSFT) for heat exchange ex-
change (4.2) implies a symmetry for the scaled CGF:

F(A) = F(i(B1 — B2) = A). (4.7)

Zsince a normal distribution has the property that all cumulants of order higher than two are identi-
cally zero
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4.2 FCS after a thermal cut-and-glue quench

4.2.1 Two-time projective measurement

In order to study the total energy transferred F(At) over a large period of time At
in a quantum mechanical setting, we must properly define how we measure the values
of E(At) within a quantum measurement protocol. One way of doing this would be
by continuously measuring the local current over a long time At. This would have to
be done via an indirect measurement, so as not to have a ‘quantum Zeno’ effect, in
which the state is continuously influenced by the measurement, ‘freezing’ the current to
a certain value. Another protocol to define the transferred charge between two reservoirs
during a time At, which we will use, is taking two projective measurements at different
times, where the energy difference between the two halves is measured. More precisely,
this is done by first performing a measurement at an initial time ¢t = 0, letting the
system evolve, and then measuring again at a later time t = At. Let QQ be the charge
operator?, and P, the operator that projects onto an eigenspace of ) with eigenvalue
q. Taking po to be the density matrix* at time 0, the joint probability of measuring a

certain eigenvalue ¢p at time ¢ = 0 and another eigenvalue ga; at time At is given by

plgat, qo] = Tr {PthUAtPQOPOP(IOUEthQAt} . (4.8)

From this, the probability distribution for the difference Agq = ga: — qo between the

output of the two measurements can be obtained:

p(Ag) = Y 5(Ag— (aar — 9)) plaar, qol- (4.9)

qAt,q0

In (4.8), what state the measurements are performed in is determined by the initial
density matrix pg, and the time At over which the state is evolved in between measure-
ments. In general, it is not easy to evaluate (4.8) as it may not be possible to find an

exact formula for the density matrix. For the case of the energy FCS after the thermal

3The charge operator needs to be suitably defined. For instance, in case of energy transfer between
two reservoirs, a suitable definition might be Q := H; — H,, where H;,, measures the energy of the
left /right reservoir.

4we will ignore a normalisation term, or simply assume po to be normalised.
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cut-and-glue quench it has been proved in the critical case [1] that one can take a suit-
able limit (see section 1.4) to reach a non-equilibrium steady state (NESS), in which the

density matrix has a simple form.

For the thermal cut-and-glue quench, the first measurement is taken at the time of
connection, so that the density matrix is that of the disconnected systems. After a long
time evolution, the system is expected to be in a NESS when the second measurement
is performed. In case of electron FCS, it has been shown [120] that taking the first
measurement in the disconnected state and the second in the steady state is the same
as taking both measurements in the steady state (but with the same difference). This
is expected to be due to the discreteness of the electric charge. In case of the energy
FCS, it is not known how to compute the large deviation function in case where both
projections are done in the steady state. Generally, the first projective measurement is

taken before connection, and the second in the steady state.

4.2.2 Previous results

Our results generalise and supplement the proof for the results in [1], of which we will
here briefly summarise the most relevant ones. For the thermal cut-and-glue quench
between two CFTs thermalized at temperatures §; and ,, the authors considered the
current and fluctuations of the charge Q = %(Hl — H,), which is the energy difference
between the left and right subsystems. The heat current at criticality has the form

J_TFC(

2 2
_ETZ—T), (4.10)

T

which depends only on the central charge of the CFT, ¢, and the two temperatures.

Note that this current is of the form
J(TL,T) = £(Ty) — f(T3), (4.11)
which we will refer to as ‘additive’, since it has the following property:
J(T1,Ty) + J (T, T5) — J(T1,T5) = 0. (4.12)

In [121], it was
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The scaled CGF (4.6) was found to be

FO\) = iATC 1 1 > ’ (4.13)

12 (&(@« —i\) BB+
which means the cumulants are

|
Cn = Wf; (T + (-1t (4.14)

This is also very universal, depending only on the CFT central charge and universal
constants. It depends among other things on the assumption that the Fluctuation

Theorem (4.7) holds. Further proof was given in [73] and in [2], included in this chapter.

In [69] it was further shown that in any system with pure energy transmission (i.e.
QS = —SQ, with S the system’s scattering operator), one can evaluate the cumulant
generating function solely from an expression of the current in which the inverse temper-
atures Jj, B, have been shifted by a parameter z. This gives us the extended fluctuation
relation:

dF(z)
dz

S T(Bi-nfetz) 6 F() = /0 4 TG -8+ 7). (4.15)

The scaled cumulants can then be obtained by taking derivatives of the current with
respect to z, and set z = 0:

d?’L

Cni1= 5

J(Br—2,Br +2)].—p - (4.16)

4.3 Generalizing to an N-junction

We generalize the exact result for the scaled cumulant generating function in the steady
state of [1] to the case of a junction of N critical slabs with edge currents, connected in

such a way that the edge currents of each leg can only flow into the next leg.

The first paper featured in this chapter [2], is the generalisation of the results of Bernard
and Doyon [1] to a system where the number of baths can be large, and all the baths
are connected at one point. Thus, the setup is that of IV identical 141 dimensional
Conformal Field Theories (CFT) on a star graph, which is a model for a junction of

several quantum wires. We find the large deviation function for steady energy transfers
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and associated Fluctuation Theorems that are a generalisation of that found in [1], and
further confirmed the physical interpretation in terms of a Poisson process. We have
written the results in [2], in which we also introduced new algebraic methods. The
results are valid for any CFT: we have found a great starting point for exploring all
systems that have quantum critical points. As an application of these results, quantum
wire junctions have been intensively studied theoretically and experimentally since these

are building blocks for quantum circuits (see [2] for references).

N\
/N

FIGURE 4.1: After connecting the 1d systems, the right-moving fields and the left-

moving fields of one leg of the graph are connected to different legs. In this picture, a

double line is one quantum system, where one line represents the right-moving fields,
and the other the left-moving fields.

More precisely, we consider N identical 1d CFTs that were initially thermalised at
different temperatures and connected sequentially in such a way that the right-moving
fields and the left-moving fields are connected to different legs (for more details and

some pictures, see [2]). After connection, the new Hamiltonian

N
H=Y HY +AH (4.17)
j=1

contains the disconnected Hamiltonians H(()j ) of the subsystems, and an extra term AH,

. However, we do know the effect of this term as a change in

whose form is unknown
boundary (in this case, vertex) conditions. After letting the connected systems evolve
unitarily with the full Hamiltonian H, we expect a growing region around the vertex to
reach a steady state. In order to have an infinitely large region that is in a steady state,

we take the limit that this time over which we evolve goes to infinity. Note that this

only works if the length of the 1d systems is also infiniteS.

%if we consider our systems as the scaling limit of a discrete system (at criticality), such as a spin
chain or a harmonic chain, the term AH represents for instance an extra link connecting the different
chains in the star graph. In the scaling limit, the contribution of this link to the energy of the total
system vanishes. Since we are interested in universal behaviour, we can neglect the contribution of this
term to the energy (but we cannot neglect its contribution to the time evolution).

Sthere are some subtleties with these limits, which are discussed in [2]
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In order to use the operator formalism of quantum mechanics to calculate expectation
values algebraically, we need to define a vacuum state, and express the quantities that
we want to calculate in terms of generators of the conformal transformations, which

satisfy a Virasoro algebra,

C
[Lons L] = (m — 1) Ly in + E(m3 — M)6mn.0, (4.18)

where m and n are integers, and c is the central charge of the CFT. In order to define
these, one needs the spatial direction to have a finite length, so that there are discrete
levels. However, our systems must be infinite to be able to reach a steady state.”
Therefore, we need to calculate expectation values for systems of finite length, and then

take the limit of the length going to infinity. Note that we have to take this large system

size limit before we take the long-time limit in order to describe a steady state.

An interesting result in itself is the calculation of the large volume® limit of expectation
values of (products of) Virasoro generators. It turns out that (up to terms that disappear

after integration) one can calculate these using an auxiliary ‘continuous’ algebra,
[ap, ay] = (p = P)ap+y + 20k + 50°) 8(p + 1) (4.19)

where the index p of the Virasoro generator is not a discrete number, but a continuous
variable. With appropriate choices of k, and of the state, the averages calculated using
these generators give the same results as the averages of the Virasoro generators in
the limit of infinitely long systems?. Calculating quantum averages in this continuous
algebra is easier, as simplifications that occur in the large volume limit for averages
of the Virasoro algebra are already taken into account. This way of dealing with the
large system size limit is different from the way it was dealt with in [1, 120], and has
two advantages: firstly, it provides an extra argument for the universality of the results,
since the two papers have used different methods for regularising the large p divergences.
Secondly, the method we developed is a very direct method of dealing with infinite

volume Virasoro algebra, and may be applied to other systems out of equilibrium. The

"Recall that we are not in equilibrium, and cannot map our system to a Euclidean theory. The choice
of space and time directions has already been made, so the trick of radial quantisation does not work.

8large system length

“there are some subtleties, explained in section 5 of [2]
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algebraic Virasoro method also fills a hole in the derivation of [120] and therefore gives

the first full derivation of the scaled cumulant generating function in CFT.

Defining a ‘charge’ as a weighted sum over the energies in the different legs of the star

graph,

N
Q= ZajH(j), (4.20)
j=1

we calculate the Full Counting Statistics of this charge by performing a projective mea-

surement at the time of connection, and again at a time ¢'°, which is sent to infinity.

The steady current is found to generalise the form of the current found in [1] (in which

the case N =2 and a1 = 1/2 = —; was considered). The current is of the form
N
e Aa;
J==> — 4.21
Sk (421

where c is the central charge of the CF'T describing the critical 1d systems, and Ac; :=
ajt11 — o is the difference in weight of the j + 1-st leg and the j-th leg. An exact

equation for the scaled CGF!! (4.6) is also found to generalise the results from [1]

FO\) = iATC ivz AV (4.22)
N 12 ﬁj(ﬁj — iAOéj)\)’ ’

=1

which satisfies [2] the following symmetry relation:
F(w; —iB1,...,wny —ifBn) is symmetric under permutations of wy,...,wy  (4.23)

with w; := AAcq;. Such a symmetry relation of the scaled CGF implies [20] a steady state
Fluctuation Theorem. This is consistent with the physical picture of purely Poissonian
long-time energy transfer [1] where in this case, due to the separation into the H (7.5+1)
subsystems in the steady state, F'(A) describes N independent energy transfer processes.
Fach energy transfer process can be seen as a family of independent Poisson processes,

one for each value of the transferred energy, weighed by the Maxwell-Boltzmann factor

e Bk,

10in between the two measurements, the system evolves unitarily
Hpote that in our paper we call this the long-time cumulant generating function
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4.4 Generalising to massive IQFT

Another generalisation we have made to the setup of [1] is a perturbation away from
criticality, in such a way that the resulting system can be described with a relativistic
quantum field theory that is integrable. In the paper [3], included in this chapter,
we present analytical work, generalising the Thermodynamic Bethe Ansatz methods in
[122], to find a low-temperature expansion, and a high-temperature expansion'?. For
specific models, we have solved the resulting TBA equations numerically in order to
calculate the current and higher order cumulants. We obtain for the first time the
exact energy current and scaled cumulant generating function (CGF) in interacting
integrable models. We find that the scaled CGF in the NESS can be described by a set
of independent Poisson processes. We furthermore show that, unlike in the critical case,
the off-critical current is not additive, i.e. we cannot write J(1;,T,) = f(1T;) — f(T;) for

some function f(7) when the system is not exactly at a critical point.

We consider a relativistic QFT model with a spectrum of £ particle types with masses
mi,...,My:

\Vac>, |91, ey 9n>i1,...,in : 91 > > Hn (4.24)

The steady state pstat i constructed in the following way:

Pstat|vac) = 1, (4.25)
and
Pstatl01, - OnViya = e~ 2k Wi Odjg, gy, (4.26)
where
Wi(0) = micoshod =0 (4.27)
Br (0<0)

A physical interpretation for this is as the long-time evolution of the initial density
matrix pg

pstar = lim e~ poetMt. (4.28)

2which agrees in the large-temperature limit with the CFT results for the current in [1]
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Considering the case of a general integrable relativistic QF T, under the assumption that
there is no ‘back-scattering’ (i.e. the scattering matrix is diagonal, and particle scattering
can only result in an additional phase), we found the following TBA equations for the

current in the non equilibrium steady state, which we will refer to as the NESSTBA

equations:
J4
* df m; coshd x;
J(Br, Br) = Z/ m 14 e (4.29a)
o’ iz (6 — 0)z;(6")

T, = mlsmhﬁ—i—Z/ 5 T s ) (4.29b)

‘ do’
() :Wi(e)—Z/ O o0~ ) log (1479, (4.29¢)

=17

where €(0) is the pseudo-energy and z; is the ‘dressed’” momentum at rapidity 6.

We verify that the high temperature expansion of (4.29a) reproduces the CFT result
of [1, 73], with the correct central charge. Furthermore, for integrable systems, the
extended fluctuation relations (4.15) [69] can be used to find an expression for the exact

scaled CGF using the above equations (4.29):

(0
Z/ mzcoshH/ /1ie€zéz) (4.30a)

46’ (0 — 0')z; (0"
zi(0,2) = m; smh0+Z / 2 1+eea)<?(z> %) (4.30b)

o0 /
€;(0,z) = W;(0) + zsgn(6) m; cosh 6 — Z/ Czl—egoij(e —6')log (1 + €_€j(9’7z)) .
s
— J

(4.30¢)

We further study the behaviour of the energy current and the cumulants for the sine-
Gordon model, the sinh-Gordon model and the roaming trajectories model. This is
done by solving the NESSTBA equations (4.29) and (4.30) numerically. The results are
presented in paper [3]|, which is the last paper in this chapter. We confirm that the

normalised current,

12J(T 1, 771 6 S 25(0)
T, T,) := L Rk A df m;cosh—"——  (4.31
Cl( ly ) 7T(1—112 _ Tr_z) 7-[-2(]"12 _ T7‘2) Z /Oo m; COS 1 T eei(a) ( )
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has the correct behaviour to be a c-function'®, i.e. it increases monotonically with
the energy scale, and at the critical points, it takes the values of the central charge
of the corresponding CFTs. Furthermore, we construct similar normalised cumulants,

and find that these behave as a family of c-functions'?

Cn, which depend only on the
dimensionless variables T;/m, T,/m, with m the mass scale (for instance the mass of

the lightest particle). This implies that the cumulants themselves behave as

%C’n <0, (4.32)
which means that as the mass scale is decreased, the average energy transferred increases,
and the fluctuations are stronger. A quasi-particle picture is that when lowering the
mass scale whilst keeping the temperature constant, more quasi-particles can be created
and thus we make more energy carriers available. This indeed leads one to expect a
higher energy current, as the situation is similar to that of lowering the resistance while
keeping the voltage the same in an electric circuit. In the limit of zero gap, as m — 0,

one expects to recover the CFT result (4.14), providing us with exact upper bounds on

the cumulants, given by the cumulants of the UV fixed point:

men!

12

Cp < (T + (-1t (4.33)
We expect these results to hold in any integrable model with diagonal scattering, and

possibly much more generally.

As mentioned above, another question we considered is whether the description of the
scaled CGF as Poisson processes is still valid for massive integrable QFT. We verified that
the scaled cumulant generating function can be seen as that of a family of independent
Poisson processes, one for every value of the transferred energy. Hence, the complete,
large-time scaled statistics of the energy transfer is that of independent, classical energy
packets jumping towards the right or left in a Poissonian fashion with weight w(q). We

have evaluated w(q) numerically for the sinh-Gordon and roaming trajectories models,

13A c-function [77] is a function of the energy scale (some physical quantity such as the temperature
or the distance in a correlation function), or of the position on a renormalisation group (RG) trajectory,
which represents well the effective number of degrees of freedom at this scale or at that point on the
trajectory.

14Note that these functions are non-equilibrium c-functions, defined with respect to physical quantities
that characterise a non-equilibrium steady state.
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thus verifying that it is nonnegative. The Poisson process description may be seen as

an improvement on the idea behind the Landauer formula for non-equilibrium currents.

Finally, as mentioned earlier, we consider the question whether additivity holds away
from criticality. As observed in [121], additivity, or the existence of some function f
as defined in (4.11), implies that the non-equilibrium current is completely determined
by the linear conductance in equilibrium. If the additivity property (4.12) were to hold
for systems that cannot be described by a CFT, as was conjectured for general QFT in
[74], and for which numerical evidence for the XXZ spin chain was given in [121], this
could have deep and important physical consequences. However, our numerical results
suggest that the current away from the critical points is not of the form (4.11), i.e. that
it does not satisfy the additivity property in general: the non-equilibrium current is
not determined by the equilibrium conductance. But, as we observe in the sine-Gordon
model, the breaking of additivity may be very small. This is important, because the
numerical analysis of [121], from which it was concluded that additivity exactly held,
is not expected to reach the accuracy necessary to detect such small effects. It is in
any case rather interesting that the results of [121] and our present results indicate that

additivity may be approximately satisfied in many cases.

Personal contributions

The first paper that is included in this chapter, [2], was the result of discussions between
all the authors. The calculations were done by the first two authors. The second paper
that is included here, [3], is a result of collaboration and discussions between all the
authors. My personal contributions were mostly in the form of numerical solutions of
the TBA equations for the current and certain higher order cumulants, and specifically,
the plots that were used to prove that the current is not additive when the system is

not critical.
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1. Introduction

There is currently great interest in the thermodynamics of quantum systems out of
equilibrium. This has to do in part with the general need to find a framework that extends
equilibrium thermodynamics to far-from-equilibrium situations [1], and in part with the
recent experimental advances which make it possible to prepare quantum systems in non-
equilibrium states in a controlled way, and verify fluctuation relations experimentally [2]-
[6]. In the context of non-equilibrium quantum steady states, where there is transfer
of energy, charge, particles, etc, one of the objects of interest is the scaled cumulant
generating function (the Legendre transform of the large deviation function), see for
instance the review [7]. This characterizes the fluctuations of these transfers measured
over a large time period, and encodes many properties of their non-equilibrium statistics.

do0i:10.1088/1742-5468,/2014 /03 /P03002 2
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Calculating it exactly in model systems and obtaining the associated fluctuation relations
are important steps in developing the general theory of non-equilibrium steady states.

Recently, a step in this direction was achieved by calculating exactly the scaled
cumulant generating function in non-equilibrium conformal field theory (NECFT)
8, 9], for energy and charge transfer. The setup consisted of two systems (acting as
baths), initially thermalized at different temperatures and chemical potentials, which
were connected to form a homogeneous system, so that a steady state is established at
late times. Besides deriving the non-equilibrium density matrix and proving an exact
nontrivial formula for the cumulant generating function in this relatively simple situation
of NECFT, two claims were made. Firstly, it was claimed (with justifications) in [8, 9]
that this formula is universal. That is, it gives the correct scaled cumulant generating
function for any quantum critical system?, prepared in the way described above, at small
temperatures and chemical potentials*. This is a nontrivial statement, meaning that, for
the first time, the exact long-time fluctuation statistics were obtained for both energy and
charge transfer for many families of quantum systems, even with very strong interactions.
The only parameter needed, that encodes the interaction, is the central charge. The
NECFT universal average current was recently confirmed numerically [10] in a particular
critical quantum model. It was also observed in [8] that the long-time energy transfer
statistics is purely Poissonian, leading to the claim that the natural right-moving and
left-moving energy carriers behave over a long time like ensembles of Poissonian particles.

The objective of the present paper is two-fold. Firstly, we generalize the results of [§]
to non-equilibrium energy flows amongst any number of baths, connected to each other
at one point in a star-graph configuration. We obtain the density matrix and derive the
exact universal scaled cumulant generating function (which we will sometimes refer to
as the full counting statistics) in NECFT under a simple connection condition at the
vertex of the graph. Our results are a simple generalization of those of [8], and we find
a generalization of the standard fluctuation relations to this many-leg case. There has
been a lot of activity in the study of such ‘quantum graphs’ (see for instance [11] for a
review, and [12]-[19] for condensed matter applications). Recently, certain quantum field
theory methods and concepts have been introduced (see for example [20]-[26]) and studies
have looked at far-from-equilibrium quantities in various types of quantum graphs [16],
27]-[29]. However, to our knowledge no exact cumulant generating function has been
derived yet, and most of these studies are restricted to free propagation in the legs of the
graph (e.g. Luttinger liquids), concentrating on the nontrivial scattering at vertices (see
for instance the methods developed in [30]). By contrast our results apply to general CFT
in the legs, possibly representing strongly interacting critical systems, albeit with simple
vertex scattering.

Secondly, we develop a new method for deriving the scaled cumulant generating
function. Some of the problems in using conformal field theory (CFT) methods in NECFT
are that (1) in order to describe baths, the systems must be of infinite length, and (2)
there is (yet) no simple Euclidean-space geometry to re-interpret out-of-equilibrium states
and their fluctuations, so that we have a truly real-time problem where the quantization
3 With dynamical critical exponent z = 1.

4 There are subtleties regarding the interplay between the large-¢ limit and the scaling limit. These are discussed

in [9].
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scheme is fixed a priori. This hampers the use of standard techniques based on the Virasoro
algebra and its representations, which usually require the choice of a quantization scheme
where space is compact. This problem was circumvented in [8] by concentrating on the
algebra of local fields on the line. Here we attack the problem directly, and develop a
method to calculate quantum averages of Virasoro generators in the limit where the
length of the system goes to infinity. To that end, we study a continuous-index Virasoro
algebra and develop associated diagrammatic principles. This algebraic method could find
applications in other contexts, for instance in the study of non-equilibrium steady states
in NECFT with nontrivial impurities (impurities are usually described in terms of the
Virasoro algebra), or in quantum quenches.

Besides obtaining the non-equilibrium density matrix and deriving the exact scaled
cumulant generating function in NECF'T with the present simple star-graph configuration,
our results provide further evidence for the two claims mentioned above. Indeed, within
our new calculation method, there is a natural UV regularization scheme, closely linked
to the usual UV regularization of quantum field theory, but different from that used
in [9]. Since our results agree with those of [8, 9] in the two-leg case, this provides
further confirmation of the expected independence from the regularization scheme, and
consequently universality (although it is not a full proof or a full analysis of the effect of
irrelevant operators). Also, our cumulant generating function has a clear Poisson-process
interpretation, further confirming the interpretation of [8].

The paper is organized as follows. In section 2, we describe precisely the system under
consideration and obtain the non-equilibrium density matrix. In section 3, we describe
our main results and discuss their meaning. In section 4, we develop some aspects of
the continuous Virasoro algebra; in particular, we study the diagrams used to evaluate
averages. In section 5 we evaluate the full counting statistics. Finally, in section 6, we
provide concluding remarks.

2. A non-equilibrium steady state on a star graph

Consider a number N of identical, decoupled one-dimensional quantum systems, each of
length R/2 and at criticality, thermalized at inverse temperatures fi,...,Sy. Assume
that the temperatures are small as compared with the microscopic energy scale J (the
typical energy of a link in a quantum chain, for instance), kg7 < J. Then the physics
of each quantum system can be described by a conformal field theory (CFT) with some
central charge c. In particular, the boundaries are also conformal. Since the systems are
described by a CFT, the energy and momentum densities (and their descendants) in the
bulk, separate into left- and right-movers. We arrange the systems radially, forming the
legs (or edges) of a star graph (IV legs meeting at a single vertex); then it is clearer to call
the fields incoming or outgoing, where incoming fields are the fields that move towards
the vertex, and outgoing are those that move away from the vertex. We will denote
them by h}n/ U respectively, so that the energy density is hi + h3" and the (inward)
momentum density is hijn — h?“t in leg j. Thanks to the conformal boundary conditions, at

the boundaries of each system, we have reflective conditions for the densities hijn/ U 131].

For example, incoming fields become outgoing fields moving at the same speed upon

do0i:10.1088/1742-5468,/2014 /03 /P03002 4
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reaching the innermost boundaries of the systems, which are located at the vertex of the
star graph.

At some time —t; < 0 in the far past, the independently thermalized systems are all
connected at the vertex. There are several ways of making this connection; in this paper
the connection is assumed to be made in such a way that the incoming and the outgoing
fields on one leg are connected to different legs. More precisely, the incoming fields of the
jth leg, when they reach the vertex, move into the j+1th leg (mod N), where they become
outgoing fields®. One way to think of this connection, where incoming and outgoing fields
move into different legs, is by considering these fields as the edge currents of a set of N
very long and narrow quantum Hall slabs arranged into a star graph.

After the systems are connected, the new total system is evolved unitarily. Then,
energy will begin to flow from higher-temperature regions to lower-temperature regions.
If we let the system evolve for a long enough time, we expect the system to reach a steady
state. More precisely, in order for the system to be in a steady state at time t = 0, we
must take the length R to infinity before we take the limit ¢y, — oo. This ensures that the
legs of the graph act as reservoirs at different temperatures, and that any finite part of
the system around the vertex can be seen as an open system. Indeed, waves emanating
from the vertex will not have time to bounce back at outer boundaries, and hence will
effectively be absorbed by the legs; waves incoming to the vertex can only come from
deep inside the legs, carrying the information of the initial thermalization. We will call
this limit, limps, oo, the steady-state limit, and what we mean by the system reaching
a steady state is the existence of the limit on averages,

: : stat

Jim T (g, = (o) (1)
where (- - - ) g, represents the average in the finite- R star graph a length of time ¢, after the
connection has been made. Since it is only finite parts around the vertex that are expected
to possess a steady-state limit, for the system to be said to reach a steady state we only
impose this limit to exist whenever the ellipses - - - are replaced by operators supported
in finite regions around the vertex; and in fact, we will here only look at operators in the
same Virasoro sector as that of the energy and momentum densities. We expect there to
be a steady energy current flowing, so that, in particular, the steady-state average of the
energy current observable (the momentum density) should be finite and nonzero. Note
that any finite region around the vertex, no matter how large, will be in a steady state in
this limit. What effectively happens in the steady-state limit, is that the region in which
we have a steady energy current becomes infinitely large, and that the thermal baths are
pushed to infinity.

