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Abstract

The purpose of this Master Thesis is to study the Generalized Hydrodynamics
(GHD) of Integrable Quantum Field Theories perturbed by the famous T defor-
mation and its generalizations. These deformations are irrelevant, and therefore
alter dramatically the UV structure of the theory and are not renormalizable, but
are still considered consistent and interesting theories since they preserve the in-
tegrable structure of the underlying model. The specific focus of the work is to
find the average densities and currents related to conserved charges of generic spin,
which describe the flow of energy, momentum, and higher charges, between two
semi-infinite slabs prepared in two different states and placed in contact in the
origin, in the setup known as partitioning protocol. From a theoretical point of
view this is the most important protocol in out of equilibrium physics, since it is
simple enough to have an analytical description and in some situations to have an
analytical solution, but at the same time it is complex enough to gain practical
knowledge on the effect of inhomogeneities on integrable systems. In particular,
through a convenient way of rewriting the Thermodynamic Bethe Ansatz (TBA)
equations, I found exact expressions for the currents and densities in the conformal
limit, generalizing previously known results in several directions, with excellent nu-
merical validation. I have also performed an in-depth study of possible extensions
of the results out of the conformal point in the simplest possible theory, the free
fermion, obtaining interesting expressions for the lowest order corrections in terms
of special functions. Finally, I have performed numerical simulations which give
a perfect confirmation of the analytical results, and allow to gain insight on some
interesting aspects of the models which are not accessible analytically.
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Introduction

The theoretical study of non-equilibrium properties of quantum many-body and
statistical systems has undergone a dramatic development in the recent years fol-
lowing new experimental advances [1-5| which now allow to create practically iso-
lated atomic systems, and study their unitary evolution. In particular, the ma-
nipulation of one-dimensional systems has drawn attention to understanding the
out-of-equilibrium behaviour of integrable systems, in which an infinite number
of conserved quantities are present. It was early observed [1], that the presence
of these conserved charges leads to a lack of thermalization, which was then theo-
retically studied in the context of quantum quenches [6,7]. Further, the fact that
these systems were found to be non-ergodic posed a challenge to the usual statisti-
cal mechanical view of closed systems with many degrees of freedom. The study of
quantum quenches led to the realization that the standard Gibbs ensemble, used in
the standard formulations of classical and quantum Thermodynamics, is unable to
describe the long-time behaviour of the observables in such systems, pointing to the
necessity of introducing the Generalized Gibbs Ensemble (GGE) [8-11], in which all
the conserved charges characterizing the integrable model are taken into account.
Later, in order to describe inhomogeneous situations, Generalized Hydrodynamics
(GHD) was proposed [12-15]. This theory is constructed from the postulate of local
maximization of entropy, as the standard theory of hydrodynamics, but under the
constraint of having infinitely many conserved charges, and it therefore describes
the dynamics of integrable systems at a mesoscopic scale, as usual hydrodynam-
cis does for classical fluids. In the context of Integrable Quantum Field Theories
(IQFT), with which this work is mostly concerned, the power of the GHD approach
is the possibility of using a quasiparticle description, which is the main feature of
the Thermodynamic Bethe Ansatz (TBA) [16], a well known framework to study
the thermodynamics of integrable models, of which GHD is essentially the inho-
mogeneous generalization. The main theoretical application of GHD was since the
beginning that of studying the non-equilibrium steady states (NESS) [12,15,17,18],
namely the formation of steady currents of energy and momentum between two
thermalized reservoirs placed in contact, the simplest and theoretically most signif-
icant out-of-equilibrium theory.

This work follows precisely this line of research, in the attempt to extend the
GHD description of Integrable Quantum Field Theories to theories perturbed by
the famous T'T deformation and its generalizations [19,20], irrelevant deformations
which have the property of preserving the integrability of the perturbed theory.
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As well known, the non-renormalizability of theories with irrelevant deformations
makes them particularly subtle to deal with, with many open questions regarding
the behaviour in the ultraviolet (UV) limit. Therefore, much space is dedicated
to understanding how this deformation affects the basic structure of the theory,
such as the TBA equations and the famous Y-systems [21|, with particular focus
on the integrable theories of ADE type [22|. Subsequently, making use of TBA
techniques, and exploiting the peculiar form of the TT" deformation we find exact
expressions in the conformal limit for the higher spin NESS currents in a generic
theory with a 7T deformation. This original accomplishment generalizes previous
results by Medenjak, Policastro and Yoshimura [23,24|, and provides expressions
of great generality which relate the quantities of the perturbed theory to the ones
in the unperturbed theory. This could open the way to a new approach in the use
of TBA techniques in the context of TT deformed theories. The structure of the
Thesis is as follows:

e In chapter 1 the theory of Integrable Quantum Field Theories in (1+1) di-
mensions is presented, in the framework of S-matrix theory. Since Conformal
Field Theories (CFTs) characterize the fixed points of the Renormalization
Group flows, the origin of integrable models as perturbations of CFTs is em-
phazised. Moreover, the 7T deformation is presented and its main features
discussed.

e Chapter 2 is dedicated to the study of the thermodynamics of IQFTs through
the Thermodynamic Bethe Ansatz. After a presentation of the main con-
cepts of this approach, namely of how the finite temperature properties of a
(1+1)-dimensional IQFT can be derived from its S-matrix, these are applied
specifically to TT deformed theories.

e In chapter 3 we present the GHD approach to the study of integrable systems
out of equilibrium, focusing on the quasiparticle description which character-
izes the TBA approach and setting the ground for the study of the partitioning
protocol and the NESS currents.

e Chapters 4 and 5 contain the main original achievements of this work. In
chapter 4 the general solution to the partitioning protocol of 7T deformed
theories is presented, showing perfect accordance with previously known re-
sults, which are then generalized. Although the solution is only valid in the
conformal limit, in the second part of the chapter a thorough perturbative
analysis shows how one can exit the conformal point, in the simplest case of
the free fermion. Finally, chapter 5 is dedicated to numerical analysis of the
obtained results.



Chapter 1

S-Matrix Theory and Integrability

Integrability is an extremely wide subject, applying to classical and quantum sys-
tems, spin chains, and field theories, both classical and quantum. It is not obvious
to provide a unique definition, although the key feature that all integrable systems
of the various kinds share is the fact that they are characterized by a certain num-
ber of conserved quantities in involution. The presence of these conserved charges
makes integrable theories in some sense the simplest theories possible, in which
the time evolution is the easiest it could be: in some sense, they are the oppo-
site of chaotic systems [25]. It is however highly nontrivial to find such conserved
charges, and therefore to construct generic integrable models, and even to determine
whether a given system is integrable or not. The main relevance of integrability in
the various possible systems is that integrable models turn out to be exactly solv-
able, where the notion of "solvability" differs depending on the context: in classical
systems, integrability allows to use angle-action variables, which in turn allow to
find the equations of motion by quadrature, as originally stated in a theorem by
Liouville. In QFTs, solvability is instead related to a constraint of elasticity of the
theory, and this leads to the possibility of determining the S-matrix of the theory
exactly [26,27], together with the mass spectrum, and this gives the possibility to
find correlation functions, the thermodynamics of the theory through the TBA ap-
proach, the out-of-equilibrium dynamics through GHD, and much more. Therefore
we see that the natural framework in which to study integrable QFTs is that of
S-matrix theory, which is the field-theoretic generalization of the familiar scattering
theory of quantum mechanics. In this chapter, we give the theoretical foundations
to the theory of Integrable Quantum Field theories, showing how they can be con-
structed as relevant perturbations of conformal field theories, as was firstly done
in [28]. The main features of integrable QFTs, namely the elasticity and factoriza-
tion of the scattering, are proven following the original arguments by Parke [29].
Subsequently, we discuss the TT deformation of such theories, which will be the
main focus of the following work.