The distance along any one of the N legs is parametrized by x € [0, R/2]. Before the
connection, the continuity conditions for the incoming and outgoing densities h™/°u(x)
are

hiM(0) = h9™(0), A <§> = R’ (S) (2)

® Under these new vertex conditions, one might represent the system after the connection as a chiral theory on a
large circle divided into N segments, where each segment corresponds to one leg of the graph. However, it turns
out that this picture is not convenient when taking the steady-state limit.
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and after the connection, these conditions are changed to

hi(0) = hSY(0), ho <§> = hi <§) (3)

where here and in the following we understand that leg indices are defined mod ().

The former set of continuity conditions holds under time evolution of the disconnected
system, and in averages with the initial state where each system is independently
thermalized. The latter set holds under time evolution of the connected system, and,
as it will turn out, the part of it at x = 0 holds in the steady-state average (the part of it
at x = R/2 does not make sense because in the steady state R has been sent to infinity,
and we only get averages of local operators around the vertex).

Let us denote by Héj ), j=1,..., N the Hamiltonians of the disconnected systems on
the legs of the graph. Then the initial density matrix is

po=n [e_ Yl 5J'Héj>}

where here and below we use the notation nfp| = p/Tr(p). This density matrix is invariant
under the disconnected-system evolution Hamiltonian Hy = Zjvzl Héj). Assuming that
R > z|t| > 0, the Hy-evolution, taking into account equation (2), is given by

. . hevt(x —t x—t>0
elHoth(;Ut (x)e_lHOt _ j ( ) (4)
Rt — ) xr—1t<0
iHot 1.1 i hir(x +t) r+t>0
iHot 3)in iHot _ g
e h_] (l’)e {h;)ut(_(:E —|—t)> r+1t<0. (5)

On the other hand, let us denote by H the Hamiltonian of the connected, total system.
The H-evolution, which takes into account the continuity condition (3) at the vertex and
assuming again that R > z,|t| > 0, is given by
hS" (x — 1) r—1t>0
he L (t — ) r—t<0
R (z + 1) r+1t>0
RSt (—(x + 1)) r+t<O0.

ethh?“t(x)e_th — { (6)

ethh;n(a:)e_th — {

The average in (1) can be written in terms of H and py as follows:
<. .. >R,t0 ="Tr (efthOpOethO .. ) .

Further, the steady state (1) is invariant under the H-evolution, as we will show.
It is clear that in the initial density matrix pg, the system decouples into its subsystems
with Hamiltonians Héj ) ,j=1,..., N on the various legs of the graph. For instance,

<H h}“(%)hE“t(yj)> = [ LR (@p)hs™ (yi) ro-

j=1 7j=1
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Forward evolution Backward evolution
W™ (y + to)4 with H h™(y + to)4 with H,

hulll (',1_)

J
Ht,

\(\\0

)

Figure 1. The forward time evolution with H and subsequent backward time
evolution with Hy of hij“(y) in equation (10) and A$"*(z) in equation (11) is
shown, focusing only on the jth and j — 1th legs of the star graph. This shows
that measuring hijn and h?‘“ in the steady state corresponds to measuring hijn and
h;“_‘tl in the disconnected system, respectively.

In the steady-state limit, it turns out that the system again decouples, but not into the
separate legs of the graph. It rather decouples into N subsystems, for j = 1,..., N, where
in each subsystem hij“ and h;?‘fl are coupled to each other, in particular satisfying the first
equation of (3).

Let us now construct explicitly the steady state from (1) using the above considera-
tions, and see explicitly the H-invariance and the decoupling mentioned. This follows the
methods of [8, 9]. Assuming that R > t, > = > 0, we have

ethOhijn(x)e_thO — h;n(.'L' + tO) (8)
ethoh?ut(x)e—thO — h‘ljril(_m + to) (9)

Evolving the result backward with Hy then gives

oot gifTto yin ()6 =iMTto giffoto . pin () (10)
j J
efiHotoethoh?u’D(x)e*thOQiHotO = h;’itl(x). (11)

The above process of forward evolution with H until the time of connection, and
subsequent backward evolution with Hy, is visualized in figure 1

For definiteness, let us consider the observable H;VZI R ()" (y;). Using the fact
that pg is Hp-invariant and the above equations, we then obtain

- <H h;n<xj>hﬁta<yj>> - (12)

00,0

N
ol <11 h;“<xj>h;m<yj>>
]:

Ryto

This expression is factorized, but the factorization is not in terms of legs. In order to
find a steady state that reproduces the above relation, let us introduce the Hamiltonians
HG3+) j=1,... N, which mutually commute and which couple together R with h9YY

in the same way H(gj ) couple together hijn with h?“t. It is convenient for our later derivations
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to consider these Hamiltonians, like the Hamiltonians Héj ) with R finite. This means that
with HU7+1) the continuity conditions are

in ou ou R in R
o) =no, e (5) =nr(3). (13)

paralleling (2). Then we may define
Pstat = N [ei Z;\;l BjH(j,j+l)i| . (14>

We see that any average of an operator O with the density matrix po is equal to the
average of a modified operator O with the density matrix pg.;, where O is obtained by
replacing every h;?“t by h?itl. Hence we see that the density matrix (14) gives rise to the

steady-state average,
<’ e >Stat = lim Tr (Pstat U ) ) (15>
R—o0

as (12) then implies

N N
i (TTero)  ~(Teneo) -
Ryto stat

j=1 j=1

A similar derivation holds for any other finite product of fields. Since the Hamiltonians
HUJtD commute, this shows the factorization mentioned above. The result below of a
nonzero energy current then confirms that this is a non-equilibrium steady state.

A picture representing, side by side, the physical situation after connection, and the
Hamiltonians HU7+) used in the construction of the steady-state density matrix, is shown
in figures 2 and 3.

In the HUJ+1) subsystems, it is simpler to work with ‘right-moving’ fields only, which
are the incoming fields from one leg and the outgoing fields into the next leg. We will
label these by the two legs on which they move, and make the following identification:

y hit(—x) x <0 R R
pUd+1) = = 17
(I’) h?itl(x) T Z 0 ) YIS 2 ) 2 ( )
With these new fields, the time evolution is now simply
ethh(j’jH)(a:)e*th = h(j’j+1)(:v —t), r,t << R (18)

and U7V (z) is continuous.

Remark 2.1. It is important to note that the connected-system Hamiltonian H does not
commute with HU7+1) . However, thanks to the agreement between the first equations
of (3) and (13), the evolution with H by a time ¢ on fields at x, for any R > |t|,z > 0, is
exactly in agreement with the evolution with Z;VZI HG+1),

N
H = Z HUI+Y as evolution operators on fields a finite distance from the vertex.
7=1

Since Zjvzl H@+) commutes with Pstat, this implies that the steady-state average (- -+ )stat
(defined only for products of local fields a finite distance from the vertex) is H-invariant,
as claimed above.

doi:10.1088,/1742-5468/2014,/03 /P03002 8
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Figure 2. Two pictures indicating the different continuity conditions with dashed
lines. On the left, the physical situation at finite R after the connection: several
heat baths connected at a point, with continuity conditions (3). On the right,
how expectation values are calculated using the fact that in the steady-state
limit the system decouples into subsystems as in this picture, corresponding to

the continuity conditions (13).

Figure 3. A closer look at the different continuity conditions illustrated in figure 2.
In the left picture, the Hamiltonian H represents evolution along the path going
around the graph. On the right, the Hamiltonians H (G5+1) represent evolutions
along the distinct paths. These two time evolutions are the same for fields near
the vertex.

3. Results and discussion

We now state our main results concerning the energy current and its fluctuations in the

steady state described in section 2.

Consider a charge

N
Q=3 a;H,
j=1
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the weighted sum of the energies in the various legs of the star graph®. The time derivative
of @ is the associated ‘energy current’ operator, J := i[H, Q] = Z;Vﬂ a;(h3"(0) — hijn(O)),
which is the weighted sum of the momentum densities on the various legs of the graph. It
is local, hence it has a well-defined steady-state average J = (7 )star = i{[H, Q])stas- Note
that this steady-state average does not necessarily vanish because () itself is not a local
operator.

3.1. Average current

The average current is in fact simple to evaluate using standard CFT techniques (see for
instance [34]) which give the result (h771) . = me/(1232). Hence:

N
e Ao
J=— R (19)
12 j=1 ﬂj
where Aa; := aj11 — «;. This generalizes the result of [8], where the case N = 2 and
a; = —ap = 1/2 was considered. This is in agreement with the simple picture according

to which energy flows from leg j to leg 7 + 1 with the information of the asymptotic
thermal bath of leg j, with a current mwc/(1237).

The charge and energy current has been calculated via a scattering state approach
in [27, 29] in the context of free fermion and Luttinger liquid models for more general
continuity conditions at the vertex, where the systems also have a set of chemical
potentials. As an example, for a system of Dirac fermions (with central charge ¢ = 1)
the energy current from one leg into the vertex (hence into all other legs) was calculated.
Our result agrees with the result found in [27, 29] for a critical system with our sequential
boundary conditions and all the chemical potentials set to zero. For more details, see
appendix A.

3.2. Current fluctuations

The energy current fluctuations can also be evaluated within our framework. There are
various ways of defining these fluctuations. We will consider the setup [7] where the
charge () is first quantum-mechanically measured (von Neumann measurement) at the
contact time —?y, and then measured at time 0. The cumulants of the difference A Q
of the measured values are then evaluated in the steady-state limit (where in particular
to becomes infinite). We find that all cumulants diverge linearly in to, and we obtain the
exact coefficients of this divergence for all cumulants. These can be organized into the
coefficients of the Taylor expansion in i\ of the scaled cumulant generating function F'(\),
which is the Legendre transform of the large deviation function. As was shown in [9] (this
was the case for N = 2, but the proof is easily generalizable to all N), the result of these
operations can be represented by the formula

1 . .
F(\) = }E& 7 log(eP@Me=1Q) (20)

6 We keep the weights «; general in our results, which, as it turns out, does not complicate the calculations. For
one thing, this allows one to look at energy transfer between any two parts of the system by choosing appropriate
values of the weights a.
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where Q(t) = e!Qe !, This is of the same form as the standard expression for the so-
called full counting statistics of charge transfer, which was first obtained within the context
of indirect measurements, instead of the two-time von Neumann measurement protocol
we discuss above, in free fermion models in [32]. In fact, we will show that formula (20)
is equivalent to the simpler, ‘naive’ expression

1 .

F()\) = lim - log(eM@®-@) (21)
t—oo ¢

This, for instance, immediately implies that the second order in i\, which is the noise

(made up of the thermal noise and the so-called shot noise), takes the familiar form:

o=+ B8 7 (7070w —27) + -+ 22

Further, using the time evolution equations of section 2, one finds that
AQ=Q() - Q= Z Aa; / dz h'*(z (23)

Hence, the function F(\) can also be interpreted as the generating function for large-L
cumulants of the weighted sum, over the legs of the graph, of the incoming energies
fOL dx hijn(a:) on intervals of lengths L. In contrast with the initial two-measurement
description, in this interpretation, these incoming energies are now measured in single
von Neumann measurements.

We find the following exact expression for F'(\):

1)\7Tc Aa]
— 24
Z —iAaj\)’ (24)

generalizing the result of [8] to higher N and to different charges @ (different weighted
sums). Specializing to the case where the Charge measured is the energy difference between

two contiguous parts of the star graph @ = (Hpartl Hpart2), the cumulant generating
function simplifies to:
iAme 1 1
F(\) = < — — - ) 25

where m and n are the legs just after which the sign of the weight changes from minus
to plus and from plus to minus, respectively. This result is identical in form to the case
N =2.

3.3. Fluctuation relations and Poisson processes

The function (25) satisfies the usual symmetry relation (or fluctuation relation) found in
bipartite systems,

F@(Bn = Bm) = A) = F(A). (26)
doi:10.1088/1742-5468 /2014 /03 /P03002 1
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This is a standard relation in the context of non-equilibrium steady states, and is
characteristic of an exponentially decaying ratio of probabilities for energy transfer from
the lower-temperature (larger ) region and energy transfer from the higher-temperature
(smaller 3) region [7], over large periods of time. That is, let P2 parts)(q) be the probability
that A, = ¢ for this particular choice of weights «;. Then (26) is equivalent to a so-called
steady-state fluctuation theorem:

P(2 parts) (Q) ~ e(ﬁn_ﬁm)qP(Q parts)(_Q) (27)

4 Y

where ‘~’ indicates that the fluctuation relation holds only at large ty and accordingly
large q.

In general, however, the cumulant generating function (24) does not satisfy such a
simple symmetry relation involving a shift in A only. Yet there is a simple physical picture
behind formula (24), and a generalized symmetry relation that agrees with this picture.
Denoting w; := AAq;, with j =1,..., N, the symmetry relation is:

F(w; —iB1,...,wy —i0N) is symmetric under permutations of wq, ..., wxy. (28)

Indeed, we observe that our exact formula (24) satisfies (28):

The physical picture is as follows. Due to the separation of the stationary state into the
HUIY) subsystems, we expect F/()\) in general to correspond to a set of N independent
processes whereby energy is transferred from leg 5 to leg 7 + 1, with j = 1,..., N. Let
PUJIHD(r) be the probability that an energy » > 0 be transferred from leg j to leg j 41 in
such a process (this energy is always positive thanks to our choice of continuity conditions
at the vertex). Further, let us denote by Paa, ... aAay(¢) the probability that A Q = ¢ for
general weights o (it depends only on the weight differences Acy;). We have in particular
PN = [dgeM Py, . aax(q). Then we expect that at large ¢, we have

Pansoson(@ ~ [ T POIy), (30)
a=2; Aayry T

Furthermore, we expect the independent 7 — j + 1 processes to be related to each other
via a similar fluctuation relation as (27):

e PUIT (1) BT PRRFD () (31)

We can verify that in the 2-part case discussed above, we do recover (27):

eﬁqu(Qparts)(Q) ~ / drm drn eﬂm(Tm_Tn)P(mmH_l)(Tm)P(nﬂH_l)(rn)

q=rm—"Tn

~ / dry, dry, @8 (rm=rn) plrnt) (. plmmtd) .
q=Tm—"Tn
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= / drpdr, e =rm) plrntl) . ) plmamntd) .
—q=Tm—"n

~ eﬁan(Q parts) (_Q) :

What’s more, this picture implies the generalized symmetry relation (28) for F'(A). This
is simple to see from

ploF(Wiswn) /H d?“j eiwﬂjp(j,jﬂ)(rj) (32)

J

and using (31).

Hence, our result for the large-time cumulant generating function is indeed in
agreement with the proposed picture.

Consider the conditions that (i) F(\) separates into a sum over j of a two-variable
function of w; := Mq; and §;; (ii) F'(A\) is a homogeneous function of w; and f3; of degree
—1; (iii) F(0) = 0; and (iv) the symmetry relation (28) holds. We observe that these
conditions are sufficient to fully fix the function F'(A) to the form (24), up to an overall
normalization. Indeed, the first condition says that F'(A) = > . f(w;, 5;). Let us denote
f(w,B8) = f(w—16, B). Then the fourth condition implies that f(w, ) = fi(w) + f2(8).
By the second condition, we then have fi(w) = a1/(iw) and fo(3) = ay/B. Further, the
third condition says that f (i8,B) = 0, which gives a; = ay. Hence we indeed find the
right-hand side of (29) for >~ fj(wj, f3;) up to a normalization, which completes the proof.
Condition (i) is a consequence of the factorization of the stationary density matrix (14)
and of (23) and (22). Condition (ii) is a consequence of scale invariance, and condition
(iii) of the basic definition of the generating function. Hence, along with basic properties
of CFT, the symmetry relation (28) fully fixes the cumulant generating function F'(\).
This generalizes what was observed in [8] in the case N = 2.

We finally note that the independent processes of energy transfer from legs j and
j 4 1, with probabilities P+ (q), in the asymptotic regime ¢ty — oo, can be uniquely
identified. Indeed, we can interpret F'(\) as describing the cumulants of a random variable
g coming from classical processes as follows: at each interface 7 — 7 + 1, there is a
family of independent Poisson processes parametrized by r > 0, with intensities e %",
each contributing to the random variable ¢ a value Aa;r. This is again a generalization
of what was observed in [8] in the case N = 2, and further confirms that for large energy
transfers, CFT is equivalently described by replacing right-movers and left-movers by
independent carriers of energy units, distributed according to the appropriate density of
state, jumping towards the right and left, respectively, in a Poissonian fashion.

4. The continuous Virasoro algebra and its diagrams

Our strategy to prove the form (24) of the cumulant generating function will be an analysis
of (20) as a series expansion in i), along with the use of the Virasoro algebra at the basis
of CFT. This algebraic analysis provides an alternative to the local-variable analysis used
in [9] in order to prove (24) in the case N = 2 (and for a; = —as = 1/2). The Virasoro
algebra occurs as a natural algebra in the quantization of CF'T on the circle or on segments
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(or in radial quantization). Of course, in the construction discussed in section 2, we have
instead, after the connection, the star-graph geometry; yet the usual notions of CFT on
segments of lengths R/2 can still be used.

A complete analysis of the quench using the standard formulation of the Virasoro
algebra would be interesting. Some initial ideas are presented in appendix B, where it
turns out we obtain the expected value of the holomorphic dimension of the branch-point
twist field [35], which is used in entanglement entropy.

However, in the establishment of the steady state through the steady-state limit (1),
the large- R limit needs to be taken before the time evolution can be analyzed. The large-
R limit of the quantization on the circle or on segments gives rise to the quantization
on the line or the semi-line (depending on how exactly the limit is taken). In this
quantization space, the Virasoro algebra is no longer a natural algebra. At equilibrium,
one can circumvent this problem, as one knows the Fuclidean geometry describing the
large-R limit: either a cylinder, infinite or semi-infinite (at finite temperature, with
the circumference equal to the inverse temperature), or the plane or half-plane (at
zero temperature). In these cases, either using the quantization on the circle or radial
quantization, one can still make use of the Virasoro algebra. However, out of equilibrium,
there is not yet a clear Euclidean geometric picture; hence one needs to keep the
quantization on the line or the semi-line (here, appropriately tailored to the graph
geometry), whence one loses the Virasoro algebra.

The natural algebraic structure that emerges in the large-R limit is that which one
may refer to as the continuous Virasoro algebra. This is an algebra similar to the Virasoro
algebra, but with a continuous index. The algebraic structure is rather simple, but its
connection to the result of the large- R limit of the Virasoro algebra present some subtleties.
Its representation theory also presents many subtleties, which we will not address here.
We present instead basic aspects of this algebra and the diagrams used to evaluate certain
traces of products of algebra elements, which we will need in the next section.

4.1. Definitions

Consider a Lie algebra with a continuous basis

{a, :p e R} (33)
satisfying the following commutation relations
c
[ap, ag] = (p = @)apsq + (219 k+ Ep?’) i(p+4q) (34)

where” k,c € R. For a fixed ¢, the algebras corresponding to different values of k are
isomorphic: a simple change of basis a, = a, + kd(p) makes the linear-in-p term vanish.
However, it is convenient for us to keep this term. Given an appropriate highest-weight
representation of this algebra, where aq is diagonalizable and with eigenvalues that are
bounded from below, we may define a state by the following ratio of traces

Tr (276 ...

()= Ty (o~ 30y (35)

7 Instead of seeing k, ¢ as numbers, we could also see them as additional central elements; but in the representation
we will need these simply take fixed values.
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where - - - represents some product of the generators a,, and 8 > 0 is some parameter. A
simple calculation using (34), and assuming that the cyclic property of the trace holds,

Tr( 2“5“0%) Tr (ape*%BGO)

— o 27Bp _
<a:0>,3 TI"( _Qﬂgao) T Ty (e_zﬂgao) =e <ap>ﬁ =0 for p 7é 0,
shows that we must have
{ap)p = Bd(p) (36)
for some number B. With an appropriate choice of basis, it is possible to impose
B =0.

With this condition, the basis is completely fixed (albeit in a state-dependent way) and
in particular k£ in (34) is unambiguous. Below we will have a representation where, with
the condition B = 0,

c

k=EB):= 215

We can then calculate expectation values of products of more than one generator,
again using the cyclic property of the trace along with the algebra relations. For example,

Tr(e*ay,ap,)  Tr(ape *"™ay,)

(37)

<ap1ap2>ﬁ = Tr(e_zwﬁao) - Tr(e—QﬂBa())
=e€ 2 5p2(ap2apl>5 - mqapmaplbﬁ
:7(2 k(B) + — 3) (p1 + p2) (38)
i — 1 \ P2 1272) O\pr T P2):

4.2, Diagrams

Expectation values of products of several generators a, can be calculated similarly using
the cyclic property of traces on, for instance, the rightmost generator, giving

M-1
<a’P1 e aPM>ﬁ = ezﬁgpM — ; ap, - ava apj] U a’p]\/171>ﬁ‘ (39>

One obtains a recursion relation for these expectation values by using (34) for the
commutator. There are two terms occurring: the first is proportional to the generator
Ap;1pyr» and the second is the central term, with a delta function factor ¢ (pj + pm). We
may represent these two contributions using the following diagrams:

I b1 +p2 o pQ — pl
- 627F5p2 —1

D1 P2 (40a)
1 c .3
I l = ——————— 20 k(B)+Sp5)o(p1+ .
n Dy 627761)2 1 ( D2 (5) 12p2) (pl p2) (40[))

Repeating the process, we obtain the expectation value as a sum of diagrams constructed
according to the following rules:
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(1) Start with a horizontal alignment of ‘open dots’ carrying momenta py, ..., pys, for
instance
° ® ® ® ®
P D2 P3 D4 Ps

(2) Connect the rightmost dot with a dot to its left, using either the vertex (40a) or the
cap (40b). The use of the vertex (40a) leaves an open dot at the horizontal position
of the leftmost dot in the connected pair, and at one vertical step higher, carrying
the sum of momenta of the connected dots. The use of the cap (40b) closes both dots
connected. If there are only two open dots, use only (400).

(3) Repeat the previous step with the remaining open dots, one vertical step higher.
(4) Finish when there are no remaining open dots.

Note that we do not allow for diagrams with a single open dot; this corresponds to our
choice of basis according to which (a,) = 0. As an example, two diagrams contributing to
the expectation value (ay, ap,a,,ap,0,,)5 are

D2 +Pp3+ ps+ s
? L3 + P4

P2t ps¢ ) [
° ° L l and é

Y41 D2 P3 Pa Ds D1 D2 p3 2 D5

The first diagram corresponds to the term

Ds — P2 Pa—Ps p3s+ps— (2 +Dps)
e2mBps _ 1 e2mBpa 1 e2mB(p3tpa) — 1

2(p2 + p3 + pa + ps)k(B) + (¢/12)(p2 + ps + pa + p5)?
e2mB(p2+p3tpatps) — |

X 0(p1+ p2 + ps + pa+ ps), (41)

X

and the second diagram corresponds to the term

ps —p3 2(ps + ps)k(B) + (¢/12)(ps + p5)?
627|'5P5 -1 ezﬂﬁ(p3+P5) —1

o 2ps k(B) + (0/12)10?15
e27"ﬁp4 —1

d(p1 + ps + ps)

(P2 + pa)- (42)

Note that the second diagram can be written as a product of two separate diagrams

J41 P3 Ps P2 P4,

We will call a diagram ‘connected’ if there is a connected path between all initial dots;
otherwise it is ‘disconnected’. Above, the first diagram is connected, while the second is
disconnected. It is clear, from our diagrammatic rules, that a disconnected diagram can
always be written as a product of connected diagrams. Note also that the value of the
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momentum is conserved at each three-leg vertex introduced by the first type of connection
(40a), and that the second type of connection (40b) produces a factor of a delta function
that sets the sum of the momenta to zero. Hence, the set of momenta in every connected
diagram is constrained to sum to zero, but has no other constraint.

As another example, the full expression for the expectation value (ay, a,,a,,a,,)s is

D1+P3H P4 D2 + 3 D1+ Ps3
D1+ Pa ) p1+pa? ) 'ml N
)

$ ! $ &+ 4 $ $ & T )
P1 D2 p3 P4 P1 D2 D3 P4 P D2 D3 P4
D2+ D3+ Dpa (P11 Poq) P3+Ma D2+P3+Da
P2 £ Da P1t+ P2 P3+p4 D3+ Dy
(€] + —|— +
b1 D2 p3 yz n D2 ps yz P D2 p3 Pa
§ 5 5 Lt +
2 P2 P3 poom P2 p3 poom P2 p3 pe (43)

We finally note that diagrams obtained according the above rules have a nice dynamic
interpretation. Indeed, we imagine starting with N particles, carrying conserved quantities
pj, which can only move left, such that two particles can either jump through each other
without interacting, or interact with each other by forming a bound state (a new particle)
or by annihilating each other. Observing diagrams from bottom to top and interpreting
them as world-lines, with time increasing upwards, the rules above give rise to all possible
inequivalent events for this dynamics with the further constraint that the rightmost
particle always interact first.

4.3. A combinatoric formula

We now show that our rules for constructing diagrams imply that every expectation value
can be written as a sum over all partitions of the initial set of momenta, where each term
in the sum is the product over all subsets forming the partition, of the sum of all connected
diagrams associated to the subset. That is, let P = (pi,...,pa) be a list of momenta, and
for any ordered sublist s C P (i.e. any sublist (pj,,...,pj,,) with j; < -+ < jn), let us
denote by C(s) the sum of all diagrams associated with s constructed according to the
rules above and which are connected. Then we show that

(g apy s =Y _Cls1) - Clsn) (44)
S

where the sum is over the partitions S = {sy,...,s,} of P:

siCP,...;s,CP, Usi:P, siNs; =0 (i#7). (45)

Let us call ‘admissible’ a diagram based on a list s of momenta, which satisfies our
rules for diagram construction. Let us denote by Dp the set of all admissible diagrams
based on P, by D¢ the set of all admissible connected diagrams based on the ordered
sublist s of P, and by Dp = USDg e Dscn the set of all products (juxtapositions) of
connected admissible diagrams based on all partitions S of P. In order to show (44), we
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only need to show Dp = Dp. The proof is in three steps. First, we show that the connected
factors in every admissible diagram are themselves admissible diagrams, based on the list
of momenta which they connect. Second, we show that every admissible diagram based
on P is a product of connected factors based on a partition S of P. These first two points
show that Dp C Dp. Last, we show that every product of connected admissible diagrams
based on a partition S of P is an admissible diagram based on P. This shows DpC D P,
proving the equality.

Given a pair of dots that are connected either with (40a) or with (40b), we will refer to
its horizontal position as the horizontal position of the rightmost member of the pair, and
to its vertical position as the height of the flat horizontal part of the diagram component
(40a) or (40b). Then, we remark the following.

Remark 4.1. The set of all diagrams formed using our rules is the set of all diagrams
obtained from the basic components (40a) and (40b), under the unique additional
condition that the bottom-to-top ordering of the vertical positions of the connections
be in agreement with the right-to-left ordering of their horizontal positions.

Indeed, it is clear that the rules provide diagrams that satisfy the additional condition
of this remark. Further, given a diagram that does satisfy it, we may scan the rightmost
members of the connected pairs from the right to the left; we observe that under such a
scan the connections exactly agree with the rules.

For the first step of the proof of (44), let us consider a connected factor, and the
initial dots that are being connected within the factor. These correspond to an ordered
sublist s of the initial list P, and are horizontally aligned and ordered. Then, according
to Remark 4.1, the bottom-to-top ordering of the connections within the factor are in
agreement with the right-to-left ordering of the right-members of the connected pairs
within the factor; again according to Remark 4.1, this implies that a connected factor is
an admissible diagram.

The second step is simply a consequence of the fact that given an admissible diagram,
the relation according to which two elements of P belong to the same connected factor is
an equivalence relation.

The last step is based on the simple observation that within a connected admissible
diagram, it is aways possible to move the connections vertically so as to space them
out, keeping their order the same. Consider a partition S of P and a product of
connected admissible diagrams based on S. Let us draw the product of diagrams with
the original dots corresponding to P in ordered horizontal alignment. Let us scan the
rightmost members of the connected pairs in the full diagram from the right to the
left. Going through connected pairs in a connected factor we observe the correct vertical
ordering of the connections. As we go from a pair in a connected factor to a new pair
in a new connected factor, we impose the correct vertical ordering by moving up all
connections of the new connected factor at or above the level of the new pair. This
does not affect connections in other connected factors. At the end of this process, the
additional condition of Remark 4.1 is satisfied for the full diagram, hence the diagram is
admissible.
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5. Full counting statistics

In this section we calculate the full counting statistics (20), proving formula (24). First, we
show that the large- R limit of the average in the formula (20) can be calculated using the
continuous Virasoro algebra introduced in section 4. With that, it is clear that after taking
the logarithm, only the connected diagrams survive thanks to (44). Then, we show that
in the large-t limit, these connected diagrams have a simple dependence on the number of
generators, and resumming the orders of A\, we end up with the desired expression (24).

5.1. Full counting statistics in terms of Virasoro algebra

As explained in section 2, in the steady-state limit, the system factorizes into subsystems
described by the Hamiltonians HU7*1D  so that expectation values for local fields can
be calculated using the steady-state density matrix (14), see figure 2. By rewriting the
product of exponentials in (20) as

A
PR INQ — (AQHAARQLINQ — D oy <1/ d\ AtQ(X)> , (46)
0

we see that we need to evaluate steady-state averages of A,Q = Q(t) — @ evolved with Q:
AQN) == eNOAQeT™, (47)

and ordered products thereof. The quantity A,Q was shown in (23) to depend only on
the incoming fields hijn, for j=1,...,N. Using (17), we can replace these with the chiral
fields RO+ and write:

N t
AQ =Y Aa, /O da B9 (). (48)
j=1

Recall that i[Hg,hij?(x)] = §;70:h"(x). Since also i[HGIH) RO (—z)] = 6,0,
(RU ) (—z)), the action of Q = > o;H} on AQ is the same as the action of

>, a;HF+Y  Therefore, in (47), we can make the following replacement:

N
QY aHOFY,
j=1

Hence, the Q-evolution of ‘time’ A is the same as a H-evolution where fields are evolved
over a time Ao, which depends on the leg the fields are on. The above results mean that
the path-ordered exponential in (46) actually factorizes amongst the subsystems H (Gg+1)
as does the stationary density matrix (14). Hence the average in (20) is a sum of terms
of similar form. In order to evaluate these terms, we need to introduce the appropriate
algebraic setup.

The expression (46) is plagued by UV divergences coming from local operators
h3+)(z) at coinciding positions. We will use an explicit regularization below.
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As is well known (see for instance the book [34]), the algebraic setup underlying CFT
is based on the Virasoro algebra. This means that we can calculate the expectation value

in (20) using N commuting copies of a Virasoro algebra, LU+ n € Z, j=1,...,N:
(LG, LY = (m = m) LG + 5 (0 = n)cn (49)

There is one copy for the chiral fields in each subsystem (j,7 + 1), living on the line
segment [—R/2, R/2] with the endpoints identified (see figure 2). In terms of this algebra,
the energy density operator and the Hamiltonian are given by

. 2 c o 2 C
(J,+1) _ 2 G.d+1) g2mine/R _ (Gg+1) _ (gJ+1) ¢
) = (n_z_:NL 24) H 7 (77 =5) 60

and the steady-state density matrix takes the following form:

Pstat = liM N [e’ 2 ’61(2”/R)Léj’j+l)] . (51)
R—o00

In (50) we have used an explicit UV regularization by summing over a finite number
of modes LU7*+Y. This is equivalent to smearing out the local densities h77+1 ().

Note that the constant terms in (50) cancel out and play no role in the considerations
below. Performing the integral over z, we have, from (48),

or N N 0 . N . :
AQ = 2 Z Aa; ZN LG+ /t da erine/ft = Z Aa; (SJ + SJ) , (52)
j=1 n=— N Jj=1

with

S’j . 27TtL(J j+1) Sj _“ Z L(] j-i—l)e—wmt/RSln (ﬂ-nt/R) (53)

R? ’ n
n=—N,

n#0

The Q-evolution in the path-ordered exponential does not affect S , since [@, S |=0.
However, S7 is affected by the action of ). Using

eiA’aj(Qw/R)ng’jH)Lglj,j—kl)e—i)\’aj(Zw/R)L(()j’jH) _ Lglj,j-‘,-l)e—i)\’aj(Qﬂ/R)n,
we can write the Q-evolution of a ‘time” A" as a shift of the time variable appearing in the
exponential in (53) of twice the value X'a;, replacing S7 with S5 oy where

N

Z L£37]+1)e—17rn(t+2T)/RSH’l<ﬂ;,Ln/>. (54>
"

Then, the factorized form of the path-ordered exponential in (46) is, after changing
variable to 7 = Na; for convenience,

Pexp< / AN AQ(N) ) HPeXp <IAO‘J g (57 + sg)) . (55)

j=1 & Jo
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Taking the log, (20) gives a sum over the legs,

N
F(A) = Zf(aj’AaJ'?ij)‘) (56)
=1
with
1 iA Aa -
fla,Aa, B, ) := lim - log lim <P exp <1oz dr (S + ST)>> . (57)
t—oo { R—o0 « 0 8.R

Since the form of this expression is identical for each subsystem (j, j+1), we here and below
use a single copy of the Virasoro algebra (49), denoted L,,, n € Z, and similarly we drop
the superscripts j on S and S. Here, the average (- - - )4 g is the trace over a representation
of this single copy of the Virasoro algebra, with density matrix njexp(—/£(27/R)Ly)]:

(«+)ppr:="Tr <n [e_B(Q”/R)LO} .. > '

Expanding the path-ordered exponential in (57) and taking the average, we get a sum
over m > 0 of

<1Ao‘)m s /O T A (S 4 8.+ (5 + 5o Vo (58)

a 0

In the following we will show that the limit R — oo of these averages can be calculated
using the continuous Virasoro algebra of section 4, with the value (37) of k.

5.2. Expectation values in the large-R limit

We now show that the large- R limit of a product of Virasoro generators can be calculated
using the continuous algebra of section 4. We will proceed by showing first that this is the
case for an expectation value of two generators, and then by induction that it holds for
any number of generators.

It turns out that in the large-R limit we should take the UV regularization N to grow
proportionally to R, thus introducing a fixed energy cutoff A, given by N’ = AR.

In order to make the connection to the continuous algebra clear, we will make use of
the following notation,

T r ._ Ln r ._ Lo R —
where the label (R) indicates that these quantities are defined for finite system size R.

Note in particular that, according to our definition, aéR) = 0, which is for convenience.

In (58), we see that we need averages of products of S and S,. The latter is a sum
over n # 0, the former contains Ly only. Hence, we are interested in evaluating sums
over n; € 7 of averages of products of operators a](ff) and operators A (the condition
n; # 0 is already implemented in the definition of a](f)). We will evaluate these sums, in
the large-R limit, as integrals over continuous momenta p; of averages of operators a,, in

the continuous Virasoro algebra developed in section 4. More precisely, we will show that
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the following is true, for every M > 0, every ¢ > 0 and every continuous function f of the
momenta (on the left-hand side, p; = n;/R with n; € Z; on the right-hand side, p; € R;
we use the notation p = (p1,...,pum)):

A
i 3 109) (o = [ @ 1) a0 (60a)
A
ggr;to (AP aff oo = () [ A FB) ) (60D

as well as similar statements to (60b), but with AP operators in all possible positions
in the average on the left-hand side. On the right-hand side of (60), the averages are
calculated using the continuous Virasoro algebra of section 4 with k = k(/5). Recall that
k(B), defined in (37), equals ¢/(24/3%). This is the expectation value of the operator A
in the large-R limit (see for instance [34]):

hm <A(R)>57R = ¢

The statement (62b), and its relative with different positions of A can be interpreted
by saying that the operator A tends, in the infinite-R limit, to a central element, which
assumes a fixed, state-dependent value.

Defining az()R) as being zero at p = 0 is appropriate because it automatically implements
the condition n # 0 in the sum defining S;. Also, we note that the large-R limit of
Lo/R diverges: it is the operator that measures the energy in the system. The quantity
proportional to Ly and that has a finite large-R limit is A% which corresponds to the
energy density.

The induction proof that we present below is an induction on M. We will assume that

I%i—lgo<az(5) 1(7]1\%/1)>/8 R = <ap1 apM>ﬁ (62&)
Jim (A D all0) 50 = (K(8)) (ap, - ap s, (620)

holds for some M and for all £ > 0 (as well as similar equations to (62b) but with the A%
operators in different positions), and show that this implies the same for M + 1. We will
also show that this holds for M = 2. Here the equations are understood as distributions,
in the sense of (60), which we represent by the equality symbol ‘= ’. In practice, this
means that the limits on the left-hand sides are taken with fixed p;, terms giving zero
under integration on the right-hand sides are neglected, and the distribution relation

0" (pi — ps) = 8(pi — py) (63)
is used. The passage from (62) to (60) is then simply done by using the relation
f 1 — / ! dp.
o o
For lightness of notation we will omit the explicit integration boundaries below.
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5.2.1. Proof at order 2. The left-hand side of (62a) for the case M = 2 can be written
in terms of Virasoro generators, using the definitions (59) and assuming for now p; # 0

and ps # 0:

1 1 Tr —ﬁ(QW/R)LoLn L,
(@0 = L L = 5 L
’ RQ 1 Rz Tr(e—ﬁ(Qw/R)Lo)

Making use of the cyclicity of the trace and the Virasoro algebra, in particular the exchange
relation

L, e~ CmB/B)Lo _ o~(2mB/Ring~(2nB/R)Lo (64)

the result is

1 c
(LnyLns)o.r = Segym 7 ((n2 = 1)Ly na) .1+ 5 (72 — n2)5m+n2,o) :

Because (L) r = 0 for n # 0, we can write the average of two generators as

1 c
<Ln1Ln2>ﬁ, W <2n2<L0>57R + E(ng - n2)> 5m+n2,0’

which we can express back in terms of the quantities A%, a{®, p and 6% (p) using (59):

1 P2
(R) (R) - (R) - 72 (R)
(ap, ap,”)p.r = o — <2p2<A Vo + 12 ( + R2>> 0 (p1 + p2). (65)

Taking the limit R — oo and using the delta function limit (63) and the expectation value
of A®) (61), we find

R—o0

. . 1 c c
lim (ayPai?)s n = o — (2pz o b 121?‘3’) d(p1 + p2).

This is in fact true for general p; and py, noting that although for p; = ps = 0 the left-
hand side is zero and the right-hand side is not, the difference does integrate to zero. The
right-hand side corresponds to the value one would obtain by evaluating (a,,a,,)s using
the diagram rules in section 4 for the choice k = ¢/(243%). This shows (62a) for M = 2.

Let us now show (62b) for M = 2. Starting with ¢ = 1, we can write the insertion of
AW in terms of the Virasoro generators as

1
(AP0l o = 2o )

In general, inserting an extra Ly in an average of an operator O can be done by
differentiating with respect to 3,

0 27 2
— (O = ——(LyO —(Lo){(O) s R- 66
%( to.r =~ {LoO)sr+ 5 {Lo)(O)s r (66)
Hence, the insertion of A% is equivalent to the application of a differential operator:
(ABO)s = ({435~ =) (O} (67)
’ ’ 2rR Op ’
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Specializing to the case O = aﬁ)ag) and looking at (65), one can see that the large-R
limit commutes with the 9/05 derivative (in (65), a careful analysis is necessary in order
to see this on the average (A(R)>57R, which is beyond the scope of this paper). Hence the
last term on the right-hand side above vanishes in the limit, which shows (62b) using (61).
Insertions of £ > 1 operators A are obtained similarly by multiple applications of the
differential operator. Furthermore, the fact that the position of A% is unimportant is an
immediate consequence of the commutation relation

[aéR), AP = %aéR) =0 as R — oo (68)
where the large- R limit is taken inside averages and with fixed p, as above.

5.2.2. The induction step. In order to prove that (62a) holds for all values of M, we
must now prove the induction step: if (62a) holds up to some number M of generators, it
must also hold for M + 1 generators.

The finite-R expectation value of M + 1 operators, again assuming all p;s different
from zero,

1
<a1(2?) T aﬁf)ﬂﬁﬂ = Wu—/m T LTLM+1>ﬁvR’

can be calculated in terms of expectation values with M and M —1 operators using cyclicity
of the trace and (64) in order to bring L cyclically through all other operators. This

nM+1
gives
1 M
<Ln1 T LnM+1> = e2mBrari1/R _ 1 Z<Ln1 e [LnM+17 Lm] T LnM>
i=1
1 M
B e2mpny1/R ] Z [<HM+1 - ni)<L”1 a 'L”i+”M+1 T L"M>
j=1

X (1 — 6ni+nM+170) + <2nM+1<Ln1 PPN LO e L’ILM>

C —

+ E(n%/ﬂrl - nM+1)<LTL1 T Lm o LHM>> 6ﬂi+nM+1,0] )

where in the last line we separated the case where the n; and ny,1 add up to zero (and
the hat indicates that the factor is omitted). Using (59), this can be re-written as

M
1
R R _ Z R (R) R
<CL§)1) B 'a;M)H>’B’R Ce2mBpm — ] i—1 [(pM+1 a pi)<a§)1) T Qpitpari 'a1(71\1)>67R

2ol A o)

¢ Pr+1 B
T (P%H - R;r > (- af? - alf) g 5 69 (pi + pars) (69)
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and from the induction assumption expressed in (62), we can immediately evaluate the
large-R limit:

. R R .
}%grgo< Z()l) o a1(7M)+1> = eZﬂ'ﬁpMJrl -1 Z [ Py+1 — ap1 apri—pMH s ClpM>5
c —_—~
+ <2pM+1/<?(5) + EP?MH) (Apy =+, apy, ) g 6 (i + Parva) | - (70)

This is exactly the induction step (39) (along with (34) and (37)) used in order to evaluate
averages in the continuous Virasoro algebra. Again this holds for general p;s, noting that
at p; = 0 the difference between the left- and right-hand sides are terms that integrate to
zero. This shows (62a) for M — M + 1.

In order to show (62b) (and similar equations with the operators A at different
positions), one may use again a derivative argument based on (67), and the vanishing,
in the large-R limit, of the commutator (68). The fact that the large-R limit commutes
with the derivative operator 9/9f can be seen recursively from (69), using the observation
that this fact was true in the case M = 2 and using (67) (and again, at every step it is
necessary to use this nontrivial fact on the expectation value (A®)4 ).

5.3. Large-t limit

We can now use the results (60) in order to calculate the expectations that appear in the
expansion (58). Writing S, and S in terms of A® and a{ following (59), where p = n/R
takes discrete values, we find

~ 2wt
S = R2 LO_QmA (71a)
t/R 2 : i t
Z L —1wn(t+27)/RM — E Z Q;R)e_mp(t—’_QT)w. (71b>
n;ﬁO n p

Equation (60a) then implies that we can express the large-R limit of expectation values
of products of S, in terms of the continuous algebra,

. iy (t42ry) SID(T D)
Jm (S S dan=2" [ @p (- apbo T[ om0 e 72)
i=1 !

Further, equation (60b) and its relatives, i.e. the statement that in the large-R limit, A(Rz
becomes central and assumes the fixed value k(f), implies that in the large-R limit, S
factorizes and can be treated as the number 27t k(). Therefore, the large-R limit of the
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expectation value in (57) can be written as

iA Aa ~
lim <73 exp (104 dr (S + ST)> >
B,R

R—o00 o 0

omit k(8) Ao A = (2180 M
=e Z d'p <ap1 T apM>ﬁ
M=0 @

y 1]‘—/[[ Tt dT'efiTrpi(t+2n‘)M (73)
0 ! |
i=1

Di

with 75 := Aa.

In order to calculate the large-time cumulant generating function (57), we take the
logarithm of the above expression. Recall the combinatoric formula (44): an expectation
(ap, - - ap,,)p is a sum over partitions S of the list of momenta (py,...,pa), of products
over the partition’s parts s € S, s C (p1,...,pum), of sums C(s) of connected diagrams
linking the momenta in s. Then by standard combinatoric arguments, the logarithm of (73)
is a series formed by the connected averages (ay, - - - ap, )™ := C(p1, ..., py) evaluated
by summing over the connected diagrams. From (57) and (73), we have

flay Aa, B, N) =21 k(B) Aa A

1T 2180\ comn
g > (550) e o

M=2
M . .
% H ' dr; e*iﬂpi(t+2ﬁ)w. (74)
=1 70 Di

Every connected diagram ~ with M momenta contains exactly one overall delta
function 6(p; + -+ - + pur), and can be written in the form

Gh(P) 0(p1 + -+ + pur), (75)

where G;, defined on the hyperplane p; + -+ + py = 0, is an entire function of the
momenta except for simple poles when seen as a function of the sum of any subset of
the momenta (as is clear from the diagram rules (40a) and (40b)). Hence also connected
averages have this form,

(ap, -+ ap, ) 5™ = <Z GL(P)) 6(pr+ -+ +pum) = Gu(P)d(p1 + -+ pum)
g
(M >2). (76)
Taking into account this form, we may evaluate the large-time limit on the right-hand

side of (74) using the formula (see e.g. [33])

t—oo t iy TP,

liIII1 deg(p) (HSIH(W> 5<p1+“'+pM):g<07"'70)7 (77>
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which gives rise to

. = /2miAa\ M e
f(oz,Aa,B,)\):%nk(B)Aa)\Jrz( - > GM(O,...,O)H/ dr;
=10

M=2
Aa )M

o > (27i
—QWIk(B)Aa)\—FMZQM

Gum(0,...,0). (78)
Hence, we need to evaluate G (0, ..., 0). Although each G},(p) has poles which make
its value at p; = --- = ppyy = 0 ill-defined (the limit of G},(p) when p — (0,...,0) does
not exist), the sum of all connected diagrams is well defined at zero momenta. The value
of Gps(0,...,0) can be calculated as follows. Consider the operators a, := a, + k(3)d(p).
These satisfy commutation relations with a central term that does not contain the term
linear in p, that is [a,, a,] = (p—q)+(c/12)p® 6(p+q). Hence, these operators are explicitly
independent of 3, and they have a nonzero one-point average given by (a,)s = k(5)d(p).
Consider the connected averages (ap, - - - @p,,)5"", defined combinatorially as usual. The
insertion of an operator ay can be obtained simply by differentiating with respect to (:

_ . 1 0 . _
<a'p1 T apMa0>,‘(:3onn = _%%«%1 T apM>%0nn

for any M > 1. Since we take connected averages, the shift of the expectation value
is irrelevant whenever the number of operators is greater than or equal to two:

(py =+ Gpy )5 = (ap, - ap,, )3 for all M > 2. Hence, we find the recursion relation
1 0
Gu(0,...,0) =———Gpn_1(0,...,0
M(? 7) 27r(9ﬁ M1(7 7)7
which holds for all M > 2 if we define G1(0) := k(). Using (37), this gives
MIK(B)
Gu(0,...,0) = ————.
M( ) ) ) (271'5)]\/[_1

Hence, putting this in (78), we find

2 fiAaN\Y 271 BE(B) Aa A
A AN =218k = .
flodaug ) =2m3k9) S (M%) = TR
With (56) and (37), this indeed reproduces (24).
Finally, we observe that the function f(a, Aa, 8, A) is in fact independent of .. Hence,
seeing our initial expression (46) as a function of «; and Ac; in the form

A
P exp (1/ d)\’eiA’Q({a})(AtQ)({Aa})eiA’Q({a})> ,
0

we conclude that the same result for the full counting statistics is obtained by setting
a; = 0 in this expression. But setting o; = 0 means setting ) = 0, and the exponential
becomes simply e*2? so that we have shown that the expression (21) indeed gives the
same result.
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5.4. UV regularization

In the above derivation, we omitted the explicit momentum cutoff A in our integrals.
These cutoffs are necessary because the expression (72), for the large- R limit of expectation
values at finite time ¢, is a multiple momentum integral that is divergent at large momenta.
In fact, as we mentioned, even before taking the large-R limit, at each order in A, the
average of e*@Me @ written in terms of sums over Virasoro indices n; of averages
of Virasoro generators through (55), (53) and (54), is divergent at large values of n,.
These divergences are expected, as we are effectively evaluating exponentials of local
fields (integrated over finite regions) in a quantum field theory. Hence, in order to make
our calculations finite, we need a UV regularization. A natural way of regularizing is to
modify the expression of the local fields needed, h(j’j“)(x): as was done above, one may
simply sum over indices n € Z N [N, N] in (50), with A" > 0 finite. Then the finite-R
average of e*?e1"Q which is the average of path-ordered exponential (55), is finite order
by order in A. At large R, however, we need to make sure that the UV regularization,
which should be an energy, behaves correctly: what needs to be fixed is not the range
of the dimensionless indices n, but rather the range of the momenta p. That is, we take
N = AR with A a fixed quantity with dimensions of energy. Then, the regularization
translates into limiting the multiple momentum integral to the range p; € [—A, A] in (72),
which is indeed finite. The large-t limit can then be taken, which kills the integral and
constrains the values of the momenta to 0. Hence, after the large-t limit is taken, the
result is explicitly independent of A: the UV regularization can be taken to infinity.

These considerations, and our proof above, gives further confirmation of the claim
made in [8, 9] that the result for the full counting statistics of the energy flow in CFT is
universal (although it is not a proof and does not fully address the problem of irrelevant
operators). Indeed, we have here a very different regularization scheme (perhaps more
standard) from that used in [9], yet we find the same result.

The present considerations can also be translated into an intuition as to how the
special steady-state limit, R — oo followed by ¢t — 0o, behaves in terms of the Virasoro
modes in CFT. Indeed, as we mentioned, the present formulation is equivalent to a two-
time measurement where the first measurement is at the connection time. Hence, although
the parameter R we used was an ‘artifact’ in order to construct the steady-state density
matrix, it can be interpreted as the length of the physical system; and the time ¢ between
the two measurements can be interpreted as the time the system has evolved towards the
steady state. Then, the way we took the R — oo limit indicates that the large-volume
physics occurs at very large modes, n ~ pR with fixed momenta p, and the result of
the t — oo limit indicates that the large-time limit is dominated by very small values of
momenta p.