1.1 Integrable Field Theories

In two dimensional quantum field theories, there exists a subclass of theories which
exhibit integrability in the sense mentioned above, namely containing an infinite set
{Q;} of conserved charges (of which one has to be the Hamiltonian of the system,
otherwise the charges would not be conserved) such that:

[Qi, @] =0 Vi, (1.1)

The presence of an infinite set of conserved charges provides extremely strong con-
straints on the possible structure of the S-matrix: in fact, these constraints are so
strong that they lead to non-trivial theories only in two dimensions (or in (1+1)-
dimension, if one takes a Minkowski perspective instead of an Euclidean one), as
stated by the Coleman-Mandula theorem [30], if one does not invoke supersymme-
try.t

We define a quantum field theory to be integrable if it is characterized by an
infinite set of conserved charges in involution, namely all commuting with each
other [26]. The most natural example of integrable field theories are conformal
field theories (CFTs), which as is well known constitute the fixed points of the
Renormalization Group flows [31]. In these theories it is possible to construct an
infinite set of conserved charges from the descendants of the stress-energy tensor
and its conjugate?. Indicating with Ty, the descendant of spin s+1 (we recall that
in conformal field theory the spin is given by the difference between the left and
right conformal dimensions) we have the conservation laws:

82T3+1 == O
asz+1 - 0

and therefore we can build conserved charges from these currents, as proposed
in [28]:

qs(2) = fdgTs(g)(g — z)stnh n=0,4+1,+2 .. (1.2)

The modern view of quantum field theories is to consider them as trajectories in
coupling constant space, the Renormalization Group (RG) flows [32,33]|. Therefore
it is natural to consider integrable field theories which arise by perturbing CFTs by
relevant operators, which drive the system away from criticality [28]. The pertur-
bation breaks the factorization into analytic and anti-analytic components, which
is a key feature of CF'T, hence in general the integrability of the model will be lost.

!The intuition behind Coleman and Mandula theorem is essentially the same as Parke’s argu-
ment, which will be described below to prove the factorization of the scattering any scattering
process into two-particle scattering, which is the key to the simplicity of integrable theories.

2In a conformal field theory, given a primary field ®, defined to be an eigenstate of the generator
Ly of the Virasoro algebra, one can construct descendant fields by acting with the generators L_,,
of negative value, and these form the various levels of the highest weight representation related
to the original primary field. The stress energy tensor is a descendant of the identity opeartor,
which is a primary field.



However, if the system still has a set of currents if components (71, 0;_1) which
satisfy the new conservation law:

85T5+1 = az@s_l (13)

Then one can still build conserved charges as
QS = %(TS_HCZZ + @5_1615) (14)

and it can be shown that these charges are all in involution. We will not focus
on how these charges can be constructed, for this we refer to [26] and [28]. We
focus mostly on the consequences that integrability has on the properties of the S-
matrix, since they are what allows to introduce the Thermodynamic Bethe Ansatz
technology and hence to construct GHD. We start by giving a small example of the
power of integrability in lagrangian models.

1.1.1 A Lagrangian example

As will be developed in depth in the following sections, the main feature of integrable
models is that they give rise to purely elastic scattering with no particle production,
and this is what really makes the theories special (and solvable) compared to generic
QFTs. To see how this constrains the structure of a theory, following [27] we consider
the Z, invariant lagrangian:

1 94
L= [(8;t90)2 - m2902} - _' ! (15)

2 4!
If we consider the 2 — 4 particle production amplitude, this is given by the sum of
three possible diagrams admitted by the Feynman rules, and is easily found to be:

l

which implies that if we add to the lagrangian a term —%—?906, where g¢ = g3, the am-
plitude vanishes completely, and the production process is dynamically suppressed.
The same can be done to suppress all the (tree-level) processes which involve the
production of particles: the potential we obtain, which suppresses the production
for any particle number, is then given by:

2 2 4
% g g

depending on the chosen sign, this gives rise to the Sinh-Gordon and the Sine-
Gordon model potentials, which are some of the most important integrable models,
and will be used again in chapter 5.



Also, if we do not restrict ourselves to lagrangians with a Z symmetry but
we consider the most general Landau-Ginzburg model, the same discussion can be
repeated to find the potential:

1 g g°
V(p) =m® |z¢* — 2> + =o' — ..

5 5 S (1.8)

which is precisely the potential of the Bullogh-Dodd model, which is relevant in
the following because of its relation with the Yang-Lee singularity model, which
will be studied in chapter 5. Therefore we see that at the lagrangian level we can
build scalar theories in which particle production is dynamically suppressed, and
hence there is no inelastic particle production. This feature greatly simplifies the
structure of the theory compared to a generic QF T, in which the infinite amount of
possible processes is what makes an exact solution impossible to obtain. However,
the lagrangian formulation is not the most transparent and useful way to deal with
integrable models, since for example conformal field theories are not defined starting
from a lagrangian formulation but rather from an algebra of local fields, and the
same extends to their relevant perturbations. The natural framework is that of
S-matrix theory, which we now introduce.

1.2 S-matrix theory

In the theory of scattering, the S-matrix is a field theoretic generalization of the
quantum mechanical scattering matrix. It is based upon fundamental principles
which encode the most essential features of quantum mechanics and special rela-
tivity: from quantum mechanics we require the superposition principle, the con-
servation of probability, which is equivalent to unitarity of the evolution, and the
analiticity principle, while from special relativity we require the fundamental aspects
of Lorentz invariance, short rangedness of interactions which implements locality,
and the causality principle.

The requirement of the interactions being short-ranged allows to have well-
defined asymptotic states: in the initial and final states, the ingoing and outgoing
multiparticle states are free and hence can be characterized by their momentum
(and possibly by other quantum numbers), and therefore they can be expressed as

|0) = [P1is - oPni) s |f) = |Prgs o Png) (1.9)

The S-matrix is precisely defined starting from the superposition principle, which
implies that any final state can be expressed as |f) = S|i), and therefore the
amplitude of a transition |i) — |f) is given by

Spi = (f1S i) (1.10)

Therefore the S-matrix encodes all the information about all the possible scattering
processes of the theory, connecting the asymptotic initial and final states. In a
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generic QFT this is an extremely complicated object, since it has to take into
account scatterings with arbitrary number of particles in both sides, and it is related
to correlation functions by the LSZ reduction formula. In IQFT, however, we will
show that the structure is greatly simplified since any scattering process is factorized
in two-particle scatterings, and hence the entire S-matrix can be specified by only
a relatively small number of matrix elements. The requirement of conservation
of probability in scattering processes implies that the S-matrix is unitary, i.e. it
satisfies SST = 1, which in turn implies the fundamental optical theorem. Lorentz
invariance ensures the independence of the amplitudes from the reference frame
which is used to measure the asymptotic momenta. In general we can express the
S-matrix in a way which highlights the non-trivial part of the scattering: considering
that in absence of any interaction the S-matrix is the identity, we have

s=1+ienye (Y =S m)T (1.11)

where the modulus squared of the T-matrix determines the probabilities of generic
nondiagonal processes 1 — f, as

Py = m) (Ypr =Y m) ITal? (1.12)

Finally, the postulate of analyticity is of fundamental importance [34], as it allows
to extend the S-matrix elements to the entire complex plane. This in turn allows to
study its singularity structure over values of rapidities in C, which is related to the
determination of the bound states; then to obtain the bootstrap equations, which
essentially allow to solve the system, as will be explained below.