6. Conclusion

We have evaluated the scaled cumulant generating function for the energy transfer in
NECFT on a star graph with temperature imbalances amongst the legs of the graph,
and a simple connection condition at the vertex. We introduced new techniques in order
to perform the calculation, in particular studying a continuous version of the Virasoro
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algebra and the associated diagrams. This generalizes the NECFT results of [8, 9] to the
star-graph configuration, and agrees, in the particular case of unit central charge, with
previously obtained results concerning free bosons (Luttinger liquids) [29] and free Dirac
fermions [27] on star graphs. Our results further confirm the universality of the NECFT
full counting statistics, as well as the Poisson-process picture underlying long-time energy
transfer in NECFT.

There are interesting open problems that the techniques of the present paper may help
address. An immediate question concerns the energy or charge transfer in the cases of a
nontrivial but conformal impurity at the vertex of the graph. Since impurities are usually
described algebraically in CFT) it is possible that the present Virasoro algebraic methods
may be of use in order to make progress. Another set of non-equilibrium problems that are
of current interest are those where parameters of a system are suddenly changed and the
system then allowed to evolve. It is expected that the result at large time is a so-called
‘generalized Gibbs ensemble’, described by a nontrivial density matrix. The techniques
developed here may help in evaluating averages in such density matrices. Finally, it
would also be interesting to generalize the present ideas to non-conformal (say integrable)
situations, for instance with conformal baths and a non-conformal integrable impurity
(like the multi-channel Kondo model).

Appendix A. Comparison with other results

We compare our results for the energy current with the results obtained in [27], where
the steady charge and energy current were obtained for a quantum wire junction (both
relativistic and nonrelativistic). The quantum junction is modeled by a star graph where
fields living on one of the legs that are incoming to the vertex have an associated
temperature and chemical potential determined by the leg. The charge and energy
exchange are modeled by pointlike interactions in the vertex; for comparison with our
results, we take these to be scale-invariant. In the notation of [27] this means the scattering
matrix takes the form

Siny = 0(k)U + 0(—k)U ™, (A1)

where in [27] the matrix U is an arbitrary unitary N x N matrix, representing the vertex
conditions for positive or negative values of the parameter k& (which plays the role of a
momentum). We note that the diagonal elements are reflection at the vertex, and the
off-diagonal element S;; is the transmission amplitude from the ¢th leg to the jth leg. This
means that the vertex conditions of the present work correspond to the following choice
for U,

Uiy = vie1 0541, Ui_jl =7 61 (A.2)
where {71, ...,vn_1} are complex numbers that have to satisfy the requirement
%= (A.3)
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The energy flow from the ith leg into the vertex at criticality is given by
1 & i
T8 ) = 5= > (1Usf* = i) 52 [Lip (—e™™") + Lip (—e™»™)] . (A4)
j=1

With Lis(z) known as the dilogarithm (or Spence function Sp(x)). Since we assume that
the chemical potentials for the (anti)particles are all equal, we may take them to zero,
and the terms between square brackets become:

: Bon, . 6.4 : 2m?
Liy (—e™##1) + Liy (—e #1#49) ‘u,ﬂzo = 2Liy(—1) = BETR (A.5)
The heat flow for zero chemical potential is given by
m 1
19 |UU’ YR (AG)
D) ]=1 B

For our example of sequentially connected CFTs, we have
Ui * = U5 Ui = % 1%i-105i-1 = %1 Y101 = Gjie1, (A7)

so the heat flow at criticality from the ¢th leg into the ¢ + 1th leg is given by

m (1 1
(B)=— = — —]. A8
Summing over all legs, and giving each contribution a weight Aqy, it is easy to see that
this agrees with our result (19), with a choice of the central charge ¢ = 1.

Appendix B. An operator interpretation of the change of connection at the vertex
of the graph

At the time —ty when the N separate systems are connected as represented in figure 2,
there is a drastic change in the dynamics. Such changes of boundary or ‘impurity’
conditions are often represented in CFT as insertions of particular local fields at the
position of the impurity. Although this picture is a Euclidean one, and does not seem to
be directly applicable to the calculation of quantities in the non-equilibrium steady state,
it may be of use in evaluating overlaps between Hamiltonian eigenstates before and after
the connection.

In the present context, there is a very natural interpretation of the impurity changing
operator. Indeed, before the connection we have N independent chiral copies of a CFT
model, while at the moment of the connection, these copies are connected to each other
in a sequential way. Geometrically, this means that at the time of the connection there is
a branch point. Hence, the impurity condition changing operator should be the branch-
point twist field, a twist field associated with the Zy symmetry of any model composed
of N independent copies. An elegant derivation of its scaling dimension was found in [35]
in the context of evaluating the entanglement entropy in CFT.
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This can be confirmed by analyzing the shift of Lg-eigenvalues produced by the
connection, which should be related to the dimension of the branch-point twist field.
This shift is easily calculated as follows. Consider the total energy before and after the
connection. Before the connection, there are N independent Virasoro algebras, LY), n € Z,
representing the single chiral fields running around each leg of the graph. In each leg j, a
single chiral field is used, as is standard in boundary CFT, to represent both hijn(:x) and
h$"(2) and the reflecting boundary conditions at 2 = 0 and x = R. After the connection,
there is a single Virasoro algebra L,,,n € Z, representing the single chiral field running
around the whole graph, see the left part of figure 2. This single chiral field now represents
all of the fields hij“(av) and h$"(x), for j =1,..., N, as well as the special connection at the
vertex of the graph. Denoting L, = L, — (¢/24)3, 0 and L) = LY) — (¢/24)6, ¢, the energy
before the connection is the sum of those of the N separate systems, each of length R:

ol
R =

After the connection, the energy is that of a single system, but of length N R,

27 -

—— L.

NR™
Since the connection only changes the energy by an infinitesimal amount, these should be
equal,

1 C 1 N ()
NL0+24<N—N> =) L. (B.1)

Hence, the eigenvalues of Zjvzl L(()j ), in the initial system, are shifted by d :=
(¢/24) (N — (1/N)) as compared to the eigenvalues of (1/N)Lg (the 1/N scaling simply
represents the change of length). The number d is indeed the holomorphic dimension of
the branch-point twist field [35].

Relation (B.1) is one of an infinity of relations amongst the Virasoro generators before
and after the connection. These relations can be obtained as follows. Consider a local
right-moving energy density h,(z), for z € [0, NR] running over the chiral paths of all
legs of the graph. Before the connection, h,(z) is interpreted as representing the chiral
fields in all separate legs, with each leg corresponding to an interval z € [jR, (j + 1)R]
of length R, and with periodicity given by identifying the points z = j and z = j + R,
for j = 0,..., N — 1. After the connection, the same field h,(z) is now interpreted as
representing a single chiral field on the interval of length N R, with periodicity where
the point 0 is identified with the point NR. The field hy(x) can then be written in two
different ways:

27 c N oming . )
hi(2) = 73 <—24 +>_L)e? /R) O (jR<z<(j+1)R)
ne”z

2m c .
e L, 2winz/(NR)
(g
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where O(---) is unity if the condition --- is satisfied, and zero otherwise. The equality
between these two expressions gives rise to an infinity of relations between L, and Lg).
In particular, one family of such relations is

which generalizes (B.1). It is indeed a simple matter to check that both sides are generators
that satisfy the Virasoro algebra commutation relations with central charge Nc.
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Abstract. We evaluate the exact energy current and scaled cumulant generating
function (related to the large-deviation function) in non-equilibrium steady
states with energy flow, in any integrable model of relativistic quantum field
theory (IQFT) with diagonal scattering. Our derivations are based on various
recent results of Bernard and Doyon. The steady states are built by connecting
homogeneously two infinite halves of the system thermalized at different
temperatures Tj, T, and waiting for a long time. We evaluate the current J(7j,
T,) using the exact QFT density matrix describing these non-equilibrium steady
states and using Zamolodchikov’s method of the thermodynamic Bethe ansatz
(TBA). The scaled cumulant generating function is obtained from the extended
fluctuation relations which hold in integrable models. We verify our formula in
particular by showing that the conformal field theory (CFT) result is obtained in
the high-temperature limit. We analyze numerically our non-equilibrium steady-
state TBA equations for three models: the sinh-Gordon model, the roaming
trajectories model, and the sine-Gordon model at a particular reflectionless point.
Based on the numerics, we conjecture that an infinite family of non-equilibrium
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c-functions, associated with the scaled cumulants, can be defined, which we
interpret physically. We study the full scaled distribution function and find that
it can be described by a set of independent Poisson processes. Finally, we show
that the ‘additivity’ property of the current, which is known to hold in CFT and
was proposed to hold more generally, does not hold in general IQFT—that is,
J(T,T;) is not of the form f(7}) — f(T).

Keywords: integrable quantum field theory, thermodynamic Bethe ansatz, large
deviations in non-equilibrium systems, quantum transport
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1. Introduction

In recent years, there has been a surge of interest in the study of the thermodynamics
of quantum systems out of equilibrium (for reviews, see [1, 2]). In part this is due to the
recent advances in experimental techniques, making it possible to drive quantum systems
away from equilibrium in a controlled way, and to study their non-equilibrium properties,
see for instance [3]-[8]. This is also due to theoretical advances which include the
discovery of several types of fluctuation theorems, generalizing the fluctuation-dissipation
theorem [9] to systems far from equilibrium (see [1, 2] for extensive discussions). These
fluctuation theorems express ‘universal’ properties of certain distribution functions. In
non-equilibrium steady states, where constant flows of particles, charge or energy exist,
one object of interest is the scaled cumulant generating function (SCGF)?. The SCGF
fully characterizes the statistics of the transferred quantity at large times. Fluctuation
theorems are symmetry relations for the SCGF; see for instance [10]-[15] concerning the
energy-flow SCGF.

In this manuscript we obtain for the first time the exact non-equilibrium current and
SCGF for energy transfer in a wide family of integrable models. For this purpose, we
propose, develop and test a new approach to the study of quantum integrable models
in non-equilibrium steady states, concentrating on the study of non-equilibrium energy
flows. We take the setup where two Hamiltonian reservoirs at different temperatures are
connected homogeneously to each other (local quantum quench), so that at large times
an energy current be established. We consider the scaling limit: the quantum system is
assumed to be in the universal regime near a quantum critical point (with unit dynamical
exponent), with a mass gap and the driving temperatures assumed to be much smaller than
any microscopic energy scale. This regime is described by massive quantum field theory
(QFT). Our results are the first exact results for the energy SCGF and most general results
for the energy current in non-critical models that cannot be described by free particles.

Integrability occurs when enough additional symmetries render the model exactly
solvable [16, 17]. Exact solvability means that in principle all energy eigenstates

3 This is related to the large-deviation function, commonly used in large-deviation theory, by a Legendre transform.
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and eigenvalues, and correlation functions of local operators, can be obtained non-
perturbatively. Integrability has enjoyed much success over the past four decades. For
integrable quantum spin chains, several very effective approaches exist, such as the
algebraic Bethe ansatz (see e.g. [18]). For integrable massive quantum field theories
(IQFTs) the problem of computing scattering amplitudes and vacuum correlation
functions of local fields has been solved for many models using factorized scattering theory
[19]-[24]. Factorized scattering and Bethe ansatz ideas led to a very successful approach for
the study of the equilibrium thermodynamic properties of integrable models proposed by
Zamolodchikov [25], known as the thermodynamic Bethe ansatz (TBA) approach. Other
exact methods are based on free-fermion techniques (Clifford algebras), and the universal
regime of exactly gapless quantum models is described by conformal field theory (CFT),
for which a very wide variety of exact techniques are available [26, 27].

Using some of such techniques, exact results for the SCGF in non-equilibrium
integrable quantum systems have been obtained in the past, especially for charge flows,
in which case the SCGF is referred to as the ‘full-counting statistics’. The first exact
formula in free-fermion models was obtained by Lesovik and Levitov in [28, 29] and further
studied in other works [30]-[33]. Other exact formulas were obtained in Luttinger liquids,
which are particular models of CFT, in [34], and in the low-temperature universal regime
of quantum critical models in [35] using general CFT. In certain integrable interacting
impurity models, the SCGF was obtained in [36, 37] using TBA-like ideas. Exact charge
current and shot noise (zero-temperature second cumulant) studies have also been done
from similar ideas before in a variety of integrable models and with a variety of techniques,
see for instance [38]-[50].

However, for energy flows, exact results for currents in interacting models and for
SCGF in general are more recent. As far as we are aware, the first exact SCGF was
obtained for a chain of quantum harmonic oscillators in [51]. Exact results for the energy
current and SCGF in the low-temperature universal regime of general quantum critical
models were obtained very recently in [52, 35] using CF'T, and for the quantum Ising chain
in a magnetic field in [53] using free-fermion techniques (results also exist for energy flows
in more general ‘star-graph’ configurations, see for instance [54]-[56]).

There are in fact many ways of theoretically constructing a non-equilibrium steady
state (see [57] for a discussion); the aforementioned results involve a variety of setups. The
Hamiltonian-reservoir setup considered here is an old idea going back, in the quantum
realm, to Keldysh [58] and Caroli et al [59], and studied in detail classically in [60].
For energy flows, it was rigorously analyzed in the XX and XY models in [61, 62],
partly from general results in [63, 64], where the resulting non-equilibrium density matrix
was constructed®. Similarly, non-equilibrium energy flows were studied in CFT in [52,
35, 56]. The energy-flow non-equilibrium density matrix of the Hamiltonian setup in
general massive QFT was proposed and derived in [52, 68]. Further, other rigorous works
considered non-equilibrium steady states and other non-equilibrium situations in free-
fermion models such as the XX or XY model, see e.g. [69]-[71].

4 The idea of a density matrix for representing a steady state has arisen many times in the past, both in physics
and mathematics literature, see for instance [65, 63, 66, 67].
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We present here a generalization of the TBA approach to non-equilibrium steady-
states energy flows with Hamiltonian reservoirs: the NESSTBA approach. We base our
derivation on the exact massive QFT density matrix derived in [68]. We deduce a set
of coupled integral equations which are analogous to the standard TBA equations up to
some crucial modifications. Solutions to these equations give the exact energy current.
All the exact cumulants are then obtained from the extended fluctuation relation that
was derived in [15]. We illustrate the working of our approach by numerically evaluating
the current and some of the cumulants in three different models: the sinh-Gordon model,
the roaming trajectories model, and the sine-Gordon model at the simplest nontrivial
reflectionless point. Our work can be seen as a generalization of the CFT results of [52] to
IQFTs. In particular, as a consistency check we show that our formulation indeed leads to
the known CFT result for the current and SCGF when both right and left temperatures
are very high as compared to the gap.

The analysis of our results bring out three interesting observations. First, we find
a family of non-equilibrium analogues of Zamolodchikov’s c-functions [25], in terms of
the current and all higher cumulants. We numerically verify that our non-equilibrium c-
functions are monotonic along RG trajectories, and equal to the central charge at fixed
points. Hence, following the usual wisdom, they are (non-equilibrium) measures of the
number of degrees of freedom as functions of the energy scale. Our c-functions in turn
give rise to exact upper bounds on the current and all higher cumulants. Second, we show
numerically that the process of energy transfer can be understood, in its large-time regime,
as a family of independent Poisson processes, one for each energy value and direction of
transfer. This generalizes nontrivially what was observed in CFT in [52]. It indicates
that the generalization of the usual Landauer form of the conductance to the full out-of-
equilibrium statistics is not straightforward: the weights of the Poisson processes are not
simply related to the state density and occupation (contrary to the CFT case). Finally, it
is known that in CFT the current is additive [52]: it satisfies J (51, 52) + J (52, 53) + J (s,
f1) = 0 (where f; are inverse temperatures), equivalently J(/,5:) = f(5) — f(5:) for
some function f. This was suggested to hold more generally from various arguments
[72, 68], most importantly including DMRG numerics [72]. We provide a proof that
additivity does not hold in a large family of IQFT (including the three models we
consider), a fact which is explained via the nontrivial relationship between state occupation
and state density in interacting models. This result is not in disagreement with the
DMRG numerics.

The paper is organized as follows: In section 2 we describe the physical situation and
give the density matrix that describes the non-equilibrium steady state. We also give an
overview of some existing results which we will use. In section 3 we derive the NESSTBA
equations. In section 4 we introduce the integrable models that we will consider. In
section 5 we present numerical results for the current and the L-functions of these models.
In section 6 we introduce a family of c-functions that can be obtained by normalizing higher
order cumulants, and present numerical evidence of their monotonicity. We discuss the
physical implications of this property. In section 7 we provide evidence of the Poissonian
nature of the energy transfer process. In section 8 we test the additivity property of
the current and show that it is non-additive for three different integrable models. We
provide a general argument as well as a mathematical proof as to why this must be the
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case for IQFTs. Finally, we present our conclusions in section 9. Various derivations,
proofs, particular limits and consistency checks of our formulation are presented
in appendices A-E.

2. Physical situation and overview of relevant previous results

2.1. Physical description

Consider a homogeneous open quantum chain of length L with local interactions.
Suppose it is initially broken into two contiguous halves of lengths L/2 with commuting
Hamiltonians H{ and HZ (for instance, some links are broken near some site, so that the
two halves do not interact with each other). The two halves are independently thermalized
at temperatures® T} = 3, Land 7T, = B! respectively (left and right), so that the system is
described by the density matrix py = e AHI=B:HE - At time 0 the two halves are connected
in order to form the original homogeneous quantum chain of length L, with Hamiltonian
HY = HE + HLY + 6H. Here 6 H represents the connection energy between the two halves,
which must be local, i.e. involving only a few sites around the connection point, and which
we assume to be independent of L. The system is then allowed to H-evolve unitarily until
time ¢. One can view this situation as starting with a profile of temperature on the full
quantum chain that has a step change around one site, with 7] on its left and T, on its
right, and then evolving unitarily from this profile—this point of view requires the notion
of a local temperature, which we do not discuss here.
Averages of observables O at time t are described by

(O)(L:t) = Tr (efitHL a[po] oitHE (9) ’ 00 = o~ BiHE B HE (1)

where here and below we use n[p] = p/Tr(p). The steady-state limit is the limit L — oo
followed by t — oo of such an average, with the observation length ¢ kept fixed, see figure 1
(below we will denote by H, H, and H, the L — oo limits, when it makes sense, of the
operators HX, HE and HL respectively). The observation length is the length of the region
over which lie the support of O and the contact point x = 0.

If this limit exists, then we say that the system reaches a steady state with respect to
the observable O:

<O>stat = tliglo L11_1>1(30<O>(L7 t) (2>
For local observables, we expect the steady-state limit to exist thanks to the locality of
the Hamiltonians. Physically, this is because we expect the two infinite (L — oco) halves
of the system to play the role, at large enough times, of far thermal reservoirs, able to
absorb and emit independent thermalized excitations unboundedly for all times t < L /v,
where v is a propagation velocity. Indeed for such times, excitations do not have time to
bounce off the far endpoints and thus create non-thermal correlations or be re-emitted.

5 In this paper we set kg = 1 and 1 = 1.
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* Unitary evolution *

Steady-state limit

Asymptotic Transient Steady-state Transient Asymptotic
reservoir region region region reservoir

Figure 1. The steady state is established by connecting two halves of the system
that have been independently thermalized, and letting them evolve unitarily
for a time t¢. After a long time and in a very large system, there will be
asymptotically far hot and cold reservoirs which have not yet received any
excitation from the connection point, two transient regions, and the steady-state
region (the region described by the steady-state limit). In integrable massive
QFT, excitations scatter elastically, and different points in the transient regions
will receive excitations at different times depending on the excitation’s velocity.
Hence the transient regions should be of lengths scaling proportionally to ¢.
There is no prediction for the length of the steady-state region, which may be
observable-dependent and which may scale slower than Ct for every C' > 0. The
only requirement is that every point a finite distance away from the connection
point will converge to the steady state.

Then, observing only locally, the detailed reservoir information is lost and we only see the
steady state. In particular, the energy current observable

i i
T2 2
is local (and independent of L) thanks to the locality of 0H, hence the system should
reach a steady state with respect to the energy current.

The first detailed study of this steady-state limit appeared for classical harmonic
oscillators in [60]. In quantum systems, similar steady-state limits were discussed and
shown to exist in quantum models under certain conditions in [63] and, more particularly,
in the XY model in [61, 62]; in the context of charge transfer in the Kondo model in
[67] and in the resonant-level model in [73, 33]; and in the context of energy and charge
transfer in conformal models in [52, 35].

As was discussed in many works, the effect of the connection will propagate from the
center outwards as time evolves, so that the effective reservoirs, i.e. the regions which
are still thermal, will be situated further and further away from the connection point;
specifically, the temperature profile will become flat. This holds true in general local
models, not just in CFT (although there are differences in the details). Hence, if energy
transport is purely diffusive, then the steady-state current should be zero (by Fourier’s
law). However, if the initial temperatures are different and the energy propagation in
the system has a ballistic component, then we expect that the steady-state limit will
support an energy flow, (J)sat 7 0: it is then a nontrivial non-equilibrium steady state.

J = 0" Hy — Hf'| = S [0H, H — HY'] (3)
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It is expected that any integrable system will display a ballistic component to the energy
transport: the conserved charges give enough constraints to counteract diffusion [74]-[76].
In particular, the conserved charge associated with the energy current is usually one of
the first nontrivial ‘higher’ conserved charges in integrable quantum spin chains.

Remark 2.1. In CFT and QFT, the momentum is always conserved; hence, as explicitly
shown in [52, 35] in CFT, the steady-state limit exists and supports a nonzero energy
flow. This means that in the scaling limit (low-temperature, small-gap universal regime)
of any quantum chain (with unit dynamical exponent), integrable or not, the steady-state
limit should exist (we refer to [35, 68] for a discussion of the interplay between the steady-
state limit and the scaling limit). This was indeed observed using DMRG numerics for
a particular non-integrable quantum chain in [72]. Of course, in any quantum chain, the
nonzero temperatures and, possibly, nonzero gap mean that the system is never exactly
in the scaling limit. Hence, if the microscopic system is not integrable, there may be some
large, non-universal time scale where non-integrability ‘kicks-off” and the current starts to
decrease. An interesting open question is the nature of this time scale, or by what other
mechanism microscopic non-integrability may appear. In the present paper we discuss
integrable QFT, which may be thought of as coming from integrable microscopic systems,
hence there is true ballistic transport.

Remark 2.2. We may attempt to make the steady-state limit a bit more precise as
follows. We require that the limit exists when each of the conditions L > vt and vt >/
hold almost surely for all v, where v are propagation velocities of excitations, and ¢ is the
observation length scale. Here we have in mind a distribution of propagation velocities
associated with the available excited states, and the corresponding measure (discrete /
continuous parts of the Hilbert space, etc); the phrase ‘almost surely’ means that the
strong inequalities hold for all velocities except possibly for a set of velocities that is of
measure zero. Then, the fact that the steady-state limit exists for any local observable can
only be true if there is no stationary excitation with nonzero measure: the Hilbert space
should not have a discrete part containing zero-velocity excitations.

2.2. Steady state in massive QFT

Assume now that the quantum chain has a parameter g (for instance, an external magnetic
field) such that there is a quantum critical point at g = g. with unit dynamical exponent.
Then, at g = g., the energy gap A is zero. At g = g. and low temperatures, the chain is
described by a CFT. Let us now take the scaling limit where g — g. and 77, oc A (which
tends to zero). This is the low-temperature, small-gap region near the quantum critical
point. This limit is universal, and described by massive QFT, with the mass representing
the infinitesimal gap A. The main result of [52, 68], which we take as our starting point,
is a proposed exact description of the non-equilibrium density matrix pga.: in the scaling
limit, that represents the steady-state limit (2),

<O>stat =Tr (n[pstat] O) . (4)

It is expressed in terms of massive QFT data, and was derived using general QFT
arguments.
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The non-equilibrium steady-state density matrix pg. is defined as follows. Let us
consider a model of relativistic QFT with a spectrum of ¢ particle types, with masses
mi,...,my. The basis of asymptotic states (here we take them implicitly as asymptotic
in states), which span the Hilbert space, is described by
|V&C>7 |‘917~'-79n>i1 0> >0, il,...,in€{1,2,...,€}, n=12... (5)
where |vac) is the vacuum, and 6; are the rapidities of the asymptotic particles. The

density matrix pga; acts diagonally on the basis of asymptotic states. Its eigenvalues are
simply given by pgat|vac) = 1 and

)Ostatlelu L 79n>i1,...,in - e_ Zk Wik (ek)|917 ] 79n>i1,..‘7in (6)
where
(0 = m. DL (6>0)
W;(0) := m; coshé {ﬂr 0 < 0). (7)

If we factorize the Hilbert space into a product of the space formed by positive-rapidity
particles, and that formed by negative-rapidity particles, then (6) indicates that the
steady-state density matrix factorizes accordingly. Specifically, on each factor, it is thermal
with inverse temperature i, respectively. Note that this density matrix is stationary and
homogeneous (translation invariant).