The most important kind of scattering which we are interested in is the two-
body scattering process, which takes the form ¢; 4+ i5 — fi; + f2. In this situation
T is dependent on the three independent relativistic invariants of the system, the
three Mandelstam variables s = (p; + p2)%,t = (p1 — p3)%,u = (p1 — p4)?, where
s is the energy in the centre of mass, t and u are the energies in the centre of
mass of the two scattering processes obtained by crossing symmetry. These are not
independent, since their sum is equal to the sum of the masses of the four particles,
therefore we can focus on s and t alone. We can study 7 as function of these
variables, but with the constraint of considering the physical strip to consist only
of the s > m? +m3. At each threshold of production of a new particle, the Optical
Theorem requires 7 to have a branch point, which then induce branch cuts. in the
case of a theory containing a single particle of mass m, this implies the presence of
a pole for each value of (nm)?, where n > 2. In this way we identify the physical
sheet of the theory on the complex plane as the sheet obtained without crossing
any of the cuts. Considering 7 as an analytic function over all the complex plane
allows to introduce the concept of crossing symmetry. First of all it is important to
note that the physical region with respect to s and t do not coincide. The "real"
process is the one in which s is the total energy in the center of mass frame, namely
i1+ 1y — fi1 + f, but we could also consider the scattering i; + f3 — is + f4, where
overhead bars are used to indicate the antiparticles. The requirement of crossing



symmetry imposes that the amplitude of the second process can be obtained by
analytic continuation of 7 to the region in which t is physical and s is not. As
will be discussed in the following section, the unitarity and crossing invariance
conditions will prove essential to determine exactly the S-matrix in those situations
in which the system is integrable.

1.3 (1+1) dimensional Scattering Matrices

As discussed previously, (1+41)-dimensional theories may have the feature of being
integrable, namely to have infinitely many conserved charges. This poses strong
constraints on the structure of these theories, which turn out to be purely elastic and
with factorizable scattering. These two features allow then to evaluate exactly the
S-matrix element using the bootstrap approach, a general procedure which allows to
evaluate some quantities of a given theory by the requirement of internal consistency
of the theory itself. In this planar situation it is convenient to parametrize the
particles using their rapidities, such that energy and momentum are given by £, =
mq coshd,, and p, = m,sinh 0,. Following [27], we can write a generic asymptotic
state as:

|A1(61), Aa(02), ... AL (0,)) (1.13)

which is conveniently rewritten defining the noncommuting operators A;(#), which
create an asymptotic state by acting on the vacuum |Q2):

|A1(61), A2(62), ... An(0)) = A1(61)A2(02)...An(6r) [€2) (1.14)

Since asymptotic states at ¢ — —oo need to have no interactions, we must order
the rapidities in the state as 6; > 05 > ... > 0,. For the outgoing state, on the
other hand, the ordering has to be the opposite: 6; < 6 < ... < 6,. Using this
formalism, the action of the S-matrix can be seen as providing the commutation
relations between the noncommuting operators A,,, thus giving rise to the famous
Zamolodchikov-Fadeev algebra® [35]:

Ag Agy. Ay, = SOtb2bn A A A (1.15)

aiaz...an

Now suppose that the system is integrable: we have a set of infinitely many charges
{Qs}, satisfying [Qs, Qs] = 0. The requirement of commutativity of all the charges
is crucial, because it guarantees that we can diagonalize the charges simultaneously
and build the theory on their common eigenstates:

Qs |Au(9)) := ¢{e* |A,(0)) (1.16)

where the functional dependence on the rapidity guarantees that the operators
transform tensorially under Lorentz transformations, since they transform as s

31t is important to realize that this notation makes sense only because we are in one spatial
dimension, and this matches the "dimensionality" of a string of operators that we can build with
the symbols A,,. Extending this reasoning to higher dimensions would be impossible.
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copies of the two light-cone components of the momentum. This is then extended
to multiparticle states, for which we define the eigenvalue of each conserved charge
to be:

Qs | Auy (01) . Aa, (0,)) = (¢ + .+ ¢l)e ™) | Ay, (01).. Aa, (6,))  (1.17)

These few definitions are already sufficient to prove the two fundamental properties
of integrable S-matrix theories, following Parke’s arguments [29]: the elasticity and
factorizability of the scattering.

1.3.1 Elasticity of Scattering

The proof of the elasticity of the scattering simply follows from the action of the
conserved charges on multiparticle states given by equation (1.17). In fact, consid-
ering that by definition a conserved charge satisfies dd%s = 0, then the value of the
total charge eigenvalue on a given multiparticle state has to be a constant of motion.
Therefore, considering an initial state represented by the string A,, A,,...A,, and
final state A, Ayp,...Ap,,, equating the charge at t = +o0 leads to:

gl et 4 4 glamlestn = gb0estt g (bn) s (1.18)
Since the system is characterized by infinitely many conserved charges, these will
give rise to an infinite number of constraints of this kind, which have to hold for
every possible configuration of the momenta/rapidities of the particles. The only
possible solution to these equation is then to have an equal number of particles on
both sides, n=m, and 6; = ¢ and all the charges to be equal, up to permutations of
particles with the same quantum numbers. Therefore the scattering is purely elastic,
in the sense that the identity of the particles is preserved, up to a reshuffling of the
internal quantum numbers and of the rapidities of the particle, and importantly
there cannot be any particle production, as was discussed at the lagrangian level in
section 1.1.1 (an exception to this rule is related to the formation of stable bound
states, which as will be explained in the following are related to the poles of the
S-matrix).

1.3.2 Factorization and Yang-Baxter equations

As mentioned above, an intuitive explanation of the factorization of scattering pro-
cesses can be given by working on the same lines as in the case of the Coleman and
Mandula theorem, by considering the action of the conserved charges on localized
wavepackets. From the expression presented above we write in a generic way the
action of the charges on the particle states:

€% |Au(p)) = €77 | Au(p)) (1.19)

Considering the state in a (strongly peaked) gaussian wavepacket given by the
expression:

+oo
U(x) o / dpe—a(P—P0)2eip(I—$o) (1.20)

o0
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and acting on it with ¢ using (1.19) we see that we obtain the transformed
wavefunction: .