The density matrix (6) agrees with the mathematical description of the energy-flow
steady state in the XY model in [61, 62] and with that obtained in the Ising model from
less rigorous arguments in [53]. Its natural counterpart in CFT, where right-movers and
left-movers are thermalized at different temperatures, was proved in [52, 35].

Remark 2.3. The physical interpretation of the density matrix pga.¢ is rather simple.
The steady-state density matrix is the long-time evolution pya = limy_. e " ppel?t of the
initial density matrix py. The initial density matrix represents the left- and right-hand sides
of the system separately thermalized at inverse temperatures 5 and (,, respectively, and
the time evolution is generated by the full Hamiltonian H where both halves are connected.
In the scattering language, psar = limy_o e~ Hleiol poe=itoleiflt — G5 G=1 where S =
lim,_, e Htelfol s the scattering operator. Also, asymptotic states are, by definition,
states on the line with the property that when evolved back in time, they become well-
separated, well-defined wave packets behaving like free particles (the incoming asymptotic
particles). In the scattering language, an asymptotic state has the form |v) = S|v)o, where
|v)g is a free-particle state representing the asymptotically free particles. Hence, the action
of psay ON asymptotic states is isomorphic to the action of py on the well-separated, well-
defined wave packets: if |v)g is an eigenvector of pg, then |v) is an eigenvector of pyiay With
the same eigenvalue. Since for positive rapidities these wave packets are far on the left,
and for negative rapidities they are far on the right, the expression (7) follows. A more
complete argument is presented in [68]. More precisely, this argument shows that for any
local operator, the contributions of asymptotic states with finite numbers of particles to
the steady-state average is given by (6) and (7).
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2.3. Current and fluctuations

In QFT, the energy current operator is simply the momentum density J = p(z) at the
position x = 0, so that the average current is

J = <p(0)>stat~

Besides the current, its fluctuations are also of great interest in non-equilibrium
steady states. In quantum mechanics, one has to define fluctuations of the current via
appropriate measurement protocols: see for instance [28, 29| for discussions of an indirect
measurement protocol, [30, 14, 77, 33, 52] for results within a two-time measurement
protocol and connection with the former protocol, and the review [1]. In order to be
specific, let us consider the two-time measurement protocol. We perform a first von
Neumann measurement of the quantity

Q= %(Hr - Hl) (8)

at time 0, returning the value gy, and then another von Neumann measurement at time
t, returning the value ¢;. We are interested in the statistics of the difference ¢ := ¢; — qo.
By standard quantum mechanics, the probability distribution for ¢ is

Qt(g) =Tr (PQ:lIte_thPQ:CJon[pO]PQ:lIOethPQZQt) (9>

where Pg—, is the projector onto the eigenspace of eigenvalue a of the operator ). One
may then evaluate the associated scaled cumulants

Cn -— lim t71<qn>&umulam’ (10)

t—o0 t

n > cumulant

where (g is the nth cumulant of ¢ with respect to €2;. These may be gathered
into a generating function as usual,

F(z) = Z Cnz" /nl, F(z) = tlgilo t " log ((e%)q,) (11)

(here z is a formal parameter). Note that the first cumulant Cy = J is the average current.
A result of the discussions cited above is that one expects F'(z) to have the following
expression in terms of averages of quantum-mechanical operators:
F(z) = lim t ' log ((ezQ(t)e_zQ>Stat> . (12)
t—00

In fact, we expect that in general, the scaled cumulants can also be expressed in terms of
connected correlation functions® of time-evolved current operators,

o0

C, = lim dug -+ - Aty 1 (T (U1 + (n — 1)i€) - - - T (uy + ie) T (0))connected (13)

e—0t J_

where ie is an imaginary time shift that regularizes the correlators. This expression is
derived, under certain assumptions that hold for integrable models, in appendix A.

6 The term ‘connected’ has the same combinatoric meaning as ‘cumulant’, but is more common in the context of
quantum field theory.
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Note that an important symmetry relation satisfied by F(z) is the fluctuation relation

F(f = —2) = F(z). (14)

This energy-flow—fluctuation relation was derived in various situations in [10]-[14] (but
see [78] for limitations in the case of finite systems); [1, 2] present good reviews. It was
derived recently in [15] within the present physical setup using a scattering formalism.

A recent result of Bernard and Doyon [15] is that in any system where the energy
is purely transmitted (that is, QS = —S@Q, where S is the system’s scattering operator,
see [15]), the scaled cumulant generating function F(z) can be evaluated solely from the
current at shifted inverse temperatures’,

dF(z)
dz

=JB—-2bB+z2) & F(Z):/Ozdzlt](ﬂl—zl,ﬂr+2/) (15)

(recall that F(0) = 0). The upshot is that the scaled cumulants are simply given by
derivatives of the current with respect to inverse temperatures,
dTL

J(B = 2, B + 2) (16)

dzn 2=0

C’n—l—l =

forn=0,1,2,.... Equation (15) was referred to as an extended fluctuation relation (EFR)
in [15], as it actually implies the usual non-equilibrium fluctuation relations equation (14)
if one assumes parity symmetry. As explained in [15], pure energy transmission, and
therefore the EFR, is valid in any homogeneous integrable model and in CF'T. Note that it
implies a relationship between the non-equilibrium differential conductivity G := 32dJ/dy
(where 5 = (6, + (1)/2 and v = B, — () and the noise (second cumulant), which reads
B0y = 2G.

2.4. Previous exact results

Exact results for energy flow and fluctuations in the present physical setup are available in
the XY and Ising models [61, 62, 53, 79], and in conformal field theory (critical models) [52,
35, 56]. To our knowledge, the first exact cumulant generating function for energy transfer
in quantum systems was found in [51], within a slightly different physical construction of
the non-equilibrium steady state using Caldeira—Leggett baths attached to a chain of
harmonic oscillators. Here we just recall the CF'T results, as these are most relevant for
our purposes.
In general unitary CFT, the current was first calculated in [52] and found to be

CT
Jerr = E(Tf —T7). (17)

This has a clear interpretation via the Stefan-Boltzmann law thanks to [80]. The scaled
cumulant generating function Fepr(z) was first evaluated exactly in [52], giving the

7 Here the current describes the energy transfer from the left to the right, in contrast to the convention used in
[15].
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expression Fopr(z) = (emz/12)(B7 (B — 2)7! — B7H(B: + 2)71), in agreement with (15).
This means that the scaled cumulants are

cmn!

12

Cropr = —— (T + (=1)"T7"). (18)
The function Fepr(z) was evaluated in [52] assuming the fluctuation relations (14); it was
proved without this assumption in the CFT context using a local operator formalism in
[35], and using the Virasoro algebra in [56] (where a more general star-graph configuration

is considered). The expression (17) was verified numerically in the XXZ chain by Karrasch
et al [72].

3. The non-equilibrium steady-state TBA equations

In the present paper, we obtain for the first time the exact energy current and scaled
cumulant generating function in interacting (integrable) models.

In integrable models of relativistic QFTs, two crucial properties hold: the scattering
of asymptotic particles is purely elastic (the set of momenta is preserved) and the
scattering amplitudes always factorize into two-particle scattering processes. Hence,
the only dynamical data necessary in order to fully define the model and its ‘local
structure’ (its full scattering and its set of local observables) are the two-particle scattering
amplitudes. In particular, two-particle scattering amplitudes are solutions of the Yang—
Baxter equation, which is nontrivial whenever there are internal degrees of freedom and
the two-particle scattering processes is not diagonal in the internal space. This is the
essence of factorized scattering theory.

We now consider a general integrable model of relativistic QFT, under the simplifying
assumption that the two-particle scattering matrix is diagonal in the internal space (there
is no ‘back-scattering’: in a two-particle scattering process, only phases may occur).

3.1. The integral equations

According to (4), the average energy current J is obtained by evaluating the average
momentum density p(x) at an arbitrary point, say = 0, using the density matrix (6):

J = Tr (n[psat] p(0)) . (19)

We have provided the exact density matrix (6) as an operator acting on asymptotic states
with finitely many particles. In order to evaluate this trace, we further need the matrix
elements of p(0). But we need a bit more: we need to describe how to perform the trace
operation. This implies understanding ps,t in states with nonzero densities of particles (i.e.
infinitely many particles). In such finite-density states, the interaction between particles
becomes important, and this affects the way the trace is defined. One could say that the
information about the ‘local structure’ is encoded both into the matrix elements of p(0)
and into the way the trace is performed.

In order to add these two elements of information, we follow Zamolodchikov’'s TBA
argument [25]. This is an argument that mixes the ideas of factorized scattering and of

doi:10.1088/1742-5468,/2014/03 /P03011 12



Chapter 4. Fluctuations 153

TBA for non-equilibrium steady states: exact energy current and fluctuations in integrable QFT

the Bethe ansatz. For this purpose, we consider the model on a finite periodic space of
circumference R. On the finite space, according to [25], the description of integrable models
of QFT can be done similarly to that of Bethe ansatz integrable systems. Each state is
characterized by its contents in quasi-particles, which possess momenta p, and energies ey,
whose sums give the total momentum and energy of the state, with a relativistic dispersion
relation. Then, we construct a density matrix pZ%,, that approximates psa;. The natural
choice for pf,, is defined by its action on every state |v) as follows:

Plalv) = ™= Wiju), Wy = ey - {g Eiﬁi - 83_ (20)

The finite- R approximation of the average current is the average of the local momentum
density p(0) with respect to p&,,:

T R

Jr =
TrR {pgat] R—oo0

Note that pZ,, is translation invariant. By translation invariance, we may replace p(0) by
- Ré% dz p(z). We then have
L Trr [pfa PR]

Jr=R
f TrR[pgat]

(22)

where Pg := fi/z% dz p(z) is the total momentum.
The current can then be calculated by conveniently introducing a generating parameter
a associated with the momentum:

d a
J == Jim R ——log Trp (piiu e™*™) . (23)
We may also define the ‘free energy’ f® and write the current from it:
f*:=— lim R 'logTrp (pR e*aPR) J = if“ (24)
R—o0 stat ) dCL 0

The free energy f* can be evaluated by extending the TBA arguments of Zamolodchikov
presented in [25] (a similar extension of TBA arguments beyond Gibb’s equilibrium was
first done, to our knowledge, in the context of quantum quenches for the Lieb—Liniger
model in [81]). This allows us to obtain the following expressions (see appendix B):

I Br) = Z/ dé m; cosh 0 x;(0)

1+ esi(®)

dy @i (0 —7) z;(y
z;(0) = m; smht‘H—Z/ ’ 1+e€a>(“/)]( ) (25)

e;(0) = W;(0) — Z/_ gjr i (0 — ) log(1+ e_ef(“*))
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where as usual ¢;;(0) = —i0pS;;(0) and S;;(0) is the two-particle scattering matrix,
and where W;(0) is defined in (7). This is the exact non-equilibrium steady-state TBA
(NESSTBA) expression for the energy current in general diagonal-scattering integrable
relativistic QFT. It turns out that there are many equivalent expressions for the current.
For instance (see appendix B),

I B) = Z/ df m; sinh 0 p;(0)

14 e
(26)

wi(0) = mzcoshQ—l—Z/ dy 2iglh = 7)”]().

1+ e ()

Note that it is customary to define the L-functions
Li(0) = log(1 + e ®), (27)

as these functions possess interesting and perhaps clearer features than the pseudo-energies
€;(0). Note also that the pseudo-energies, hence the L-functions, have jumps at § = 0,
contrary to the equilibrium case

€i(+0) — €(=0) = m(B — (). (28)

We present various verifications of (25) in appendices C and D. We verify that the
low-temperature expansion of (25) agrees with an explicit evaluation of the trace (22) in
the large-L limit, using the finite-volume regularization methods of Pozsgay and Takéacs
[82] (and assuming a single particle spectrum for simplicity). Using and generalizing the
analysis performed by Zamolodchikov in [25], we also verify that the high-temperature
expansion of (25) exactly reproduces the CFT prediction equation (17) of [52, 35], with
the correct central charge.

As mentioned, in [15] it was shown that for integrable models of relativistic QFT,
the energy-flow steady state satisfies the extended fluctuation relation (15). This relation
immediately allows us to calculate the exact scaled cumulant generating function for such
models using the NESSTBA expression above. That is, the generating function F(z)
defined in (11) for the scaled cumulants C,, defined in (10) to (13), is

Z/ mlcoshe/ dz’ 1+ee19z)

20, 2) = m; smh«9+z / @ 2l +Z)fj()7 ) (20)

4 00
€:(6,z) = W;(0) + zsgn(f) m; cosh 6 — Z/ ;Z ©i; (0 — ) log(1 + e,
j=177%

Remark 3.1. Our verification that the low-temperature expansion of the trace itself
agrees with the low-temperature expansion of (25) indicates that Zamolodchikov’s TBA
arguments indeed can be extended to the non-equilibrium steady-state density matrix (6)
without additional subtleties. This is important, because the derivation presented in [68]
of the form (6) of the density matrix is, to be correct, only applicable to states with finite
numbers of particles, hence to the low-temperature expansion of the trace.
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Remark 3.2. It is important to note that the ratio of traces on the right-hand side of (22)
is not expected to be related in any way to the average total momentum in the physical
non-equilibrium steady state. Indeed, the latter average does not exist because the total
momentum is not a local operator (hence does not have a steady-state limit). Expression
(22) is just a means to obtain a finite- R approximation of the actual steady-state current.

Remark 3.3. There are many subtleties involved in the derivation of (25) that we
presented. Let us discuss some of them.

First, at equilibrium, the procedure for replacing the infinite-space density matrix
by a finite-R approximation is clear, since even on finite periodic space, there is a clear
notion of thermal states. Out of equilibrium, the procedure is less clear: the physical setup
we use to construct the non-equilibrium steady state fundamentally requires the infinite-
length limit to be taken. So, we must rely on a ‘non-physical’ density matrix pff ., with
the requirement that its infinite- R limit reproduces pga; in some ‘topology’ (for instance,
for every individual matrix element). This is what we have done in (20) for integrable
models using Zamolodchikov’s ideas. Of course, the finite-R ‘non-physical” density matrix
(20) still describes some non-equilibrium steady state in the periodic system: it is a state
where there is an imbalance between the populations of particles moving towards the right
and of those moving towards the left. Importantly, however, it is a state whose infinite- R
limit provides the correct population imbalance of asymptotic states for describing the
physical non-equilibrium steady state.

Second, the validity of the statement limpg_,o Jg = J in (21) relies on the fact that
thanks to locality, in the infinite-R limit, the average of the local operator p(0) does not
depend on the actual boundary conditions taken (in particular, there are no topological
effects that connect the energy density to boundary conditions). An argument can be
made as follows. One can consider a different finite- R regularization, which by construction
correctly gives the physical steady sate. One evolves the initial density matrix p, for a
finite time ¢, and observes the system on a region of length R = vt around the contact
point, for v = tanh 6, the speed associated with some small rapidity ¢y > 0. The reduced
density matrix 5% on that region is an IR regularization, and its limit R — oo gives by
construction the correct steady state with respect to any local observable. But the point
is that pf% and pf . differ from each other only because of two effects: the boundaries are
different (in the former, it is the transient region; in the latter, it is a periodic boundary
condition), and the presence of excitations at rapidities |0| < 6y. Therefore, by locality
and assuming no topological effects, averages of operators supported in the bulk are equal
with respect to both density matrices in the infinite- R limit, except possibly for differences
of order O(fy). Since 0y can be made arbitrarily small for local operators a finite distance
away from the contact point (because the boundary at distance vt is very far at large ¢
for any v > 0), then the averages with respect with pf,, give the averages in the physical
non-equilibrium steady state.

3.2. Physical interpretation

Formula (25) has a simple interpretation: the function z;(0) is the ‘dressed’ momentum at
rapidity 6, the factor L dd m; cosh /(2w) = Lm; dsinh §/(27) is the ‘bare’ (uninteracting)
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number of levels around @, and 1/(1+¢%(®) is the filling fraction. Formula (26) has a similar
and perhaps clearer interpretation: the quantity L df u;(0)/(27) is the true, interacting
number of levels around 6, and the factor m; sinh(#) is the momentum at 6. Formula (25)
encodes the steady-state density matrix into the driving term of the pseudo-energy, and
the locality information of the QFT, including the state density and the momentum matrix
elements, into the dressing operations based on the differential scattering phases ¢;;(6).

The specialization of (25) to the Ising model, where there is only one particle type
and the differential scattering phase is zero, gives a simple formula for the exact energy
current,

m? [ sinh 26 1 [ 1 1
JIsing(Bbﬁr) = 477/—00 de 1 +eW(e) - 27T/m dEE <1 +e[31E - 1 _|_e,3rE> : (3())

This can also be obtained in various other ways, and can be extracted for instance from
the exact results in the XY and Ising chains in [61, 62, 53].

The second form of Jine in (30) has the structure of the Landauer formula: with
dE E = dpp, where E is the energy and p is the momentum, we see that we have the
number of available channels dp, times the current through these channels p, weighted
by the fermionic filling fractions for particles from the right (with temperature 77) and
from the left (with temperature 7;). Such a form was also observed in CFT in [52]: there
the filling fraction at energy F can be taken as being proportional to the Boltzmann
occupation e #F. There is however no immediate Landauer form for the non-equilibrium
energy current in the general interacting case, because there is no separation between
the state densities and filling fractions of right-movers and left-movers: the presence of
particles at some energy affect the state density at other energies.

In fact, the correct interpretation of both the Ising and the interacting energy flow
should be obtained following what was done in the CFT context in [52]: one must analyze
not only the current, but also the fluctuations, and one must look for a formulation
where these appear via independent stochastic processes. It turns out that in CFT, the
Boltzmann occupation e #F does provide the correct density for independent Poisson
processes describing the current and all fluctuations [52]. But, as we will see in section 7,
the fermionic or interacting filling fractions are not the correct densities; the correct one
will be calculated there.

4. The integrable models considered

In the coming sections we will study the non-equilibrium steady-state current and
cumulants for several models. We have chosen here three models as good representatives
of increasingly complex families of IQFT's: the sinh-Gordon model, which may be regarded
as the simplest interacting IQFT and therefore provides an ideal starting point for testing
our approach; the roaming trajectories model, which is still a very simple theory from a
particle content and S-matrix point of view, but where the dependence of the S-matrix
on the free parameter 0, leads to a number of new interesting features of the current
and its cumulants; finally, the sine-Gordon model at the simplest nontrivial reflectionless
point, which gives us the opportunity to study a theory with a more complicated particle
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content but still a diagonal S-matrix. It is also a theory which has a well-known discrete
counterpart (e.g. the gapped XXZ chain) and therefore results for this model may prove
useful when comparing to numerical simulations of the XXZ quantum spin chain.

4.1. The sinh-Gordon and roaming trajectories model

The sinh-Gordon model is one of the simplest interacting QFTs and as such it constitutes
an ideal testing ground for the ideas above. It has a single-particle spectrum and no bound
states. The two-particle S-matrix of the model is

S(0) = tanh(1/2) (6 — inB/2)
(6) = tanh(1/2) (6 +irB/2)’

(31)

The scattering matrix, hence the kernel, depend on the parameter B € [0, 2] known as
the effective coupling constant. This parameter is related to the coupling constant /5 (not
related to the inverse temperatures [, 5,!) in the sinh-Gordon Lagrangian [83, 84]

1 , m?
L= 5(8M¢>) ) cosh(5¢), (32)
where m is a mass scale and ¢ is the sinh-Gordon field, as
232
B(B) = —/—— 33
B = g (3)

under CFT mnormalization [20]. The S-matrix is obviously invariant under the
transformation B — 2 — B, a symmetry which is also referred to as weak—strong coupling
duality, as it corresponds to B(3) — B(/~') in (33). The point B = 1 is known as the
self-dual point. In our numerics for simplicity we will concentrate on the B = 1 case, for
which

©(0) = 2sech 6. (34)

The sinh-Gordon model is intimately related to the roaming trajectories model [85]:
the latter can be understood as a ‘deformation’ of the sinh-Gordon model. Its S-matrix
is obtained by setting B = 1 + 2ify/m in (31), where 6, € R*. The resulting S-matrix
famously satisfies all the required properties (e.g. unitary and crossing symmetry), thus
describing a new integrable model. The new kernel is then

©(0) = sech(f — ) + sech(0 + ). (35)

The presence of the free parameter 6, turns out to have a profound effect on the
features of all TBA quantities (e.g. pseudo-energies, L-functions, c-functions, etc). Indeed
the roaming trajectories model’s name refers to the special features of the effective central
charge ce(r), which is a particular c-function, within the equilibrium TBA approach [25]
as calculated in [85]. For massive QFTs it is expected that the function c.g(r), whose
definition we recall in section 6, ‘flows’ from the value zero in the infrared (large r) to
a finite value in the ultraviolet (small 7). For many theories, including the sinh-Gordon
model, the constant value reached as r — 0 is the effective central charge of the underlying
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conformal field theory associated with the model [86]-[88] (which equals the CFT central
charge in unitary models). In this case, that theory is the free massless boson, a conformal
field theory with central charge ¢ = 1. Therefore, in the sinh-Gordon model, the function
cer(r) flows from the value zero to the value one as r decreases.

Crucially, when the same function ceg(r) is computed for the roaming trajectories
model it shows a very different behavior. It still flows from the value zero to the value
one, but it does so by ‘visiting’ infinitely many intermediate values of ¢, giving rise to a
staircase (or roaming) pattern. The values of ¢ that are visited correspond exactly to the
central charges of the unitary minimal models M,, of conformal field theory,

6
[ with p=3,4,5... 36
p(p—1) (36)

As we will discuss later, interesting staircase patterns for several non-equilibrium
thermodynamic quantities can also be found for this model.

Another observation made in [85] is that the size of the intermediate plateaux that the
function c.g(r) develops at the values (36) is determined by the value of 6. For 6, = 0 there
is a single plateau at ¢ = 1, thus the usual sinh-Gordon behavior is recovered, whereas
the plateaux at (36) become more prominent as 6 is increased. In the limit 6y — oo a
single plateau at ¢ = % remains, which reflects the fact that the S-matrix (31) becomes —1
in this limit, hence the model reduces to the Ising field theory. This interesting limiting
behavior was studied in [89] using the form factor approach.

Generalizations of the roaming trajectories model have been constructed based on more
complex theories in which case the associated functions ceg(r) have staircase patterns
which visit different families of CFTs [90]. Other families of theories exist where these
staircase patterns also arise naturally, albeit involving a finite number of steps which are
in one-to-one correspondence with the onset of unstable particles in the spectrum. These
theories are the homogeneous sine-Gordon models, whose S-matrix was constructed in
[91]. TBA analysis of these models has yielded a variety of staircase patterns [92]-[94]
which we would also expect to see replicated in computations of the non-equilibrium
normalized current and cumulants.

4.2. The sine-Gordon model at reflectionless points

We will now consider the sine-Gordon model. This is a more involved theory including
several particle types and bound states. In general, the sine-Gordon model has a non-
diagonal scattering matrix, which greatly complicates the TBA equations (in non-diagonal
models, there is a different formulation that is more efficient [95]-[99]). These S-matrices
depend, however, on a continuous parameter v which for particular values leads to a
diagonal theory. Those values correspond to so-called reflectionless points. At reflectionless
points, the theory consists of two fundamental particles of mass m, usually called soliton
(s) and antisoliton (5), as well as a ‘tower’ of bound states of the former and of each other
known as breathers. The number and masses of the breathers depend on the values of
the coupling constant. The scattering matrices involving the soliton, antisoliton and first

doi:10.1088,/1742-5468,/2014,/03/P03011 18



Chapter 4. Fluctuations 159

TBA for non-equilibrium steady states: exact energy current and fluctuations in integrable QFT

breather (b) are [100]:

ssion  aEsio * dt sinh((1 —v)t/2) . . t0
5:a(6) = 55:(6) = exp </0 't sinh(vt/2) cosh ¢ sinh 17r> ’ (37)
S5(0) = SE0) = i S5 0), (39)
sy _ ass(py . sinh(im/v) ss
555(9) - S§s (9> - S‘lnh((lﬂ' _ /I/) Ss (9) | N (39)
S0(0) = S2(9) sinh 0 + isin(7(1 4+ v)/2) St() = sinh 6 + isin v (40)

sinh @ — isin(7(1 + v)/2)’ sinh§ — isin7v’

As we can see, the S-matrix S%(6) vanishes whenever v~! takes integer values; these are
the reflectionless points. In those cases the S-matrices in fact become those of a well-known
diagonal theory, namely the D,-1,;-minimal Toda theory (see e.g. [101]).

1

Here we will be interested in the simplest reflectionless point, namely when v = 5. In

this case only the first breather exists and its mass is given by my, = v/2m. The scattering
amplitudes above simplify greatly and we obtain:

sinh(1/2) (0 + ir/2)

o e o /
20) = S5(0) = 55(0) = S::(0) = — . 41
As anticipated earlier S%2(6) = S25(0) = 0, and
o sb _ Sinh 0+ 1/\/_ b sinh 6 41
— 5%(f) = ATl 42
The corresponding TBA kernels are
pss(0) = 0ss(0) = Pss(0) = wss(0) = 5m(0) = —sechd, (43)
and
0a(0) = () = —2v/2 cosh # sech26. (44)

The sine-Gordon model describes the scaling limit of a well-known spin chain system,
namely the XXZ quantum spin chain in the gapped regime. We hope therefore that some
of our results for this model may be comparable to spin chain results.

5. L-functions and current in non-equilibrium TBA

In this section we present results for the L-functions and current of several models
obtained numerically by solving equations (25). We will start with one of the simplest
interacting integrable QFTs: the sinh-Gordon model. Results for this model will provide
a benchmark for all the general features of the current and L-functions. In addition the
subtle differences between the equilibrium and non-equilibrium quantities will become
apparent when analyzing this model. Throughout this and later sections, we will use the
variable

_bA_ 4
Bl Tr.
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Figure 2. The function L(6) for mpB = 6e2 (red), mB = 2e713 (blue),
mp = 6e~" (green) and mfB; = 2~ (pink) and two values of o = 3,/

5.1. The sinh-Gordon model

Since in this model we only have one particle type we will for now drop the particle indices
in (25). Employing the kernel (34) in the equations (25) we can now solve for () and L(6)
by applying a numerical recursive algorithm starting with the free solution e(6) = W (6).
Figure 2 gives the L-functions for different values of m/; and mp., where m is the mass
of the particle.

The first figure with o = 1, that is 5, = f,, gives the equilibrium quantities which are
known from solving the standard TBA equations. It is a common observation from TBA
studies that both the pseudo-energies and L-functions develop a plateau at high energies
in the region —log(2/mpB) < 0 < log(2/mp) when g = f = f,. For most integrable
models the values of L(f) and ¢(f) at the plateau can be obtained exactly by solving
so-called constant TBA equations, which are a high-energy limit of the original equations
25, 104].

From the figures above it appears that we start to see this plateau in the red curves.
However, the sinh-Gordon model is rather an exception in this respect as in the limit
mf — 0 the value of €(0) tends to minus infinity, hence L(0) tends to infinity. This fact
has been understood more generally in [102, 103], where it was noted that it is a feature of
all affine Toda field theories (of which the sinh-Gordon model is but the simplest example).
We will see later that for other models a clear and finite plateau is reached. Comparing
the equilibrium case (0 = 1) to the case when o = 50, thus 5 # f3;, we observe two main
changes:

e The L-functions develop a discontinuity at # = 0. This is because of the discontinuity
in the function W () due to the different left and right temperatures. This
discontinuity is present for all temperatures and the size of the jump is linear 5, — 3,
(see (28)). Thus when both temperatures are high no discontinuity can be seen.
However, it is very apparent for relatively large values of mf), as can be seen in the
pink curve of the second figure.
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Figure 3. The function z(6) for fixed mf; and various values of ¢ (first figure)
and for fixed o and various values of mf (second figure).

e The L-functions cease to be even functions of #. Again this can be best appreciated
for low energies, where it is clear that the maximum of the L-functions is not located
at the origin. Comparing to the equilibrium case, all functions have experienced a
shift towards the right. For high energies we have again a plateau of the same height
as in the equilibrium case which now extends in the region —log(2/mp,) < 0 <

log(2/mp).

In summary, for o > 1 we observe a discontinuity at the origin and a shift towards the
right of the L-functions. Due to the symmetry of the TBA equations a shift towards the
left will occur for o < 1.

Let us now turn our attention to the functions z(#) and p(6). Numerically solving (25)
we obtain x(f) as shown in figure 3.

As expected we see that the large-scale features of all functions are dominated by the
sinh @ function in the z-equation of (25). However, because €(#) # e(—0) we find that in
general x(0) # —x(—6). The oddness of the function x(0) is only restored in two limiting
cases: (1) at equilibrium (o = 1); (2) when both left and right temperatures tend to zero
(mf1, mB, large). For this reason all functions in the second figure (except the red-dotted
one) are almost perfectly odd.

We have seen in the previous section that the sets of equations (25) and (26) are in
fact equivalent to each other. Figure 4 provides several examples of the function u(6) for
the sinh-Gordon model.

The features of the level density p(#) are analogous to those of () with the difference
that the large-scale features are now dictated by the cosh 6 term in (26). As a consequence
all figures look like deformed cosh-functions, where the evenness is broken for ¢ # 1 and
large temperatures. Recalling that p(6) is proportional to the density of energy levels, we
see that more energy levels are available at positive rapidities if o > 1, which agrees with
the presence of a nonzero current from the left to the right (more right-moving energy
levels available).
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Figure 5. The current J(f,0p;) for the sinh-Gordon model and its CFT
counterpart for several values of o.

Finally, we present the results for the current in figure 5. As expected the current
in the massive model and its CFT counterpart expression agree very closely for high
temperatures; both tend to zero for low temperatures and the disagreement also appears
small in that region.

5.2. The roaming trajectories model

As indicated above, the roaming trajectories model is an interesting deformation of the
sinh-Gordon model (from the S-matrix point of view) which displays many new interesting
features for all the relevant thermodynamic quantities we study here. Figures 6 and 7 show
the new structure displayed by L-functions and z-functions.

The asymmetry of the L-functions with respect to the origin is visible in most of
the graphs in figure 6 as all curves appear shifted towards the right with respect to the
equilibrium solutions presented in [85]. For lower temperatures the discontinuity at the
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Figure 7. The functions z(f) and p(0) at and out of equilibrium for y = 20 and
mf = 100.

origin becomes apparent once more. The presence of the ¢, parameter leads to intricate
staircase patterns reminiscent of the equilibrium results.

The function z(6) displays a very interesting new structure with an alternation of
maxima and zeros at values of § which appear to be multiples of 6y. This structure is
surprising at first sight as it is rather what we would expect the function de/df to look
like in view of figure 6. However, x(f) is a derivative w.r.t. the parameter a, not 6, as
expressed in the paragraph after (B.4) in appendix B. This can be understood as follows.
At equilibrium, when o = 1 the function z(0) as defined by the second equation in (25)
can be identified with de/df. In other words, if we differentiate the last equation in (25)
with respect to 6 at 0 = 1 we would exactly obtain the second equation in (25) up to the
identification x(6) := de/df. This ceases to hold when o # 1; however, the equilibrium
features of z(0) are still preserved to a large extent with certain deformations. In particular
for 6 < 0 the sinh-function now dominates the behavior of x(#), suppressing the negative
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Figure 8. The current for several values of o.

minima of its equilibrium version. A similar deformation occurs for the function pu(6),
where again the out-of-equilibrium features for 6 < 0 are dominated by the cosh-function.

Finally, we take a look at the current in figure 8. Comparing to figure 5 we see that the
functions seem hardly to have changed. There are however important differences which
only become apparent when studying the normalized current (e.g. the current divided by
T? — T?) and associated cumulants. We will study these in section 5.3.

5.3. The sine-Gordon model at reflectionless points

As explained earlier we will consider here only a very special case of the sine-Gordon
model, namely the situation when the whole spectrum consists of soliton, antisoliton and
one breather and there is no back-scattering. Once more we will start by examining the
general behavior of the L-functions for several values of the energy. These are presented in
figure 9. In this case the L-functions clearly develop a plateau for high energies in the region
—log(2/mp,) < 6 < log(2/mp), which in the first figure corresponds approximately to
—16 < # <« 21. The exact height of the plateau is the same as in the equilibrium case
which has been studied in [105] by solving the constant TBA equations. The plateaux are
located at Ly(0) = 0.287682 and L,(0) = 0.405465, which correspond to the solutions
e =2 and e»©® = 3,

The functions zs4(0) and ps,(0) in figure 10 display the same main features already
observed for other models. The same applies to the current, which for this reason we will
not present here.

6. Non-equilibrium c-functions

A c-function is a function of the energy scale (some physical quantity such as the
temperature or the distance in a correlation function), or of the position on a
renormalization group (RG) trajectory, which represents well the effective number of
degrees of freedom at this scale or at that point on the trajectory. In unitary models, it
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Figure 10. The functions z;(#) and ps(6) for high temperatures.

should satisfy two properties: it should be constant and equal to the CFT central charge
at fixed points of the renormalization group (critical points), and it should monotonically
increase with the energy scale. The original c-function was defined by Zamolodchikov in
[106] in terms of two-point correlation functions of the stress-tensor, where he used it to
prove the inequality cyyv > cig between central charges at UV and IR fixed points of an
RG trajectory. Zamolodchikov defined a new c-function based on (equilibrium) TBA [25],
sometimes referred to as the effective central charge or scaling function,

Coti(T) := ig/ df cosh 6 log(1 + e=<®)), (45)

where r is the distance scale or inverse temperature scale entering the TBA equations.
Given the behavior of the current in CFT (17), we expect that the normalized current

12J (174, T 6 S ;(0)
61( 1 ) 7T(T12 _ Trz) 7T2(T12 _ Tr2> ; /_oo m; COS 1+ eEi(e) ( 6)
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gives a function which approaches the value of the UV central charge at high temperatures
or low masses, i.e. near quantum critical points. Further, at very low temperatures, the
current decays exponentially fast, hence ¢; (7], 7;) tends to zero. This means that ¢, (73, T;)
satisfies the first property of a c-function. It is interesting to enquire if this function is
actually a good c-function: that is, if it is also monotonic with temperature scale. Thanks
to the CFT result (18) for the higher cumulants, one can similarly enquire if the functions

12C, (1, T;)

Cn<1—i7Tr) = anl (7"1774+1 + (_1)n’1}n+1)

(47)
are good c-functions.

6.1. Numerical observations

Our numerics indeed confirm this: we observe that for every order n of the cumulant
and every temperature ratio o = 71/T;, the function (47) is a c-function. Note that these
are non-equilibrium c-functions, defined intrinsically with respect to physical quantities
characterizing a non-equilibrium steady state. It is particularly interesting to test this
for the roaming trajectories model, where the functions above are expected to display a
nontrivial plateau structure. A variety of such functions are presented and compared to
each other in figure 11.

All insets in figure 11 confirm the assumption that we may regard the functions defined
in (47) as c-functions. In fact, in the first figure of the second row we compare to (45),
and we see that the new functions essentially carry the same information as the standard
TBA scaling function. Each plateau is indeed located at a height corresponding to the
central charge of a minimal model and there is a staircase pattern running from ¢, = 0
(low temperatures) to ¢, = 1 (high temperatures), as can be seen for n = 1,2 and 3 in
the figures. There are, however, also some subtle and interesting differences with respect
to the equilibrium scaling function.

The size of the plateaux of the function (45) is exactly 6y/2, as can be seen in the
original work [85]. This is due to the structure of the TBA equations, which for high
energies can be conveniently mapped into ‘massless’ TBA equations, as explained in [107].
These equations naturally describe the c-function’s flow between two different minimal
models. In practice, these massless equations are obtained by performing the shifts 6 —
0 £ 0p/2 and these shifts give rise to a pair of equations which involve the new energy
scales mret/2 where /2 now becomes a natural scale of the problem and r is the
inverse temperature.

Observing the first figure in row one carefully, we can easily see that the size of the
plateaux of ¢;(7},7;) depends on ¢ and in fact increases with o. The reason for this is
very similar to the massless TBA argument given above. At high energies (temperatures)
we can once more map our TBA equation into a pair of ‘massless’ TBA equations.
However, we have now two parameters in the problem, that is, y and ¢. By performing
the shifts 6 — 6 £+ (0 + log 0)/2 we obtain two massless equations involving the energy
scales met(?o+1089)/2 g5 that the quantity %(00 + log o) becomes a new natural scale of
the problem. For this reason the size of the plateaux of the new c-functions ¢, (7}, 7;) is
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Figure 11. c-functions for the roaming trajectories model.

precisely given by %(90 +log o). This is confirmed by the first figure, where the size of the
plateaux is approximately 16, 17,19 and 20 for ¢ = 10, 100, 1000 and 10 000, respectively,
and the same holds for other figures. For instance, it is noticeable how the plateaux of
c1(T1,71/100) in the first figure of the second row are larger than those of ceg(77). This
plateau size argument applies to all the new c-functions (47), so that plotting ¢, (T}, 0~ '1})
for various values of n with the same o gives a set of extremely alike functions, as can be
seen in the last figure of row two and the first figure of row three.

Finally, the last diagram of figure 11 deserves particular attention. At first sight it
looks much as other diagrams in the same page. However, it is immediately striking that
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it has an additional plateau which appears to extend indefinitely on the right-hand side,
and that the variable in the horizontal axis is now %log 0. Here we present the functions
¢, (11, T,) with n = 1,2, 3 for a fixed value of mf = 1. When logo < 0, that is mf, < 1,
we observe the standard high-temperature behavior of the c-functions, namely plateaux
for all values of ¢ corresponding to the minimal models. This is quite natural as we are
looking at a region where mf, < 0. This behavior changes at log o = 0, which corresponds
to mf = mpB, = 1. For logo > 0 all c-functions reach a plateau (different for each) which
cannot be matched with the central charge of any minimal model. For logo > 0 and
mp; = 1 we are looking at a region where both temperatures are low, thus we do not
expect to recover CE'T results. In fact it is rather easy to predict, at least approximately,
the position of the plateaux that we observe for logo > 0. Since we are looking at the
low-temperature or large-m/3, regime this means that at first order the solutions to the
TBA equations can be approximated by the free solutions €(6) = W (#). Thus the current
in this region should be well approximated by the Ising solution given in (30). In terms
of this solution, the functions ¢; 2 5(7}, 7;) admit the following expressions:

: 3 o0 1 1
Isin .
Cq g(ﬂ? Tr) = 7_(_2(/1—712 _ TQ) /0 d9 Slnh(ze) <1 + emﬂl cosh® 1 + emﬁr COSh9> ’

3 o .
— 27r2(7]3—i—7}3)/0 df cosh 0 sinh(26)

( emﬁl cosh 6 emBr cosh 6 >
)

CIZSing (ﬂy Tr)

_|_

48
(1 +emﬁlcosh9)2 (1 +emﬁrcosh9)2 ( )

. 1 Oo
Cgsmg (Tl’ Tr) 4——T4) A d6 cosh? 0 sinh(29)

~2m(T

emﬁl cosh 9(_1 4 emﬁl cosh 0) emﬁr cosh 9(_ 1+ emﬁr cosh 9)
( (1 + emﬁl cosh9)3 B (1 + emﬁ]r cosh9)3 >

Evaluating these functions numerically for 7}/m = 1 and T,/m — 0 we obtain
AME(1,0) = 0.396314,  c5™(1,0) = 0.478062  and  ¢"8(1,0) = 0.497983, (49)

which reproduce extremely well (there is agreement up to five decimal places) the height
of the last plateau in the graph. It is even possible to get a very accurate value for the
same functions at logo = 0 by taking the limit when 71/m — T, /m = 1. This gives

A"8(1,1) = 0.478 062, AM(1,1) = 0478062  and ¢y™8(1,1) = 0.500284. (50)

The good agreement of (49) and (50) is remarkable as m/ = 1 does not really correspond
to extremely high temperatures where the Ising approximation should hold best. It appears
from this computation that this approximation is in fact extremely accurate already for
temperatures around 7}, /m = 1.

It is also interesting to observe that the size of the plateaux for logo < 0 is constant
and appears to equal 6p/2. This can be explained with a similar argument as that
employed earlier in predicting the size of the plateaux of other functions. As discussed
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earlier the quantities mBe*®+°89)/2 are natural energy scales of the problem (for high

temperatures). We are now fixing m/) and plotting against %loga so that we recover the
usual plateau size 0y/2 at high temperatures.

6.2. Physical interpretation

Since ¢, (11,T;) are dimensionless, they are functions of the dimensionless variables T}/m
and T,/m only, where m is the mass scale (say the mass of the lightest particle). Hence,
the observation that the c-functions ¢, (7],7;) expressed in (47) are non-decreasing with
the temperature scale, implies that upon a reduction of the mass scale, all cumulants are
non-decreasing:

d

P C, <0. (51)
This means that as the mass scale is decreased, the average energy transferred increases,
and the fluctuations are stronger, the probability distribution becoming overall ‘flatter’.
This has an immediate interpretation in terms of available energy carriers. By lowering
the mass scale, i.e. the gap, while keeping the temperature scale the same, we make more
energy carriers available as more quasi-particles can be created. This obviously implies
that the energy current should indeed be higher, as the situation is similar to that of
lowering the resistance while keeping the voltage the same in an electric circuit. But also,
the availability of energy carriers at lower energies means that the energy carriers cover
a wider energy spectrum, providing a wider scope for fluctuations of energy transfer.
Naturally, as m — 0, one should recover the CFT result (18). This means that we have
exact upper bounds on the cumulants, given by the cumulants of the UV fixed point:

cmn!
12

Co < —o- (T + (1)), (52)
We expect these results to hold in any integrable model with diagonal scattering, and
possibly much more generally.

7. The probability distribution and its Poisson process interpretation

In this subsection, for simplicity let us restrict ourselves to a single-particle spectrum,
with mass m.

As was shown in [52], in CFT, the large-time scaled energy transfer statistics may
be described by Poisson processes. Specifically, the scaled cumulant generating function
in CFT is that of a combination of independent Poisson processes at every energy F
representing jumps in both directions, weighted by the Maxwell -Boltzmann factor e .+F
(for jumps towards the right and left respectively):

Fepr(2) = /dq werr(q) (e¥—1), WCFT = (53)

ﬂ_ e—ﬁlq (q > 0)
12 | e (g <0)

where e*? — 1 is the cumulant generating function for a single Poisson process.
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Is the scaled cumulant generating function for energy transfer in IQFT also described
by Poisson processes? That is, is it true that

= /dqw(q) (e*1—1) (54)

for some nonnegative weights w(q)? In order to answer this question, we recall that our
exact form for F'(z) comes from the exact current and the extended fluctuation relations
(15), which relate F(z) to the current at shifted temperatures. This means that if (54)
holds, then the weights w(q) are simply related to the Fourier transform of the current as
a function of inverse temperature differences:

w(g) = / X 8 —ix B+ i) e, (55)

Note that this is real if J(f), 5;) is a real-analytic function. We may interpret the large-
time scale energy transfer as being composed of Poisson processes if and only if this w(q)
is also nonnegative.

For the Ising model, using (30) in the form

JISlng ﬂlaﬂr = / dEEZ n 1 _nﬁlE nBrE)

we find
) = e P for ¢ > nm
Wising (¢) = Z 27m2 - e for ¢ < —mm (56)
n=1 0 otherwise

For every finite ¢, this is a finite sum. Since S0, ((—=1)"~1/27n?) is positive for every
N, then indeed wiging(q) is a positive weight. Hence in the Ising model, there is a Poisson
process for every transfer |¢| > m with finite positive weight proportional to the Maxwell—
Boltzmann factor, and as an integer multiple of m is passed, the proportionality factor
changes abruptly (increasing or decreasing). In the limit m = 0 the proportionality factor
is constant with ¢, and equals Y > ((=1)""'/27n?) = 7/24, as it should (CFT with
central charge ¢ = 1/2).

In the interacting case, the question is more complicated, because we cannot
analytically Fourier transform the NESSTBA expression (25) for the current. However,
we can analytically study the large-m limit (or low-temperature limit) using the second-
order expansion (D.7), derived in appendix D. This is divided into two contributions,
(D.8) and (D.9). The contributions (D.8) are exactly of the Ising form (to second order),
so that they contribute terms of the form (56) to the weight w(q). In fact, to every order
there will be terms of that form, so that we can write w(q) = Wising(q) + Winter(q), Where
Winter(q) incorporates all effects of the particle interactions. The contributions (D.9), with
interaction terms, are purely of second order. This implies that for low enough energies,
the scaled energy transfer statistics can indeed be described by a continuum of Poisson
processes; more precisely, for all |¢| < 2m, the weight is exactly the Ising weight wising(q).

The contributions (D.9) give the exact winter(q) for all 0 < |g| < 3m. In order to show
that w(q) is nonnegative, it is sufficient to show that winter(¢) is nonnegative, since wising (¢)
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Figure 12. The function w(q) for the sinh-Gordon (red, solid curve) and Ising
(blue, dashed curve) models.

is. The contributions (D.9) may be analyzed using the result expressed in the last two
lines in (D.13). Fourier transforming, we find

0<|ql<3m nl2
42
— e Prlmeoshbimeoshn) 5 cosh @ + m cosh y + q))

x cosh 0 (6 — ) (sinh 6 + sinh )

q Winter (q) / do dvy <efﬁl(m coshf+mcosh7) 51 cosh § + m coshy — q)
0

2 [
+ % / df dry e PrmecoshO=frmeosh 5,0 cosh § — m coshy — q)
™ Jo
X (0 + ~v)(sinh(26) — sinh(2v) + 2sinh(0 — 7)). (57)

As is apparent, the right-hand side is exactly zero for 0 < |¢| < 2m, and is positive for
q > 2m and negative for ¢ < —2m. This shows that wiye(¢) is @ nonnegative function of
q for all 0 < |g| < 3m, hence that there is a Poisson process interpretation in this whole
range of energy transfer.

A proof to all orders, however, is more difficult. Instead, we compute w(q) by
numerically evaluating the Fourier transform in (55). Figure 12 shows the result (solid
curve) for the sinh-Gordon model. This is clearly a nonnegative function, up to oscillations
that are stronger near sharp changes due to numerical imprecisions.

A comparison between the function w(q) in the sinh-Gordon model and the function
Wising(¢) 1s also presented in figure 12. The two functions display very similar features.
For values of |¢| < 2m we should find complete agreement between both curves. This
indeed appears to be the case up to the limited precision of our numerical procedure. For
example, for |g| < m the Fourier transform should be zero (as it is for Ising). Instead, we
see oscillations about the value zero. As explained above, for 2m < |g| < 3m the function
w(q) of the sinh-Gordon model should start differing from the Ising case, through the
correction (57). Although we are not plotting the contribution from this correction here,
it is apparent that the two curves start to disagree more for 2m < |¢|. The two curves
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become almost indistinguishable for large values of |g|/m (CFT limit), where they both
display exponential decay w(q) oc e=+14l according to (53). Although the coefficient of this
exponential decay should be twice as large for the sinh-Gordon model (since ¢ = 1) this is
hard to observe explicitly by comparing the two functions, as the exponential decay is the
dominating feature. We have also evaluated numerically w(q) for the roaming trajectories
model, confirming that it is nonnegative.

The form (54) of the scaled cumulant generating function means that the complete,
large-time scaled statistics of the energy transfer is that of independent, classical packets
of energies |g| jumping towards the right (¢ > 0) or left (¢ < 0) in a Poissonian fashion
with intensity dgw(q) for some positive weight w(q). This Poisson process description
may be seen as an improvement on the idea behind the Landauer formula for non-
equilibrium currents. In the Landauer formula, one assumes that two baths at different
temperatures/chemical potentials with independent equilibrium distributions are emitting
excitations through available channels. A similar picture holds for all fluctuations in CF'T,
as the weight function wcrr(g) is proportional to the Boltzmann distribution times the
flat state density, as observed in [52]. However, this is not the case in general: the weight
function is not just that determined by the Boltzmann distribution times the state density,
but is a more complicated function, encoding nontrivially the full interaction.

8. (Non-)additivity of the current

As recalled above, in [52] it was shown that in CFT the current takes the form

JCFT(BI? /Br) = f(ﬁl) - f(ﬁr) (58)
for some function f. This form of the current is equivalent to the additivity property
Jorr (B, B2) + Jerr (B2, B3) — Jerr(Br, B3) = 0. (59)

As was observed in [72], additivity, or the existence of the function f as in (58), implies
that the non-equilibrium current is completely determined by the linear (equilibrium)
conductance

o 0 IR
GCqFT<T) = aiTlJCFT(T1 17T2 1)

, (60)

T =T>=T

that is
T
Jorr( T3 = [ Gy(T) aT (61)
T>

Although this observation is not useful in CFT because the current can be evaluated
exactly by other means, if the additivity property were to hold beyond CFT, equation (61)
could have deep and important physical consequences. It was indeed suggested in [72],
based on a numerical analysis, that additivity holds in the critical XXZ chain beyond the
low-temperature limit, hence beyond the universal region that is expected to be described
by CFT. In fact, it was also suggested in [68] that additivity could hold in massive quantum
field theory.
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We show that the additivity property does not hold in general: the non-equilibrium
current is not determined by the equilibrium conductance. However, as we observe in the
sine-Gordon model, the breaking of additivity may be very small. The breaking is due to
a delicate imbalance that arises because, in strongly interacting models, level densities are
affected by level occupations at different energies.

8.1. Proof and numerical observations

Let us define the additivity deficit

_ J(B,0B) + J(0B,0?B) — J(B,0°B)

7(3.0°8) | (62)

P(B,0):

We show in appendix E that
P(B,0) #0. (63)

That is, we show, in the formulation (4), (7) of the non-equilibrium steady state and in
general diagonal-scattering integrable QFT, that for any low enough temperature, fm >
Bom for some [y, and any large enough temperature ratio, ¢ > o for some oy > 1, the
quantity P(f3,0) is nonzero. For technical reasons, we will assume that the differential
scattering phases ;;(6) have a fixed sign (i.e. p;;(f) is positive for every i,j and 6, or
is negative for every i,j and 6); this condition is satisfied for all models studied in this
paper. Our proof will also show that, for instance, P(3,0) for ¢ > oy has a positive
sign for the sinh-Gordon and roaming trajectories model, and a negative sign for the
reflectionless sine-Gordon model studied above; hence in general, it does not have a fixed,
model-independent sign.