QZJ(:U) oc/ dpefa(pfpo)Qeip(wf:vo)eicb(p) (1.21)
Expanding ¢(p) in powers of (p — pg) we see that the transformed wavefunction is
simply a new gaussian centered in ¥y = x¢ — i¢(p) with same momentum as the
original one. This allows to devise a trick to deal with multiparticle scattering, as
is visualized in figure 1.1, as was first proposed in [29]. Although the two processes

Figure 1.1: A scattering in which all particles collide simultaneously, and a factor-
ized scattering. The two are related to each other by acting with conserved charges
on the wavepackets, and hence they lead to the same amplitudes.

are different in a generic QFT, because of integrability and equation (1.21) the two
scattering processes are identical: since the two situations can be obtained from
one another by the action of a charge which commutes with the hamiltonian, they
are the same process (by this we mean that the scattering amplitude is identical).
We see that the consequence of the equality of these two scatterings is that any
scattering process with an arbitrary number of incoming particles can be expressed
as a succession of two particle scatterings, by modifying the trajectory of each par-
ticle by the necessary amount acting with one of the higher spin charges. This also
implies that the total S-matrix will be a product of the two-particle S-matrices.
Moreover, following the same reasoning the scattering is also forced to satisfy the
famous Yang-Baxter (YB) equations [36-38]. In this situation the YB equation
represent a consistency condition of the factorized scattering above, which is graph-
ically represented in figure 1.2. This can be expressed as a overdetermined set of
constraints on the 2-particle S-matrix, which can be written as:

Si7 (012) i1 (013) S0 (623) = S53(02) Siif (613) S’ (612) (1.22)

where we have defined naturally 6;; = 0; —0;. Since this set of constraints is overde-
termined, namely there are more constraints than amplitudes to be determined,

12



Figure 1.2: Visual representation of the Yang-Baxter equation

only particular choices of the functional form of the S-matrix elements will satisfy
the equations. In the simplest case, that of a diagonal S-matrix (in which the only
nonvanishing terms have the form S%) the YB equations are automatically satisfied.

1.3.3 The Bootstrap programme

The Bootstrap Programme has the objective of determining all the elements of the
scattering matrix between all the particles of the system starting from a very simple
dynamical principle, namely that in integrable systems the bound states are placed
on the same footing as the asymptotic states, which is a consequence of the fact
that the elasticity of the scattering implies that the particles have a macroscopically
long lifetime (which is equivalent as saying that there is no particle production).
The bound states of a theory are associated to simple poles of the S-matrix, which
can be represented as

1R

0 —iu

Kl _

(1.23)

ij
where the position of the pole, identified by u;;, determines the mass of the bound
state m,, through the relation:

m2 =m7 +m? + 2m;m; cos(ul}) (1.24)
Since this is Carnot theorem, it implies that the masses of the asymptotic and
bound state particles form a "mass triangle". We see that this allows to find all
the masses of the bound states starting from the asymptotic ones, and this is the
essence of the bootstrap approach. Focusing on diagonal theories (for nondiagonal
theories the exact determination of the S-matrix elements is particularly intricated,
and was studied in [39]) the S-matrix has only two indices, Sy, = S%. The unitarity

and crossing symmetry which we considered above are able to fix completely the
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structure of the S-matrix:

Sinh<i7rx+9)
Sap = 2 7/
=11 sinh(=z2+0)

TEALp

(1.25)

This expression is valid if the particles are charged, i.e. if particles differ from
their antiparticle. If the particles are neutral, then the hyperbolic sine is simply
substituted by a hyperbolic tangent. Therefore we see that the S-matrix is almost
completely determined, except for the position of the poles, which are contained in
the set A,. To determine this set the bootstrap approach comes into play. The
strategy is analogous to what was used to prove the factorization of the scattering,
namely that it is possible to change the trajectory of the particles by acting with
the higher spin conserved charges. This leads to the equivalence shown in 1.3, in
which the dashed line represents a bound state of the two full lines. The equality

Figure 1.3: The bootstrap approach is based on the equivalence of the two scatter-
ings depicted in figure: here, the dashed line is a bound state of the two continuous
lines.

of the two scattering processes above is expressed in terms of S-matrix elements as:
S(0) = Si;(0 + i) S (0 — iwf),) (1.26)

where the overhead bar represents an antiparticle (we assume that the bound state
is an antiparticle state [). Hence the strategy is clear: one needs to determine
the pole structure ufj, by imposing the bootstrap condition (1.26), and the mass
triangle equation (1.24). This is in practice performed iteratively, by starting with
the lightest particle, building the bound states, and iterating until the system closes.
In this way, it is possible to describe the entire physical content of the theory in terms
of a finite number of two-particle scattering amplitudes. This strategy has proven
extremely effective, and allows to find the particles, identified by {my,ma,...m,}
which constitute the theory, and their interactions, in all of the known statistical

systems which can be expressed as relevant perturbations of some CF'T. This allows
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to implement the TBA technology, as will be developed in Chapter 2, which relies
deeply on the possibility of expressing the physical content of the theory in terms
of quasiparticles.

1.4 TT deformations of IQFT

Many* integrable models of interests, as studied in [28,35|, are obtained as relevant
deformations of a Conformal Field Theory. The main feature of relevant deforma-
tions is that they are super-renormalizable in the UV, thus they don’t change the
structure of the theory in this limit, but still they drastically influence the theory
in the IR. Given a massive theory obtained in this way, it is immediately possible
to obtain the UV limit by taking the conformal limit, namely sending the mass to
zero. The behaviour of these theories is well studied and understood [41, 42|, with
virtually infinitely many integrable theories which can be obtained by perturbing
known conformal models in this way, all of which then can be solved exactly (by
finding the S-matrix) via the bootstrap approach presented above, as thoroughly
discussed in [26].

In recent years, however, there has been an increasing interest in the study of
irrelevant deformations of CFTs. These perturbations are non-renormalizable,
and hence alter drastically the theory in the UV, but leave it unaltered in the in-
frared; moreover, in general they break the UV completeness, in the sense that the
UV limit of such theories is not in general a consistent local QFT. This signals in
general the fact that we are dealing with effective theories, although also interpre-
tations involving a string-like behaviour have being studied. This means that the
RG flow of the theory is of the type shown in figure 1.4.

uv

IR

Figure 1.4: Renormalization group flow of a 77T deformated theory, where the
parameter t corresponds to the « in the following, figure taken from [43].

Compared to other irrelevant perturbations, as the one studied in [44], the TT

4Although, as noted in [40], QFTs which are connected to a UV fixed point by a RG flow form
only a set of measure zero in the set of all possible (effective) QFTs
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deformation and its generalizations have the very special feature, as shown in [19,45|
that it is an integrable deformation, i.e. it preserves the conserved charges of the
integrable model which is being perturbed®. Also, it has been shown that the effect
of this perturbation at the S-matrix level consists in a simple introduction of a
CDD factor, as first proposed in [20], namely a term in front of the S-matrix of
the unperturbed theory with the property of not introducing any new poles. As
explained later, this implies that the TBA equations are modified in a very simple
way, by a simple change of the scattering kernel.

1.4.1 Definition of the deformation

Following [19], we claim that starting from a generic IQFT (massive or massless)
it is possible to construct a series of scalar fields X, which give rise to integrable
perturbations. A perturbation to some field theory of action A, identified by a set
of parameters {g;} can be defined in terms of variations of such parameters as:

0A = Z/d%zégiOi(z) (1.27)

where the O'(z) are some operators of the algebra of local fields, which in principle
can give rise to both relevant and irrelevant perturbations. In particular, integrable
perturbations can be built starting from the currents (Tyy1, 0, 1) and (Tyy1, O, 1)
which characterize the (unperturbed) integrable model; it was shown in [45] that
we can construct the composite scalar field:

lijn, (To1(2)T41(2") — ©,4-1(2)0,5-1(2")) = X, + total derivatives (1.28)
where here we use z as a collective label for the analytic and anti-analytic coor-
dinates. Hence these fields can be explicitly constructed for any IQFT, and they
can be shown to be irrelevant since their mass dimension is [mass]**2. Placing
the theory on a cylinder, where the spectrum becomes discrete and given by some
eigenstates |n), the scalars X satisfy the important relations:

(n| X |n) = (0| Tor1 [n) (0] Toga In) — (n] Osi1 [n) (0] Oss1 n) (1.29)

This is of fundamental importance in the determination of the energy spectrum
discussed in the following section. The modification of the action generated by
such operators can be easily found following from (1.27):

%Aa x /X5d2z (1.30)

In fact, this type of perturbations essentially generate the entire set of transfor-
mations which preserve the integrability of a theory, except for some situation a

5The "solvability" of this perturbation is actually stronger than this, in that also in non-
integrable theories it is always possible to find the spectrum of the perturbed theory as a function
of the spectrum of the unperturbed one.

16



finite set of extra perturbations exist and have to be added. In some sense, given
the space Y;,; of all integrable quantum field theory, the integrable perturbations
constitute its tangent space T, as discussed in [19]. The fundamental operator
is the first of the series, X; = T'T, which coincides with the product of the ana-
lytic and anti-analytic components of the stress-energy tensor. We observe that the
X; deformation can be defined direcly at the lagrangian level (if the theory has a
lagrangian description) in terms of a parameter «, as:

£letd0) — p@) 4 50 det Tﬁ) (1.31)

where T}, is the energy-momentum tensor. This approach is particularly useful
when one is interested in a holographic or string description (it has been shown
that the deformation is equivalent to coupling the theory to 2D topological gravity,
in which the cosmological constant A is a function of the parameter a of the TT).
However, we will only put the focus on the S-matrix, since it is what we need to
study Generalized Hydrodynamics.

1.4.2 Consequences on the theory

We focus on the case of X, which is the T'T deformation, which can be obtained
solely in terms of the components of the energy-momentum tensor. The arising of
terms of this type in statistical mechanics has been studied for example in flows
between minimal conformal models [46-48], the most famous example being the
spontaneous supersymmetry breaking flow from the tricritical Ising model to the
Ising model [49]. The property of being integrability preserving simply means that
the operators X, commute with the local integrals of motion of the original inte-
grable model, up to total derivatives which vanish in the integrals. This implies a
preservation of the conserved charges in the perturbed model. Besides this funda-
mental property, this particular perturbation has another key feature, namely that
the energy levels of the perturbed theory can be found exactly once the spectrum of
the unperturbed theory is known. In particular, from (1.29) it is possible to prove
that each energy level satisfies the differential equation:

0 0 P?
—FE,+E,—FE,+—=0 (1.32)
Oa

OR R
where R is the radius of the cylinder on which the theory is defined (i.e. the inverse
temperature). This is the well known inviscid Burger equation in one dimension,
which assuming as initial condition the conformal energy and momentum

27 — C o2 _
E(R):§<A+A—E>, P(R) = 7 (A= 1) (1.33)
can be exactly solved to give
R daE(R)  4a2?P(R)?
E,=—1|-1 1 1.34
a = 50 ( + \/ + 7 + 72 (1.34)
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This signals the presence of a strange effect which can happen if o < 0, namely that
the square root becomes negative. This transition, called Hagedorn Transition,
is actually very general and not present only in the CFT situation. [50,51]. It
was first observed in the TBA context in [52,53|, as a natural consequence of the
introduction of a CDD factor in the S-matrix, and is related to the theory not being
complete in the UV, but being only an effective theory.

The second consequence on the structure of the theory is the very simple way
in which the S-matrix is modified. We can actually define the X, deformation by
multiplying the S-matrix by a CDD (Castillejo, Dalitz, Dyson) factor [20]. These
factors arise because the bootstrap approach outlined above is only able to fix the
S-matrix up to a scalar meromorphic function ®(6), bounded in the physical strip,
satisfying

O(0)P(—0) =1 Oim+ 0)P(im—0) =1

These properties guarantee that the resulting S-matrix still satisfies unitarity, cross-
ing and Yang-Baxter equations, but it still alters the theory dramatically. In the
present case, the CDD factor takes the form:

is{) (6
SH(@) — e D 5K (6) (1.35)

Where 5};)(9) = tm;m; sinh(s#). We observe that this factor is diagonal, and this
will come useful in the discussion of the perturbed TBA equations to be analyzed
in the following.

The presence of the Hagedorn transition is of great importance since it signals
that something strange takes place in the ultraviolet limit, which is interpreted as
the presence of a shortest distance in the theory (this simply means that the theory
is effective, and some cutoff has to be introduced at some high energy scale). In
particular, in general the perturbed theory is not UV complete, where by this we
mean that it is not always the case that the UV limit of these theories is a con-
sistent local QFT. However, as was shown in [54], this problem can be generally
circumvented by adding higher perturbations of the generalized TT type, and this
allows to find the UV completion, which in general is not unique. Let us now be
more precise. The formulation of the problem is the following: since our theory is
constructed starting from an S-matrix, on which the TT deformation has a very
simple effect, is it in general possible to find a local quantum field theory which
can give this S-matrix (and hence this scattering theory) using the familiar QFT
reduction formulae? The study of [54] shows that this is true only if one is free
to add arbitrary number of higher perturbations. This is not necessarily a dra-
matic problem, since there exist consistent scattering matrices which do not have
a underlying consistent QFT. As noted for example in [50], this signals the fact
that the theory underlying these S-matrices are string theories and not QFTs. In
fact, it was conjectured that except for the situations in which there is a local field
theory underlying the S-matrix, the Hagedorn transition is always present, being
the rule rather than the exception (as mentioned earlier the set of QFTs which are
connected to a UV fixed point has measure zero out of the set of all effective QFTS).
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In this work, we will not focus particularly on these delicate aspects, and will not
explore the aspects related to string theory. We will consider regimes in which the
Hagedorn transition does not take place, namely the positive a case, but also the
negative a seen as an effective field theory, with a small enough.
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Chapter 2

Thermodynamic Bethe Ansatz

The Thermodynamic Bethe Ansatz (TBA) provides an extremely powerful tool
which allows to extract the Thermodynamics of a Quantum Field Theory from its
S-matrix.! First proposed in [16] (as a generalization of [37]) for two simple diagonal
theories, it has later been applied to a vast range of diagonal theories [21,22,55, 56|
and even extended to non-diagonal theories, [47,57-62]. In this chapter, we will
present the fundamental derivation of the TBA for diagonal theories and state its
extension to non-diagonal ones. We will show that in many relevant situations the
TBA equations can be recast in the extremely general form of the Y-systems.