Numerical evaluations of the additivity deficit in the sinh-Gordon, roaming trajectories
and reflectionless sine-Gordon model also confirm that it is nonzero. The evaluations yield
another important insight: the additivity deficit, although nonzero, is actually very small in
most cases. The maximum value of the additivity deficit P(3, o) as function of 5 depends
on the ratio of temperatures o, but for ratios below ten the maximum does not go beyond
about 4% in the sinh-Gordon model. It increases as o is increased, but the region where
P(5,0) is large becomes smaller. All these features can be observed in the first graph
of figure 13, where the values depicted have been obtained by numerically solving the
NESSTBA equations. The second graph represents the same quantity as obtained by
approximating the current by its low-temperature expansion given in appendix D. We
can see that both figures show a similar set of features, however they differ considerably
in magnitude, especially for high energies.

A more involved structure is found when studying the function P(S,¢) in the roaming
trajectories model (see figure 14). We have used a logarithmic scale in this case to show
more clearly the correspondence between regions where the additivity deficit is zero and
plateaux in the corresponding c-functions. In order to make this correspondence even
more explicit we present both the function ¢; and the (re-scaled) additivity deficit in
the first figure. As we can see, maxima of the additivity deficit are situated at values of
log(m/3/2) which are exactly multiples of (6 + logo)/2. These values correspond to the
middle point of c-function steps which connect two consecutive plateaux. As expected,
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Figure 14. The function P(8,0) for two values of ¢ in the roaming trajectories
model.

the additivity deficit vanishes between such maxima exactly in those regions where the
c-function develops plateaux, where the system is essentially described by a CFT. From
this description, it is interesting to note that there is an exception, namely the first step
of the c-function (connecting the values ¢; = 0 and ¢; = %) does not have an associated
maximum of the additivity deficit. In fact this first step and the subsequent plateau at
c = % give us the c-function associated with the Ising model. As is easy to observe
from (30), the Ising model (both massive and massless) enjoys the additivity property.
Therefore the additivity deficit vanishes in this region. The same features are observed as
well in the second figure.

It is also worth noting that the maximum value of the additivity deficit increases with
o, as for the sinh-Gordon model. However, for the roaming trajectories model it seems
that the additivity deficit can be rather large for large o. For example, in the second figure
it sometimes reaches values near 30%. We observe that for the flow between the minimal
models My and My (central charge 7/10 and 1/2 respectively), the additivity deficit is
the largest.

In contrast, for the reflectionless sine-Gordon model, with ¢ in the range between 3
and 9 the maximum deviation does not go beyond 0.15%.
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Gordon model.

This is important, because the numerical analysis of [72], from which it was concluded
that additivity exactly held, is not expected to reach the accuracy necessary to detect
such small effects. There is of course a priori no contradiction between our results and
the conclusions of [72], because our results are in the context of near-critical, universal
low-temperature systems, while the analysis of [72] is in the context of the non-universal,
higher temperature regime of gapless chains. Yet, our remark that the additivity deficit
may be lower than the precision achieved in [72] sheds doubt about the precise conclusions
reached there. It is however rather interesting that the results of [72] and our present results
indicate that additivity may be approximately satisfied in many cases.

8.2. Physical interpretation

The additivity property holds exactly in massive quantum field theory in three situations:
(i) at high temperatures, where the CFT regime is recovered; (ii) in free-particle models;
and (iii) at low temperatures.

In order to understand, at least in the context of integrable QFT, why in the three
above-mentioned situations the additivity property should hold, and why it should break,
although sometimes weakly, in other situations, let us recall and analyze in a bit more
depth the argument for additivity presented in [68]. We start with the expression (22)
for the finite-L counterpart of the non-equilibrium current (the latter being obtained by
taking the limit L — 00). As we argued, this makes good sense in integrable QFT, thanks
to the description of the finite-L Hilbert space in terms of Bethe ansatz quasi-particles.
Labeling quasi-particles in a state |v) by k, they have well-defined energies e, and momenta
pi. Clearly, for every state |v) with n quasi-particles, we have Plv) = (3°)_; px) |v). Let us
introduce the operators P, and E. that measure the momenta and energies of positive-
and negative-momentum quasi-particles respectively:

Pelo)y = > o] lv), Exvy={ Y e v).

k: pr20 k: pr20
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Clearly, we have P = P, + P_, and also, on every state |v), the finite-L density matrix
pL.. given by (20) factorizes, pk, |v) = e AE+=5E-|y). Using the fact that ey = e if
pr = —pk, and the fact that by parity invariance, the spectrum of momenta is symmetric
under change of signs, it was then concluded in [68] that the average (22) should give, in
the large-L limit, the form f(5)) — f(5;) for J(B, B;), hence the additivity property.

There is, however, one missing argument: in order to reach this conclusion, we also
need the trace itself to factorize, Trp = Tryy, <0y Tryy,, >0y. This, unfortunately, does not
hold in general. Indeed, according to the Bethe ansatz equations, the density of quasi-
particles around a certain momentum depends in a nontrivial and nonnegligible way on
the density of quasi-particles at other momenta. This non-factorization is true at finite
L, and in the large-L limit factorization is not recovered. This is of course what leads to
coupled integral equations determining the pseudo-energy in the TBA formulation above.
The fact that the relatively small effect of the breaking of the factorization of the trace
is at the basis of the breaking of the additivity property may explain why additivity is
broken only very slightly for the sinh-Gordon and sine-Gordon models studied here.

Factorization of the trace, hence additivity, does hold, however, in the three situations
mentioned above. It is clear that it holds in the situation (ii), in the case of free particles:
the defining property of free particles is that the density of states of the quasi-particles
is unaffected by the presence or absence of other quasi-particles. In the situation (iii),
at low temperatures, it is also clear that the trace factorizes: in this case, one may
restrict the trace to excitations containing only one quasi-particle, so that the level
density is not affected by the presence of any other quasi-particle. In the situation (i), at
high temperatures, factorization of the trace occurs because of the large-energy rapidity-
space factorization: the scattering matrix asymptotically tends to a constant, whence
the differential scattering phases ¢;;() tends to zero. This implies that the density of
particles at momenta largely separated do not influence each other, so that the trace can
be factorized into large-energy right-movers and left-movers.

9. Conclusion

In this paper we considered non-equilibrium steady states with energy flows in integrable
QFT. The steady states are obtained from the setup where an initial state representing two
independently thermalized halves of the system is allowed to evolve for an infinite time. In
this setup, it is the asymptotic regions of the system itself that play the roles of reservoirs
providing and absorbing energy (Hamiltonian reservoirs). The exact non-equilibrium
density matrix describing averages of local observables in the steady state was proposed,
and derived from QFT arguments, in [52, 68]. Using this density matrix, we obtained
for the first time the exact energy current in any integrable model of relativistic QFT
with diagonal-scattering matrix by generalizing the thermodynamic Bethe ansatz (TBA)
method first developed by Zamolodchikov in [25]. Employing the extended fluctuation
relation (15) derived by Bernard and Doyon [15], we further obtain the scaled cumulant
generating function of the heat current.

We have verified that our formula for the current (25) agrees with known results and
techniques in both the high- and low-temperature limits. For high temperatures, Bernard
and Doyon’s CFT result [52] is exactly recovered by generalizing the high-temperature
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limit analysis of TBA equations in [25]. The low-temperature expansion of (25) also agrees
with the result obtained by using the finite-volume regularization methods of Pozgay and
Takacs in [82].

We have solved the equations (25) numerically for three models: the sinh-Gordon
model, the roaming trajectories model and the sine-Gordon model at a particular
reflectionless point. The numerical results for the currents in these three models agree
well with the analytic results both for high and low temperatures. Also the numerics, in
particular of the roaming trajectories model, suggest the existence of an infinite family of
c-functions which are given in terms of the cumulants (these functions are verified to satisfy
the required properties: positivity, monotonicity, constant limiting values corresponding
to the CET central charges at RG fixed points). They display a very similar behavior to
that of the standard TBA scaling function, recovering for instance CFT central charges
of minimal models in the roaming trajectories model. These allowed us to establish upper
bounds for cumulants in any integrable model with diagonal scattering.

We verified that the scaled cumulant generating function can be seen as that of a family
of independent Poisson processes, one for every value of the transferred energy. Hence,
the complete, large-time scaled statistics of the energy transfer is that of independent,
classical packets of energies jumping towards the right or left in a Poissonian fashion
with weight w(q). We have evaluated w(gq) numerically for the sinh-Gordon and roaming
trajectories models, thus verifying that it is nonnegative. The Poisson process description
may be seen as an improvement on the idea behind the Landauer formula.

Finally, we have proved that the additivity of the non-equilibrium current does not
hold in a general diagonal theory both analytically and numerically, except at very large
and very small temperatures. The additivity deficit has been found to be very small in the
numerical analysis of the sinh-Gordon and sine-Gordon models considered here, although
it can be rather large for large temperature ratios in the roaming trajectories model.

There are many directions to explore from our results. First, an independent
verification of our results, perhaps from perturbation theory or from numerical
calculations, would be very helpful for confirming both that our techniques work, and
that the non-equilibrium density matrix derived in [68] is the correct one. In particular,
DMRG numerics has been performed in [72] for the XXZ spin chain in the quench
situation that we consider here. It would be possible to adapt this to gapped chains
whose massive scaling limit is the reflectionless sine-Gordon model that we studied. It
would also be very interesting to extend our analysis of the sine-Gordon model to the
non-diagonal case or even to more complex reflectionless points and to check if we still
have c-functions and a Poisson process interpretation, and if the deviation from additivity
is small or not. In the non-diagonal case, TBA becomes much more complicated. The
development of nonlinear integral equations for the current, paralleling the equilibrium
case, could be helpful. Further, we have only evaluated the Poisson weight by numerically
Fourier transforming the current. It would be interesting to have an exact expression in
some form (such as an integral equation). Additionally, it is natural to think that the
c-functions we proposed apply much more generally than in integrable QFT; it would be
very interesting to have general arguments or a general proof that they are c-functions.
Finally, an interesting question is to understand if the Poisson process interpretation still
holds beyond integrability.
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Appendix A. Cumulants in terms of correlators

The expression (12) for the scaled cumulant generating function can be simplified to its
‘naive’ form in the case of pure-transmission systems (and in slightly more general cases
as well), as was shown in [15]:

F(z)= tliglo t~'log <<eZAQ(t)>Stat> (A.1)

where we recall that AQ(t) = Q(t) — Q. Hence, cumulants have the form

C, = lim £ (AQ())") e (A2)
where the superscript ‘connected’ has the usual combinatoric meaning, e.g.

(A st = (A%)stat = ((A)star)” s

(A%) et = (A%)gtat — 3(A)stat (A)stat + 2 ((A)star)”

We may now use, by definition of the current operator,

s = [ s (1)

so that

t—o00 e—071

t
C, = lim t* lim / dsg -+ ds,_1 (T (Sp_1 + (n — 1ie) - - T (51 + i€) T (sp))conmected (A 3)
0

where we have included an imaginary time shift that agrees with the ordering of the
operators in the product (AQ(¢))", and that regularizes the correlation functions. By
stationarity of the steady state, we shift all time variables by a common value. Hence,
changing variables to u; = s; — 5o for j =1,...,n — 1, we find

t—00 e—0t

t t
C, = lim ¢! lim / dsg duqg - - duy,_q
0 —t

X <j(un71 + (TZ — 1)16) e j(ul + idj(o»g;):tnected

t

= lim ¢! lim duy - - - du,_q
t—o0 e=0t J_4
X <~7(Un—1 + (n — 1)16) .. j(ul + ie)j(o»gtoartltnected
min(t—u1,...,t—un,t)
X / dSO. (A4)
max(—ut,...,—Un—1,0)
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Since we expect that connected correlation functions decay exponentially at large time
separations, whenever any u; variable is large the integrand is exponentially suppressed.
Hence the last factor can be approximated, for large ¢, by its value with uy = --- =u,,_1 =
0, giving a factor of t. This shows (13).

Appendix B. Derivation of the NESSTBA equations

In this section we follow the arguments presented in [25] in order to obtain the TBA
representation (25) of the exact non-equilibrium current. For simplicity, we restrict
ourselves to models with a single-particle spectrum, but the derivation easily generalizes
to many-particle types with diagonal scattering.

The idea of [25], in the present context, is to consider the trace representation (24) of
the free energy f® on a periodic space of finite length L, and to evaluate it in the limit
L — oo by analyzing the state that provides the leading contribution in this limit. At
finite L, one assumes that the states are described by the Bethe ansatz associated with
the QFT two-particle scattering matrix S(€). In particular, there is a discrete set of states,
and the distribution of Bethe roots is fixed from Bethe ansatz equations, the periodicity
condition of the wavefunction on the circle of length L. One must also make a choice of
density matrix pg‘tat which extrapolates to pgat at L — 0o, and as said in the text, here
we choose (20).

One describes the Bethe ansatz states using densities of ‘levels’ or single-particle states
p(0), and of particles v(6), as functions of the rapidity (so that p(#)df and v(6) df are the
number of available levels and the number of particles, respectively, between rapidities
and 0 + df). The Bethe ansatz equations relate these two as follows:

amp0) = L) 1 [ yofo =) (r) (B.1)

where p(#) := msinh 6 is the momentum at rapidity 0 and ¢(0) = —i0yS(#). This equation
simply means that the non-interacting level density (1/27)(dp(6)/df) at rapidity 6 is
modified, thanks to the interaction, by the presence of particles at other rapidities. The
densities giving rise to the leading contribution of the trace of the operator pk, e " in
(24) are evaluated by minimizing the free energy functional F°[p,v| := W[v| — L[p,V].
The term W¢[v| is the functional of the particle density v(f) that corresponds to the

negative of the logarithm of the operator p%,  e=2%: this is, thanks to (20) and (7),

Wel] = / 6 (W () + ap(8)) v(6).

The term L[p, | is the number of actual Bethe states (entropy) corresponding to p and v
in the ‘fermionic case’ (the one that applies in the models considered here), see [25],

Llp.v] = [ 46 (p(6) g p(6) — v(6)log v(0) — (o(6) — v(6)) og(p(6) — (9)).

The minimization of F*[p, v| under the constraint (B.1) leads to the equation

2
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for the pseudo-energy

)= tog (20 ~1). (B.3)

The value of the trace Try, (pk,. e ") in (24) as L — oo is hence dominated by the choice
of the densities satisfying simultaneously (B.1) and (B.2). Let us denote these densities
by p®(0) and v*(#), and let us similarly use () for the associated pseudo-energy. The
value of the trace is then e “f*TO0) where Lf® = F°[p% v%]. Using (B.1) and (B.2) it
turns out [25] that this value can be expressed solely in terms of the pseudo-energy,

a6 dp(6 .
fo = —/%ﬂ(g)log(l o), (B.4)

This is easily generalizable to a spectrum of more than one-particle type, as long as the
scattering is diagonal; in this case we have many pseudo-energies €?(6) for 1 = 1,...,¢
particle types (as well as many level densities and particle densities). Along with the
expression of .J in (24), we then find (25), where we note that x;(0) = def(#)/da| _, and
(0) = e779(0).

In order to obtain (26), we observe that the current (25) can be written as

J(By, Br) = (E, (1 — )" xp). (B.5)

Here we define the inner product
1 dé
1.0 = 5.3 [ 1 g 0)50) (5.6)
and the linear operation
1 dy
O () = 5= 3 [ L5056 =10, (B.7)
j

and we use F;(6) := m;cosh(f) and p;(0) := m;sinh(f). Indeed (B.5) holds because, in
this notation and according to (25), we have J = (FE,x), where x satisfies the equation
r=p+ ¢ *z, whose solutionisz=(1—p) L xp=p+eoxp+toxpxp+...

We note that by unitarity, S;;(6)S;;(—6) = 1. Hence, ¢;;(8) = ¢;;(—0). This implies
that ¢ is a Hermitian operator under our inner product and linear operation:

(frpx9) = (px[.9). (B.8)
Hence also (1 — ¢)~! is Hermitian, so that we have
J(B, ) = (p, (1 — ) '+ E). (B.9)

This is (26). It is simple to see that y;(0) = ((1—¢) % E);(0) is in fact equal to 2w p;(0)/L,
proportional to the level density for particle type i at rapidity ¢, thanks to (B.1) and (B.3)
(generalized to many-particle types).

doi:10.1088,/1742-5468,/2014,/03/P03011 40



Chapter 4. Fluctuations 181

TBA for non-equilibrium steady states: exact energy current and fluctuations in integrable QFT

Taking linear combinations of (25) and (26), one may obtain various expressions for
the current. For instance, going back to the case of a single-particle spectrum ¢ = 1 for
simplicity, we may define

+mev=® = 2(0) 4 u(6) (B.10)

and we find the expression

m2 eg+y+(9) J— e_e""y* (9)
T, 5) = 5 [ a8

1+ <) (B.11)
eyi(e) _ eie + / do (9 ")/) eyi(’Y)
2 14 e

The equality of (25) and (26) further gives

ef+y-(6) e~ 0+y+(0
dé df ——. B.12
[ = [0 (B.12)
We note that in combination with the symmetry of €(f) under the simultaneous exchange

0 <» —0 and [ <> [, the above implies that both sides of (B.12) are actually invariant
under £ <> f..

Appendix C. High-temperature limit

In this appendix we will consider the expression for the current presented in (25) in terms
of thermodynamic quantities and carry out its high-temperature limit. We will rigorously
show how this limit leads to the known CFT expression (17). Our computation follows
closely the work [25], where a similar analysis was carried out for the effective central
charge cog(r).

Recall the relationship between the current and the free energy (24) which, in an
(-particle system, is given by

~ordo
- g /ml cosh flog(1 4 =), (C.1)
—J) 2m

We can rewrite (C.1) as

¢
Z/ di;” coshOL;(6) — Z/o dizll cosh0L;(0) := fI + f (C.2)
o 8 i=1

where r;,. = m; (3, and r;; = m;5,. We can obtain the steady-state current in CF'T by taking
the limits r;, — 0 and r; — 0. In this high-temperature limit, ¢;(#) and consequently L;(6)
are constants with limiting values ¢;(0), L;(0) in the central region —log(2/r;) < 0 <
log(2/ry;) and it goes to infinity at the two edges. Therefore, L;(#) exhibits a typical
plateau behavior in the central region and has a double exponential falloff outside this
region (we have seen many graphical examples of this in previous sections). As r; and
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rir g0 to zero, the plateaux become wider and the form of their two edges tends to some
universal pattern. The limiting form of the left edge is determined by the ‘kink’ solution
Lix—(0) which satisfies the equation

(1—5) R ( +Z/d9/g% 0 —0) Ly (0) = (C.3)

where €;,—(0) = €0 — log(2/r;)] and Lk (0) = L;[0 — log(2/7,)]. Similarly, the limiting
form of the right edge is determined by the function L.k, (#) which satisfies the equation

<1+ )ee+e-k («9)+i/de/g0~(9—9’)lfk @)=0 (C.4)
6[ ik+ ~ ot i Jk+ .

where €., (0) = €0 + log(2/ry)] and Ly (0) = L;[0 + log(2/r;)]. These equations follow
from (29) by performing the indicated rapidity shifts. We can now rewrite the high-
temperature limit of the ‘free energies’” f?) in terms of these new ‘kink’ functions as

l
fo= —;Z / ;iiemk_(e), Z / —e Ly (0 (C.5)

Differentiating (C.3) and (C.4) with respect to 6 we have

(1 - ;) o0 4 Ja0) é / dLj;W(el)goij(e —0) =0 (C.6)

and

<1+5l> an 6”“* Z/dLJ“ (O—0)=0. (.7)

Solving these equations for e and substituting e=? in f¢ and e’ in f{ we obtain

R (R o) e

and

P Ry oy Uy S () dLm
fi ——Bﬁa;/%( Z/ (6 — 9)) Lies (0). (C.9)

Let us consider f in more detail. When 7;,,7; — 0 we can rewrite it as

1 1 [ deg
fi= 5 _aom [Z delog(l+¢e79) Z /6(0) . +:6m_ % Ljp_ (9)] , (C.10)

i=1 Y €i(0) ij=1
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where we assumed there is parity invariance ¢;;(0) = ¢;i(f) and used dL = —de/(1 + €°).
We can now substitute the convolution ¢;;* L;x_ () by its expression from equation (C.3),
which leads to

* degp— < ejp—de— r — <
/ 766 —ij * L (0) = —/ Cik—CCik— P a/ e %d Ly
€ 61(0) L

(o 1+ e Lrews B Juwo
00 i d ik r— o —
— —/ Cik e,k +B a/ e ’Ly-dd.  (C.11)
e(0) 14 e Br Jrog(riv/2)

In the last line we have used integration by parts. We note that the last term is (up to
constants and summing up in ¢) nothing but the original function f*. We can therefore
substitute in (C.10) and solve for f¢. An identical calculation can be performed for f{,
leading to:

.1/ 1\ [~ ) ¢

Differentiating (C.12) with respect to a and setting a = 0, finally we have

1

J(B B) = £ HQ—;Q} zé:/oo de <1og(1+e—f)+ ‘ ) T o1y, (Ca3)

(0) l1+e) 12

The last equality follows from the identification of the central charge with the integral
above (up to the constant 72/3). This integral provides a representation of Roger’s
dilogarithm function. The connection of this function with the central charge has been
discussed in detail in the classic literature on the subject [25, 104]. The values ¢;(0)
can be obtained by solving the constant TBA equations which were introduced in [104].
These can be obtained from the original (both at and out of equilibrium) TBA equations
by exploiting the additional fact that the TBA kernel is usually picked about 6 = 0.
This implies that in the high-energy (temperature) limit the kernels ¢;; * L;(#) may be
approximated by assuming that L;(#) is constant for 6 near zero

pij * L;j(0) = Nijlog(1 + e ), (C.14)
with N;; = —(1/27) [ ¢:;(0)df so that the TBA equations become

L
EZ(O) = Z Nij lOg(l + e_ej(o)). (ClS)
7=1

This is a set of coupled algebraic equations which have been solved for many families of
models and which exhibit very interesting structures (see e.g. [108] for a recent review).
Another interesting physical situation corresponds to the case when one temperature
is kept constant and low while the other temperature becomes very large. Thus we have
ry = const. and r;. — 0. In order to study the current in this case we may follow identical
steps as above, starting with the separation of the ground state energy into the two
contributions (C.2). In this situation the functions ¢;() are no longer continuous at § =0
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Figure C.1. L-functions for large values of mg, and small values of mg; in the
sinh-Gordon and roaming trajectories model.

due to the presence of W () in the TBA equations. Thus, they have two different limiting
values at # = 0 with the relation:

€i+(0) = €_(0) — 7y, (C.16)

where we use the notation €;(6) and €;,_(f) to represent €(#) in the regions § > 0 and
6 < 0, respectively. Also we have to note that the left-right asymmetry of the L-function
has been broken. The left part of the L-function remains the same: it has a plateau at
log(1 + e~%-(©) in the region —log(2/r;) < 6 < 0. But the right part has only a quick
exponential falloff, since €;, (0) = r; cosh 6 for § > 0 and r;; > 1. Therefore it does not show
any plateau behavior. These features are particularly clear in the second plot of figure C.1,
which gives the L-function of the roaming trajectories model. A clear discontinuity is also
observed in the first figure, albeit the L-function does not display a plateau on the left-
hand side due to the particular features of the sinh-Gordon model already discussed in
section 5.

Thus f* is simply defined by the second term in (C.2) and cannot be further simplified.
f& can be computed exactly as before, leading to the same result, that is the first term
in (C.12). By differentiating with respect to a and setting a = 0 the following result is
obtained:

¢
> do zi+(0) 1 > e €
J(ﬁbﬁr)zz [/0 %micosh01+e€i+(9) +47T5r2/ de (log(1+e )+ 1+e€>

i=1 ei—(0)

¢
_ *do i+ (0) e
— Z_Zl/o 5 M cosh@1 e ) + 5 (C.17)

where x;, (0) can be obtained from (B.2) as z;,(0) = de;;(0)/dala=o-
An interesting conclusion to be drawn from this is that a configuration where one
temperature is high and the other is low will still give rise to c-functions ¢, (71, 7;) such
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as the ones shown in figure 11. This is because when dividing the cumulants by 77" +
(—=1)"T" ! the coefficient of the singularities of the cumulants is extracted and this is the
same as when both right and left temperatures are high. This is the reason why in the
last graph of figure 11 we can still see the usual plateau structure, even though mpg, =1
is rather large.

Appendix D. Low-temperature expansion

Although the TBA equations generally need to be solved numerically, at low temperatures
a perturbative expansion may be used, leading to analytic results. In particular these
analytic results will allow us to establish rigorously the result P(53,0/3) # 0 as discussed
in appendix E. In order to do this, we will consider once more the original TBA equations
(25). For simplicity, let us consider a theory with a single-particle spectrum (such as the
sinh-Gordon model). We will start by rewriting the TBA equation as follows:

y(0) = n(0) exp (¢ + L)(0)), (D.1)

where 5(0) := e and n(f) := e W For low temperatures, the function W () takes
large values, thus y(6) is generally very small. We can therefore expand the exponential
on the right-hand side of (D.1) up to and including the second order in 7(f) as

y(0) =n(0) (1+ (o L)(0) + 5(0x L)*(0) +---) (D.2)
and approximate the L-function as

y(0)*  y(©0)°
2 3!