In this discussion we follow [16], and consider relativistic field theories in (1+1)
dimensions defined on a torus, namely a cylinder with periodic boundary condi-
tions. Making use of the mirror symmetry of the theory, namely the invariance of
the theory under double Wick rotation, we can choose as time axis both of the di-
rections along the torus, and hence we can quantize the theory in two different ways.
Denoting by x and y the two directions of the torus, of lengths L. and R respectively,
we can either quantize using y as "time direction", with Hamiltonian which can be
defined from the corresponding components of the stress-energy tensor:

1

HL = % /Tyyd.ﬁf (21)

Equivalently we can consider the x axis as time, to obtain the mirror hamiltonian:
1

Hip = 7 Tyody (2.2)

The key idea of the TBA framework is the presence of a mirror symmetry, which
implies the equivalence of the statistical mechanics obtained in the two quantization
approaches. Considering the situation L > R, i.e. the limit in which the torus

! Actually, in light of the remarks made in the previous chapter, this method only requires a
scattering theory and not a QFT. The only thing which is necessary to apply this method is the
knowledge of the elements of the S-matrix which are found via the bootstrap approach, irrespective
that the underlying theory be a local QFT, a string theory, or anything else.
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becomes an infinite cylinder, the statistical physics of the two systems becomes
greatly simplified: in the first case, the partition function is dominated by the
ground state energy of the theory E(R)?:

Zy(R) = e LEWR) (2.3)

while in the second case we need to evaluate the partition function in the thermo-
dynamic limit (since the spatial direction goes to infinity, and we assume that the
number of particles which constitutes the system grows correspondingly), and this
is immediately found in terms of the free energy density:

Zgr(L) = e LRIB) (2.4)
The mirror symmetry implies the fundamental relation:
E(R) = Rf(R) (2.5)
and by dimensional considerations, this can be written conveniently as:

B(R) = _Wc(r1,6r;, ) (2.6)

Where ¢ is the so called scaling function of the theory, and the {r;} are all the
dimensionless variables which can be constructed from the various length scales of
the system. In the standard case, studied for example in [55, 56|, the only two
relevant scales are m and R, and therefore there is only one parameter r = mR. If
the T'T perturbation is introduced, also the additional combination ' = m?«a will
have to be considered. The TBA approach is quite transparent: by considering the
second of the two quantization schemes, with time direction on the R axis, we will
find f(R) from entropy maximization. This will allow us to evaluate the partition
function, and immediately also the ground state energy, and the scaling function,
thus solving the thermodynamics of the theory. In the following, since R has the
statistical interpretation of the inverse temperature of the system, we will use R
and 3 interchangeably, where 3 = T—1.

2.1 Derivation of the thermodynamics

2.1.1 The Bethe Wavefunction

Here we follow closely the original proof proposed by Zamolodchikov in [16]. Con-
sidering a diagonal IQFT in the torus geometry, we can obtain its spectrum as a
set of n particles A,, a=1,... n, as explained in the previous sections. If the scat-
tering is diagonal we can express the S-matrix as Sg,(0) = e®ab(?)  wwhere the 0,

2Recall the usual approach to deal with finite temperature quantum statistical mechanics,
in which the inverse temperature 8 becomes the length of the time direction in the Euclidean
formulation. This is easily seen by Wick rotating the generating functional of some QFT.
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are the scattering shifts. In general, in relativistic field theories the wavefunction
formalism is not appropriate to describe the systems because of particle creation
and annihilation. However, the integrability of the theory ensures elasticity of the
scattering, and this implies that the evolution of the system conserves the identity
of the quasiparticles and their momenta. Moreover, in configuration space we can
consider regions in which all the particles are well separated, and since we assume
short range interactions they are free (in the sense that the spatial separation of
the particles is much larger than the correlation lenght of the system, given by
& = 1/my, the mass of the lightest particle). Therefore in each of these regions we
can associate to the system a wavefunction of the form [55]

(1, 29, ...ky) = €Xp (injxj> Z A(Q)B(zq) (2.7)

Q€ESn

where the sum is over all the permutations of the particles, A(Q) are coefficients,
and
1, fzg, <z, <...<x
@(mQ) _ Q1 ‘ Q2 Qn
0, otherwise

Since our system is 1-dimensional, we can view any exchange of two neighbouring
particles as a multiplication of the wavefunction above by the corresponding S-
matrix element. We note that this immediately highlights a striking feature of such
systems arising because of the presence of a single spatial dimension: the statistics
of the particles is inseparable from their interactions. That is, it is impossible to
distinguish between, for example, interacting bosons and free fermions (as far as the
exchange properties are concerned) and viceversa. This leads to the introduction
of the definition of the particle type. First of all we recall that the unitarity of the
S-matrix implies that S2,(0) = 1, and hence it can only be S,,(0) = £1. Then,
indicating the particle statistics as (—1)f* = +1 if the particle is a boson or a
fermion, we define the type as

tg = _(_1>FaSaa(0) (28)

Hence we refer to particles with t, = £1 as being of fermionic or bosonic type re-

spectively. Having made this premise, we can impose periodic/antiperiodic bound-

ary conditions to the wavefunction on the torus, which by the comment made above
imply that:

exp(ip;L) [ S(6; — 6;) = +1 (2.9)

J#

5

which, focusing on the fermionic case ° can be rewritten as:

J#i

3 Although there is no rigorous proof, there is strong evidence [55,56] of the fact that there are
no consistent interacting theory with particles of bosonic type: the only possible theory in this
scenario is the trivial one, with S-matrix equal to the identity.
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We can consider the values of n; as quantum numbers which specify completely the
Bethe state together with the rapidities of the various particles:

) = [n1, 01502, 02, ...nn, On) (2.11)

2.1.2 Thermodynamics

In the thermodynamic limit, where N — oo and L — o0, the spectrum of rapidities
becomes continuous, and therefore we can introduce a rapidity density (per unit
length) pl(6), where the r label will be clarified below. Recalling that the energy of
a single particle is simply m cosh 6, we see that the total energy of the system and
the quantization condition can be expressed as:

“+oo
Elp@)] =Y / . cosh 07 (6)d0 (2.12)
Ma . . 4 . ng
o sinh 67 + ;(5@ *pp)(0:) = - (2.13)

Where the * in the second equation represents a convolution. If the second equation
is satisfied, i.e. there exist some n; which are admissible quantum numbers corre-
sponding to some 6¢ which solve the equations, the n{ are called roots and they
contribute to the pl(0). However, to compute the total density of states we must
also consider the holes of the theory, which arise for example as a consequence of
the selection rules related to the particle type discussed above. The holes give rise
to a density p(6), and we can compute the total density of states as

pa() = p(0) + p1(0) (2.14)

It is clear that, defining J,(¢) = 5= sinh 0f + >, (0 * p;)(0;) We can express the
total density as:
m

o cosh 07 + ;(cpab x pp)(6;) (2.15)

d
a 0) = — a ) =
pa(6) = 570
The kernels ¢, are the derivatives of the scattering shifts, ., (0) = d%éab(ﬁ), and
hence the logarithmic derivatives of the S-matrix elements. The strategy we now
use to derive the thermodynamic of the system is to obtain the entropy from the
number of ways to distribute particles in the accessible energy levels given by the
root density. Since we have that the number of particles in a given rapidity interval
is n, = Lp"(#)Af and the total number of accessible states is N, = Lp,(0)Af, we
have that the ways of distributing the particles in the levels is:
(Lpa(0)A)!

% = Wr@)50) (L 6) — 78))20) (216)

This allows to compute the entropy in the usual way, obtaining:

—+o0
Slpupl] =3 / (paltipo— oLl gl — (pu— P (pa— ) (217)
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Now, we can obtain the free energy as f = E — TS, and this is a constrained
maximization problem which can be solved using Lagrange multipliers, leading to
the final expression for the extremum condition:

mqR cosh @ = €,(0) + Z((pab x Ly)(0) (2.18)

where €, is defined by the equatlonz ¢ = +expe , while L, = In(14 e~ ). Finally, by
the constrained maximization we obtain the free energy and the partition function,

expressed in terms of the €, which solve equation (2.18):

f(R) = 27TR Z /+OO mg cosh 0 1n(1 + e “)db (2.19)

+00
Z(L,R) = exp <%;/w Ma cosh@ln(1+e_€“)d0> (2.20)

We clearly see that the whole problem of obtaining the thermodynamics of the
theory reduces to finding the solution of the set of coupled integral equations (2.18),
the so called TBA equations. The term v, = m,R cosh @ is the driving term of the
theory, and as it will become clear later will be modified depending on the situation
we are investigating: in the Generalized Gibbs Ensemble, used to describe the long
time dynamics of inhomogeneous integrable systems, the driving term will contain
terms associated to all the infinite conserved charges. Note that the essence of this
discussion is that we can build maximal entropy states for IQFTs. This is crucially
important for the Hydrodynamical description of these theories, since the main idea
of Hydrodynamics is to consider local maximization of entropy instead of global.
Therefore this framework almost automatically leads to the formulation of GHD,
as will be presented in chapter 3.

2.1.3 The scaling function

As mentioned above the scaling function is related to the definition of the gound
state energy and is given by ¢(r) = —6R%. Focusing without loss of generality on
a theory with a single particle of mass m=1 in the spectrum, we thus have:

“+oo
c(r) = ir/ cosh 1n(1 + e~=®)dp (2.21)

2
m o0

In general this integral cannot be computed exactly (the only exceptions being the
free boson and the free fermion, as will be discussed in chapter 4) except in the
UV and IR limits. While in the infrared the solution is that of free particles where
€, ~ rcoshf, and the ¢ function is solved in terms of Bessel functions, for » — 0
it can be studied observing that the L-functions and n-functions form pleateaus of
constant value in the region — ln% <0< In % The constant value is solution of
the constant TBA equation:

< db

—Y Nal(4+e®),  Ny=- / & punl6) (2.92)
b —o0
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This structure is clearly visible from figure 2.1. Observing that in this limit we can

L-function in scaling Lee-Yang model

(L5
— L@).x=12
— (@) x=4
04 4 — L['H.},.i'=8
— L(@).x=9
0.3
)
3
(.2 A
01 4
0.0
T T T T T T T
=20 —13 —10 =3 0 3 10 15

Figure 2.1: Behaviour of the L-functions in the scaling Lee-Yang model, for dif-
ferent values of © = In(2/r). For r — 0, which corresponds to z — oo, the solutions
clearly form plateaus of constant height, which is determined by solution of (2.22).
approximate 7 cosh ~ é7~"2/7) one can introduce the equation which describes
the system at the edges of the plateau:

=4 pxL (2.23)
and this allows to find the UV scaling function, as:
6 [ -
c(0) = —2/ dfLe’ (2.24)
™ Jo

This can be computed by making use of (2.23) to substitute ¢’ with the derivative
of the right hand side, and standard computations lead to the final expression:

¢(0) = 6L< ! > (2.25)

] 1+ eco
where L is Roger’s dilogarithmic function, which is essentially a different normal-
ization of the more common dilogarithm Liy(2) = ), 73, defined as:

L(x) = Lis(x) + %ln(x) In(1—x) (2.26)
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and €p appearing in the expression of the scaling function is the one computed via
the constant TBA equations. A generalization of this expression, which for now has
only led to partial results, will be discussed in the following sections and especially
in appendix A.

2.1.4 Diagonal Theories Encoded in Dynkin Diagrams

The authors of [55,56] studied the S-matrix and thermodynamics of a vast range
of diagonal theories which can be associated to Lie algebras. What they discovered
was a series of striking features of these theories which show the strong relation with
the underlying Lie structure, which are shown in the table below [63]. Moreover,

Lie Algebra Scattering Theory
# nodes in the Dynkin diagram #particles of the spectrum
Coxeter number g S-matrix poles at multiples of # = %T
Incidence matrix Universal S-matrix structure
Symmetry of the Dynkin diagram Charge Conjugation

in these theories the masses and all the conserved charges of higher spins can be
arranged into eigenvectors of the incidence matrix G, of the Dynkin diagram of
the corresponding Lie algebra, such that:

> Guay” =2cos (E> ¢ (2.27)
g
b

This last equation will be crucially important in the following. It is possible to
make use of this relation also to find the universal structure of the TBA equations,
as was first proposed in [21]| and rigorously proven in [22]. To do so, we make use
of the fundamental relation, proven in [22|, for the S-matrix of such theories:

T T ,
Sap | 0+ —) S, (9 - —) = | [ S.c(6)Cree2miCar®) 2.28
b( g)" g H ©) (2.28)

We can use this to rewrite equation (2.18) in a universal form. To do so we consider
equation (2.28) and take the logarithmic derivative to obtain a relation between the
kernels, which we then Fourier transform:

Pab (9 + %T) -+ Pab (9 — %) = Z Gbcgpac(ﬁ) — 27T5(9)Gab (229)
b

2 cosh (%”) Bap(k) =Y GueBac(k) — 271Gy (2.30)
b
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Using the matrix identity (1+ A)™' =1 — (1+ A)~'A, we can obtain:

(2) (- 2) () o)

1+@2rg—1)" = (2.32)

I ~1
1+ (—Gl (2 cosh = — G) — 1) = (2.33)

g
G

=1-— 2.34
2 cosh(%T) (2:34)

g
which in components reads (0, — %)_1 = Oup — 200(:;(”@ 7 Now we are ready to find

the expression of the TBA equations which highlights the underlying Lie structure.

Considering equation (2.18), we can Fourier transform it, multiply by 6., — #’Ig’,ﬂ),
g

and sum over the repeated index. Using the relation just obtained, it is easy to see
that we obtain the relation:

(k) = k) + 5= S Ealk)palh)

S (G — RIIGae)7alk) = 3 (0 — RIIGae) Ealk) + o= 3 Ly(k)Fa ()
2

(k) = Ealk) + 5= 3 AR Cua(Bs(k) — E(k) — La(R)

Where we have called R(k:) = m Fourier transforming back to rapidity space
g

we obtain the final expression:
1
va(0) = €a(0) + i * Xb: Gop(vs — € — Ly)(0) (2.35)

g9
2 cosh % ’

shows how the entire TBA equation structure can be encoded in the Dynkin diagram
via G.