L(6) =log(1+ y(0)) =~ y(0) — +e (D.3)

Combining these two expansions and keeping only up to order n(#)? terms we find

y(0) = n(0) (1 + (p*xn)(0)). (D.4)

We now want to use this result to study the non-additivity of the current J(5), 5;). As
seen earlier, the current is of the form

T ) = o /_ Z d6 cosh em ~ o : 46 cosh 6z(6)y(6)(1 — y(0)), (D.5)

The product x(6)y(6) can be approximated as
—z(0)y(0) = y'(0) = n'(0) (1 + (v n)(0)) + n(0) (¢ + 1) (0), (D-6)

where y/(0) = dy(6)/dal,_, and y(0, 2) is the function e“®) as defined by the equation (B.2)
and similarly for 7/(6). Thus, at order n? the current is

I35 = 5 [ beoshon(®) inh8 (L= n(0) + (5 @) ~ (o= 1)O), (DT
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where we used the fact that 7/(#) = —msinh@n(f). Due to the structure of W (#) it is
clear that the terms

e(B, B.) = m/ d6sinh 20 7(6) (1 — 1(6)) , (D.8)

provide an additive contribution in the sense that they have the structure f(/5) — f(5:).
We will now show that this is not the case for the other two terms. We will call this
contribution to the current r(f, ;) and it is given by

r(B ) .—m / 40 cosh 0(6) (sinh (0 1) () — (¢ +1)(0)) . (D.9)

Let us write the function explicitly:

r(6, Br) = m / / do dfy 5 sinh 20 MO — )"

+m? / / dz;h cosh@sinh eV @ ip( — )" ™. (D.10)

Employing the definition of 1 (#), the integrals above split into four regions, depending
on the sign of # and ~:

dod
ﬁl, ﬁr m / / /7 Slnh(20)e_B1mCOSh9(’0<0 . /y)e—b’lmcosh'y

déd
+m / / 7 5 sinh(20)e —hmcosh0 (g _ y)g~Prmcoshy
dod ] '
+m / / f}/ Slnh(QQ)G_BTmCOEhQQP(@ _ f}/)e—ﬂrmcosh'y

dod
+m / / ’7 smh(29) ﬁrmcoshego(e . ,y)e—ﬁlmcosh'y

e redgd
+m? / / 7 cosh 6 sinh ve_ﬁlm COSM@(H — v)e_ﬁ”"COSh7
0 0 27T

© 0 dod
+m? /0 / 271-7 cosh 6 sinh fye—ﬂlm cosh 9@(9 . ,y)e—ﬂrm cosh

0 0 dod
+m? / / 27r7 cosh 0 sinh ’ye*ﬂrmCOShego(G — ’y)efﬁrmc‘)gh'y

0 redgd 2
+m? / /o 277 cosh @ sinh ye Armeoshf, (g ~)emFim”coshy (D.11)

It is now a tedious though simple computation to group these integrals together by
changing variables § — —f# and v — —~v where appropriate. When doing this we will
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use the fact that the kernel ¢(0) is, by definition, an even function. Grouping terms
together we finally obtain

> > dgd —pP1m|(cos COS. —pPrm(cos COS. 3
(B, Br) :m2/0 /0 2(27T’)Y2 (e Aim(cosh+coshy) _ g=Prm(cosh O+ h7)> sinh(26)¢(0 — )

e~ dfd
+ m2/ / : i (efﬁlm(cosh9+cosh'y) . ef,Brm(cosht‘)«#cosh'y)) S0(9 _ ’7) COShQSiHh’}/
0o Jo m

o r dod
+m? / / 2(2752 e*BImCOSheefﬁrmcosMgo(H + ) (sinh(26) — sinh(2v)+2sinh(0 — 7)) .
o Jo

(D.12)

Examining the function r(f, 5;) we see that the first two lines above again provide
additive contributions, that is, they have the structure f(f;) — f(5:). However, the last
contribution, on the last line, is not additive as it is possible to show both analytically
and numerically that it is nonzero. An analytical proof is provided in appendix E,
whereas numerical evidence has been provided in section 8 for the sinh-Gordon and
sine-Gordon models. Generalizing to an (-particle spectrum and using the short-hand
notation [ := exp(—Bm; cosh ) and r} := exp(—LS,m; cosh ), we find the following low-
temperature approximation

¢ oo
1650 % 3ot [ g (5 =i = (" + (7)) snb(20)

2(2m)

+ Z / / 40 dz (1ol — ryr?) cosh(0) (6 — ~)(sinh 6 + sinh )

; z TN a0 d” 1399 015(0 + ) (sinh (26)
— sinh(2v) + 2sinh(0 — 7)) . (D.13)

This low-temperature expansion can be compared with an expansion obtained directly
from the trace expression (4)—(7) (we again assume a single-particle spectrum for
simplicity). For convention, the finite-volume multi-particle states can be denoted as

|01, ...,0,) L.

The corresponding energy levels are determined by the well-known Bethe ansatz equations

Qi(01,. .., 0,) = mLsinh ), + > 6(6), — 6)) = 271, k=1,...,n(D.14)

Ik
where [, are momentum quantum numbers and §(f) = —ilog.S(#) is the two-particle
scattering phase-shift. The density of multi-particle states can be obtained by
n 0Qk(0,...,0,
p(01,...,0,) = det T, T = Qi i?@ ), kil=1,...,n. (D.15)
I
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Let us expand the traces in (22):

@
Trr(p%, . P) Z “WE) 1 ginh 9O 22 g @ = 92)2m81nh9()

(L) i=1

_ (3) _
+ % 2/953)99)9&3)6 G )ZmSIHh (9( ) + O(e 4W) (D.16)

=1

and

—W(eW (2)
Tr( pstat =1+ Z wem) 4 5 Z 02 € “ELWe
(1)

_ (3) _
+ % Z /0§3>6£3)9§3)e = WO O(e 4W) (D.17)

At low temperature, we have the expansion

2
1 —weWm —weWm 1 32 we®
- :1—29, ( )+<Ze (60) _§Zf9§2>9£2)e Y2, we)

TrL <pstat) o) o(1)

3
_ (1) — (1) — (2)
_ (Ze W(aw) n (Ze W(91)> S g S 2, W)

o) o)
1N\ =S WO) L etV D.18
— 3 POPCPOE + O(e ). (D.18)

The prefactors 1/n! for every multi-particle sum take into account overcounted states
with different ordering of the same set of rapidities. The prime in the multi-particle sum
indicates all quantum numbers (rapidities) for the state are different. The upper indices
of the rapidities and W represent the number of particles in the state.

With (D.16) and (D.18), we can now compute the current up to exponential corrections
at finite volume L. In the limit L — oo, the low-temperature expansion of the current
performed in the first part of this appendix should be recovered. Here, we present the
calculation of the current up to the first three orders. Let us discuss the first-order
contribution J; in detail. At first order we have the contribution

1
=— Ze*W(em)m sinh 1. (D.19)
61

In order to compare with the low-temperature expansion we must consider infinite volume.
This amounts to taking the limit L — oo by replacing the sum over rapidities by an
integral over the states in the rapidity space, that is Y ,q) — [(d6/27)p1(6). The density
of one-particle states p;1(6) is obtained by

~ ,dp(0) dmsinho
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Therefore, the first-order term of the current is

do

Jy = lim JE =m? / —e W@ ginh @ cosh b (D.21)
L—o0 27

It can be easily seen that this agrees perfectly with the first contribution (e.g. order n)

in equation (D.8). A similar computation can be performed for second-order terms. We
define

2
L T R IR R CE I 32, W) inh 62
Jy = [ Ze msinh 0 Ze + 5 Z 0Pg€ ! stmh 0,

o) (1) =1

SIE

= i [ — Z e WO sinh 6OV Z WMD)
o(1) p(L)

2
@)
+ % Z e L) Z m sinh 01(2)

952)952) =1

_ (2) . 2
—% Z e 2V )Qmsmh0§) .
9§2):6§2)

The last term has 9%2) = 952) and corresponds to a two-particle state with equal quantum
numbers of the two particles. In this case, the two-particle Bethe ansatz equations
degenerate to a one-particle equation, which means that density of this two-particle state
is again p;. In the large-L limit, we may replace the sums with integrals as ) ,u) —
[(d8/27)p1(6), 29@:9&2) — [(df/27)p1(0) and Zegz)eéz) — [(d6,/27)(dbs/27) p2(64, 02).

The Bethe ansatz equations for a two-particle state are

mL sinh (91 + (5(91 - 92) = Q1<9192)

(D.22)
mL sinh 02 + 5(02 - 91) = Q2<6’192)7
so that the relevant density of two-particle states is given by
. m.L cosh (91 + @(91 — 92) —@(91 - 92)
p2(01,6) = det < —p(0) — ) mLsinh 0y + o(6, —0))

Exploiting the fact that ¢(f) = p(—0), relabeling integration variables and exchanging
the order of integration, we obtain

Jo = mz/ d(921ﬂ0;§2 cosh 6 (sinh 6, + sinh 65)@(6; — 6y)e "V (E-W(62)

—m? / ;9 cosh  sinh fe =2V, (D.23)
T
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Once more this is in full agreement with (D.10) plus the second contribution in (D.8).
Finally, we look at third-order contributions

1 21 2 2
L_—~ —w(eW) ; (1) -weEeW)) _ - ; (1) ! == W(8;7)
J3 =7 ;m e m sinh 6 (0%1) e ) 5 ;1) m sinh 6 g 62 o) € 1

2
— 52 (2) . 2 _ (1)
-1 E ! e st WO E msinh 8 E e~ W)
2 026§ i
i1 oD

3
+ % Z /9(s>9<3>9(s>e’ L) Z m sinh 92(3)] . (D.24)
1 2 3

=1

By using the relations

/ fo —
E 9§2)9é2) — E 2

9§2)6g2) 0%2):9g2)
/ — J—
Z 0 6{> > — Z 3 Z +2 Z
0§3)9§3>9§,3) 9§3>,9§3):9§3) 6%3):9&3):9:(,,3)
we can rewrite

1 S|
H=7 Ze—wwmmsmhe(”(Ze—w<9<”>> 5 Y msinhg® 3 e~ T W)

9(1) (1) 6(1) 9§2>952)

) _ (2)
+ % Z m sinh ) Z e W)
(1) 952):952)

2
(2)
1Y e Sawe) Y msinh 6 3 oW (M)
=1

0?)9&2) o(1)

+

N [—

_ (2) . 2 _ 1)
Z e 2WB ) 2m sinh 9§ ) Ze W)
6 g2 (1)

+

3
(3)
S e SR S sink o)

953)9?)9&3) =1

1
6

3) 3)
— % Z =W O 2w (e’ )(msinh 953) + 2msinh 953))
6 63—

+ Z e WO 30 sinh 6P | (D.25)

953):%3):9&3)

Wl

In the large-L limit, we replace the sums with integrals as in previous cases with
the addition of 29§2)9§2)9§3) — f(d01/277')(d92/277)<d(93/271')p3(91,92,93), 29§2>,9§2):9§3) —
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f(d91/2ﬂ>(d92/2ﬂ')p3<91, 92 = 93) and 2952):052):9?) — f(d(g/QTF)pl((g) The density ,03(91,
05 = 05) can be obtained from the Bethe ansatz equations for a three-particle state with
two equal quantum numbers

mL sinh 91 + 25(91 - 62) = Q1(91, 92)

(D.26)
mL sinh 92 + (5(02 - 01) = Q2<91, 92)
The relevant density is given by
o mL cosh 6y + 2p(6; — 65) —2p(0; — 02)
03(91,92—6’3)—det< o6y — ) mLsinh 0 + (0, — 0)
Similarly, we can obtain p3(6;,6s,03) from the equations
mLsinh 0y + 0(6; — 0s) + 0(61 — 03) = Q1(01, 62, 653)
mL sinh 02 + (5(02 — 01) + (5(92 - 03) = Q2(91, 92, 03) (D27)
mLsinh03 + 5(03 — 91) + 5(93 — (92) = Qg(el, 92, 93),
as
E\L + o(012) + ©(bh3) —p(612) —@(013)
det —(012) By L 4 (012) + ©(0a3) —p(023) , (D.28)
—(613) —(023) E3L + ¢(6h3) + ¢(023)

where for convenience we used the notation E; = mcosh6; and ¢(6;;) = p(6; — 6;).
Therefore, by doing a similar but more tedious computation, we can obtain the third-
order term of the current

1 d6, do
Jy = ——m? / (21 )22 cosh 0 (sinh 6 + 2sinh 6,)(6; — 05)e~V (1) -2W(02)
T

d#, db, do 3
2 / ﬁ cosh 0, Z(sinh 0;) (01 — 02) (05 — 03)e™ 3 W(8;)
T

=1
: 3
cosh ‘91 Z(smh (91)(,0((91 — 62)(10(91 — 93)6_ > i—q W(8:)

i=1

1, / d6;d0,d0s

2" (2m)3

do, do
—m? / (21 )22 cosh 6 (2 sinh 6y + sinh 02)p(0; — Gg)e*QW(Gl)*W(M
T

de
+m? / o cosh @ sinh fe=3W (@), (D.29)
m

Appendix E. Proof of non-additivity of the current

We consider a diagonal-scattering integrable QFT, assuming that all kernels ;;(#) have
a fixed sign (i.e. ¢;;(#) is positive for every 7,7 and 6, or is negative for every 7, j and 0).
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This assumption is valid both for the sinh-Gordon model and the reflectionless sine-Gordon
model studied above whose kernels only involve cosh functions. We analyze the second
leading order in the low-temperature expansion of the additivity deficit (62), and show
that it is nonzero for large enough gm and large enough o. This is sufficient to prove that
additivity does not hold in general. The derivation below is mathematically rigorous.

To second leading order in the low-temperature expansion, the current in a general
diagonal-scattering model is

T80 = 325 [ coshm(0) (b0 (1= n0) + (o1 #m)0) ~ (s #15)(0)) (B.1)

which generalizes (D.7) to a multi-particle theory. As seen in appendix D the only non-
additive contribution to (E.1) takes the form 37, ;r;; with

m2

= 7 de d —pim; cosh 6 . —Brm; coshy i 0
=g, ), e ‘ #ulf+7)

x (sinh 26 — sinh 2y + 2sinh(6 — 7)) (E.2)
that is, the last term in (D.13). Note that the function
U0,7) == ¢ij(0+7) (sinh 20 — sinh 2y + 2sinh (0 — ’y)), (E.3)

is anti-symmetric under exchange of the rapidities, has a fixed sign for all 6 > ~. Let us
denote m; := am and m; := bm for some mass scale m and positive numbers a,b (one
may always take either a = 1 or b = 1 by an appropriate choice of scale m). Further, let
us use the notation

eg 1= e Pmeoshl (E.4)
Then the contribution of r;; to the ‘normalized’ additivity deficit P(B,0) = Zf i1 lsij(ﬁ ,
o) (62) is
2

D, m; * > a _bo ao _bo? a bo?
Py(5.0) = g | a0 [ anue.) (e + e ) (@)

where P(3,0) = J(3,020) Zf,j:l P,;(B,0). Symmetrizing under 6 < vy we find

2

) 0
D m; a  bo a _bo ac _bo?
P,;(p,0) = 2(2%)2/0 dﬁ/o dyU(0,7) (eeef’y —eley’ +ef ef’y

ac _bo? a bo? a bo?
— ey’ —ege’ +eneg > : (E.6)

We now show that for every o > max(a/b, 1), every Sm large enough, and every 6 > =,
the sum of the terms in the parenthesis on the right-hand side is positive. This then implies
that the integrand has a fixed sign, and since it is obviously nonzero, it shows that the
additivity deficit is nonzero.
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First we have, for the middle two terms,

ao _bo? ac _bo? _ aoc _ac bo2—ao bo?—aoc
ep’er —eey =ep’e] (67 — ey ) (E.7)

If 0 > a/b, then thanks to 6 > ~ the factor in the parenthesis on the right-hand side is
positive. The first factor is also obviously positive, hence the left-hand side is positive.
Second, for the remaining four terms, we find

a _bo a _bo a _bo? a bo? _ _a_a bo—a bo(o—1) bo—a bo(o—1)
eper — etey” —eger’ +efey” = egel (e,y (1—e7 )—e) (1 —ey )).  (E.)

Let us consider the two terms in the outermost parenthesis on the right-hand side
o—a o(o— o—a bo(o—1
K = 701 — b7y = ebrma(1 — 7Y, (E.9)

The ratio of these two terms is

bo—a 1 __ ,bo(oc—1) bo—a bo—a
(%) ! R <ew> (1= o) > (%) (1= ctetevom) - (E.10)
€p 1—e)" €p €g

where the two inequalities hold if ¢ > 1. Then if 0 > a/b and if cosh 6 — cosh+y is greater
than

lOg (1 _ efbo(ofl)ﬂm)
(bo — a)Bm ’

which can be made as small as desired by taking Sm large enough, the right-hand side
of the last inequality above is greater than one, whence K is positive. Further, it is clear
that K is zero at v = 6§ and continuous and differentiable for v € [0, f]. We now show that
it has no minimum in that range. Denoting z = e, and y = ey, we look for a minimum
in z in the range = € [y, 1], for y > 0. Differentiating with respect to =, a minimum may
occur if

1 bo —a
bo—a—1 2 bo?—a—1
(bO' - a)[[ — (bU — a)x =0 = xr = m log (bo’Q—a) .

The right-hand side is smaller than zero if ¢ > 1, which puts the minimum outside of the
range for any y > 0.
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Chapter 5

Discussion and outlook

“I don’t see much sense in that”, said Rabbit. “No,” said Pooh humbly, “there isn’t.
But there was going to be when I began it. It’s just that something happened to it along
the way.”

- A.A. Milne, Winnie-the-Pooh

In this thesis we have studied the thermal cut-and-glue quench in one-dimensional in-
tegrable systems that are at, or close to a quantum critical point. Continuing the work
of Bernard and Doyon [1] in which two critical, independently thermalized semi-infinite
systems were connected and allowed to evolve unitarily until a steady state was reached,
we investigated the state after the quench further by studying the evolution of entangle-
ment, both in the steady state and in the time leading up to it. We confirm the behaviour
first found numerically in [111] for CFTs with trivial pairing, which is an initial growth
logarithmic in ¢, which is independent of the temperatures of the left and right system,
followed by a “prethermal” plateau which is reached after a sufficiently long time (but
with ¢ < £, where £ is the length of the intervals for which we are computing the entan-
glement), and an instantaneous decrease of entanglement to its NESS value as soon as
t = (. A possible explanation comes from the quasiparticle picture: very shortly after
the quench, the pairs of particles contributing to the growth of entanglement are those
created very close to the junction. These particles have not traveled enough to become
mixed, so one may expect them not to have information on the temperature. After such

a short time, the pair hasn’t had to survive for a long time, and one may expect many

198
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to still be entangled. After a longer time, however, the additional contributions that
one gets as the system evolves with time are those from the pairs that survive for a
longer time, and that have traveled a lot, so the temperature has an effect on (reduce)
their survival. The longer the state is left to evolve, the more pronounced the effect on
the temperature becomes, until the pre-thermal plateau is reached (assuming we still
have t < £). As soon as the quasiparticles reach the end of the intervals, the system
reaches the thermal state (NESS), as any entangled pairs coming from the quench will
have left the intervals, and buildup of entanglement between the relevant systems stops.
In a CFT, this happens instantaneously at ¢ = ¢. Furthermore, we have found that the
difference between the plateaus (pre-thermal and thermal) is universal. We also found
a universal difference between the pre-thermal plateau and the behaviour just after the
quench (¢t < 1), whose form seems to indicate that the negativity of an interval with
respect to the rest of the system at finite temperatures has, when the interval is suffi-
ciently large, two independent contributions coming from the boundary points, due to

the finite effective correlation length generated by the nonzero temperature.

Besides further studying the thermal cut-and-glue quench for two critical one-dimensional
quantum systems by computing the entanglement dynamics, we have generalized the
setup of [1] in two ways: one is to include effects of a (small) energy gap, which would
be present for a system which is close to a quantum critical point, but not exactly criti-
cal. Here, we considered the off-critical case in which the system can be described by any
integrable model of relativistic QFT (IQFT) with diagonal scattering matrix. The other
generalization is to consider the thermal cut-and-glue quench between not two, but N
critical one-dimensional systems arranged in a star graph with temperature imbalances
amongst the legs of the graph, and a simple connection condition at the vertex. For
these setups, we have studied the energy current and its fluctuations in the NESS. In
both cases, we found exact expressions! for the energy current and the scaled cumulant
generating function. In both cases, the energy current does not obey Fourier’s law, as
the steady-state limit effectively pushes the reservoirs to infinity, and the temperature
gradient approaches zero. The fact that in both cases the steady-state energy current is
nonzero implies that the current has a ballistic component?. For both generalizations,

we then verified that the scaled cumulant generating function can be seen as that of a

la closed form expression for the case of the critical systems in the star graph, and an expression in
terms of integral equations for the case of the IQFT
%in fact, in the critical case it is purely ballistic



Chapter 5. Discussion 200

family of independent Poisson processes, one for every value of the transferred energy:

F(:) = [ dgwla) (@~ 1). (5.1)

Hence, the complete, large-time scaled statistics of the energy transfer is that of inde-
pendent, classical packets of energies jumping towards the right or left in a Poissonian
fashion with a weight w(q), whose form depends on the model in question (with a par-
ticularly simple form for the critical case). Another result of [1] was that the energy

current depends on the temperatures of the left and right reservoirs as:

J(TlaTr) = f(Tl) - f(Tr)’ (5'2)

with f(T) = %TQ. We found that a generalization of (5.2) still holds for the case of
N critical systems in a star graph. However, for systems away from criticality, we have
proved both analytically and numerically that the additivity of the non-equilibrium cur-
rent does not hold in a general diagonal theory, except at very large and very small
temperatures. We have solved the integral equations for the energy current numerically
for three models: the sinh-Gordon model, the roaming trajectories model and the sine-
Gordon model at a particular reflectionless point. The additivity deficit has been found
to be very small in the numerical analyses of the sinh-Gordon and sine-Gordon models,
although it can be rather large for large temperature ratios in the roaming trajectories
model. The numerics, in particular of the roaming trajectories model, also suggest the
existence of an infinite family of c-functions which are given in terms of the cumulants
(these functions are verified to satisfy the required properties: positivity, monotonicity,
constant limiting values corresponding to the CFT central charges at RG fixed points).
They display a very similar behavior to that of the standard TBA scaling function, re-
covering for instance CFT central charges of minimal models in the roaming trajectories
model. These allowed us to establish upper bounds for cumulants in any integrable

model with diagonal scattering.
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5.1 Open problems

In order to obtain the entanglement evolution in Chapter 3 we have assumed that the
pairing between holomorphic and anti-holomorphic modules of the CF'T is trivially fac-
torized. This is not the case in general, and therefore the relations we have found
between the logarithmic negativity after a quench and the logarithmic negativity in
equilibrium do not hold in general. However, as explained, in certain time regimes the
results are expected to become independent of pairing data. Further, it is possible that
the above physically compelling particle-pair-creation picture could have more general
validity. A next step would be to learn more about the way in which pairing affects
our computations. In particular, we would like to find limits in which the results are
independent of pairing, and determine the corrections that our general relations would
get for CFT models with nontrivial pairing data. Furthermore, in Chapter 3 we used a
different (simpler) argument than the one used in [93, 94] of why the partial transpose
used in the computation of the (logarithmic) negativity can be computed by reversing
the order of the twist fields and the anti-twist fields on the transposed intervals. It would
be useful to gain a better understanding in terms of the field theory. This can be done
using the methods in [98, 99]. It would be interesting to see if one can generalize the
results for entanglement evolution to integrable QFTs, and to cases with nontrivial im-
purities after the connection (that situation has been studied in the recent work [123]).
Another avenue would be to apply the ideas developed in this and related work to other

observables.

Finally, it would be extremely interesting to understand the evolution of entanglement
in higher-dimensional CFT in the cut-and-glue setup, possibly using methods of gauge-
gravity duality. Gauge-gravity duality (also called “holography”) has proved to be a
useful tool in understanding certain processes in condensed matter systems by finding
a holographic realisation in terms of some gravitational process in a higher-dimensional
theory [124]. For the energy current in the NESS in the setup of the thermal cut-and-
glue quench, results have been obtained in a series of papers [61, 125, 126]. If we want
to understand the entanglement in a higher-dimensional setup, however, we encounter
problems for mixed states: while the entanglement entropy has a clear holographic
interpretation in the form of minimal surfaces [127], computing the entanglement in the

thermal cut-and-glue setup involves mixed states, which means that we need to find the
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holographic realisation of the negativity. Exploratory work has been done [128-132],
but it is still an open question whether we can find a convenient way to compute the

negativity in the thermal cut-and-glue setup.

Another important open question is the proof that the non-equilibrium density matrix
derived in [74] is the correct one to describe the NESS for integrable QFT. It would
also be very interesting to extend our analysis of the sine-Gordon model to the non-
diagonal case or even to more complex reflectionless points and to check if we still have
c-functions and a Poisson process interpretation, and if the deviation from additivity is
small or not. Additionally, it is natural to think that the c-functions we proposed apply
much more generally than in integrable QFT}; it would be very interesting to have general
arguments or a general proof that they are c-functions. Finally, an interesting question

is to understand if the Poisson process interpretation still holds beyond integrability.

In reality, diffusion is expected to become more important after the quench for a system
at finite temperature. It would be interesting to consider a perturbation of the CFT
system and investigate these effects when the system is not exactly integrable. In this

case, one might be able to test Fourier’s law (see Chapter 1).
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