Where we have introduced the universal kernel ¢ = This equation clearly

2.2 Non-Diagonal Case

The discussion made above is valid only for diagonal theories, in which the S-
matrix simply reduces to the exponential of the phase shift. In non-diagonal theo-
ries, however, the solution becomes more complicated, and it involves the difficult
problem of diagonalizing the transfer matrix, as was studied in a particular case
in [39,57]. In most situations, however, the TBA equations for nondiagonal theories
were proposed without a complete formal derivation by following physical intuition,
as in [22,47,59,61]. As discussed above, the elasticity of the S-matrix implies that
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the only major change that can affect a multiparticle state after a scattering is
a reshuffling of the quantum numbers of the particles involved in the scattering.
Hence the main feature of non-diagonal theories is that there are two different kind
of particles arising in the TBA description: the massive quasiparticles which ap-
pear also in the diagonal case and a set of massless particles, the magnons, which
are those responsible for the modification of the quantum numbers of the scattered
particles. Following [58], and extending the discussion of the previous section, we
focus on the theories which can be encoded in a product of Dynkin diagrams, which
we write as G X H, where G is the Dynkin diagram related to the massive particles,
which works analogously as above, while H is a new Dynkin diagram related to the
magnonic excitations of the system. The product implies that to each massive node
on the "horizontal direction" of the product of graphs there are several associated
massless nodes on the "vertical direction", hence we will refer to the nodes using
two indices: a,b,c,... referring to the horizontal position, and i, j, k,... referring to
the vertical position. In this notation, we write the general TBA equations as:

i iy L i Ad j
v, =€+ o (2}): Gay (v, — AL) + zj: HijLﬂl> (2.36)

These theories describe minimal models perturbed by the ¢35 deformation (which is
the least relevant operator) in the case G is trivial, while for G nontrivial they de-
scribe the coset model Gy x G /Gy perturbed by the least relevant operator gbﬁgd.
Relevant physical examples include for instance the tricritical Ising model perturbed
by the vacancy operator t, which generates the flow to the ising model through the
supersymmetry preserving direction.* Diagonal and non-diagonal theories which
can be encoded in Dynkin diagrams in this fashion admit an extraordinarily gen-

eral formulation in terms of Y-systems.

2.3 Y-systems

As first noted in [21], in some situations the TBA equations can be recast in an
extremely general form, that of the Y-system. The main feature of these theories
is that their structure is strongly related to some Lie algebra in the diagonal case
or to the aforementioned more sophisticated structures which can be represented
as products of Dynkin diagrams in the non-diagonal case. The Y-system equation
is far more general than the original TBA equation, in the sense that the same
Y-system can describe several different theories: for example, in [63] it was shown
that systems with different driving terms (in the GGE setup, to be described in
the next section) admit the same Y-systems; in [64], moreover, it was shown that
also introducing TT perturbations does not alter the Y-system. The specific model
can be reobtained from the Y-system once the asymptotic behaviour is fixed. The
generality of this formulation allows for example even to use the Y-system pole

4Interestingly, this flows to the Ising model precisely along the TT direction.
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structure to find the excited states and energy, something which cannot be done
from the sole TBA equations |65, 66].

2.3.1 Diagonal Y-systems

We proceed from equation (2.35) in order to find the generalized expression of the
Y-system. Summing equation (2.18) evaluated in #* = 6 o we obtain

Va(0+) + Va(e_) = ea(0+) + Ea(e_) + % Z [wab(e—’—) + @ab(e_)} * Lb (237)

Va(9+) + Va(e_) - Ea(9+) + Ea(9_> + % Z Gbcgpac * Lb(g) - Z GabLb(e) (238)

where we have used equation (2.29). Thus we see that if we subtract again equation
(2.18) evaluated in @ and multiplied by ), G, we obtain:

Ve (67) + v, (0 ZG o(0) = €,(0F) + €4 (0 ZGab e&(0) + Ly(0)) (2.39)

where the left hand side of this equation vanishes because of (2.27) and of the
periodicity properties of the hyperbolic cosine in the imaginary direction. Therefore,
defining the Y function to be Y, (6) = exp(€,(€), we obtain:

€a(0F) +€a(67) =D Ga(ln(l +e)) (2.40)

Ya(0")Ya(0) = [ 1+ Yal6)% (2.41)

b

which is the famous Y-system. This extremely general equation contains all the
information of the TBA equations, and in fact much more. Its stationary solutions
(0 independent) can be used to find the UV central charge of the theory, thus they
lead immediately to the conformal limit. Moreover, the periodicity of the Y-system
can be related to the conformal dimension of the perturbing field: it was shown
in [21] that Y,(0 + inP) = Y3(0), where P = %. This is in relation with the

dimension of the perturbing field, which can be expressed as A =1 — %.

2.4 Non-Diagonal theories

As was investigated in [58,61], the discussion made in the previous section can
be generalized also to non-diagonal theories by encoding them in the product of
Dynkin diagrams. Here we just state the final expression, although the proof can
be performed following directly from what was done in the previous section, having
some care in the treatment of the second Dynkin diagram H. The Y-system appears
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as a direct generalization of the one for diagonal theories, with an additional term
coming from the magnonic theory:

Y (0 (67) = [ (1 + () H(l +(Y7(0))7) " (2.42)

For a theory with a single massive node and several massless nodes, namely a
conformal minimal model perturbed by ¢;3, this can be expressed in exctly the
same form as the diagonal theory, except for defining Y = exp(—¢), and in this case
the equations become:

YHOH)YH(07) = [ (1 +Y7(0))" (2.43)

which have the same structure as the previous ones.

2.5 TBA in the presence of 7T deformations

The particularly simple way in which the 7T deformation alters the S-matrix of the
underlying theories, which was discussed in section 1.4.2; leads immediately to a
simple modification of the TBA equations through the introduction of an additional
term in the scattering kernel. In particular, since in general we have ¢ = —@'d% In S,
the addition of the CDD factor leads to:

©% = @Y — am,my cosh 0 (2.44)

where « is a parameter of dimension [M]~2 which characterizes the strenght of the
coupling. Focusing on a theory containing a single particle in which the mass is
normalized to 1, postponing a more general discussion to later, the TBA equations
contain a term which can be expressed as:

Yo * L(0) = @o * L(0) — accosh xL(0) (2.45)
which can be simplified by observing that:
1 oo
coshxL(0) = P / cosh(6 — 0')L(0")do'
™ —o
1 o 1 o
= — cosh@/ cosh ' L(6")df' — — sinhH/ sinh 6’ L(6")d6" .
27 oo 2m oo
Now (at least when the system is at equilibrium), it is easy to infer from the TBA

equations that the symmetry of the L-function is preserved by the addition of the
deformation, if the original kernel is symmetric® (and this is the case in the situations

5This observation simply follows from the fact that in the convolution it is possible to move
all the 8 dependence on the kernel part, without any change the L-function itself. Therefore, the
symmetry follows from the symmetry of the cosh
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of interest) and therefore the second integral in the above expression vanishes. On
the other hand, the first integral is simply the TBA free energy:

1 oo
By =5 / cosh 0L(6)d6, (2.46)

7

and therefore we can simplify conveniently the equations above as:
0o * L(0) = @o *x L(0) + aE{ cosh § (2.47)
This finally leads to the final TBA equation:
eal(l) = (8 — aEy) cosh @ — g * L, (0) (2.48)

which shows that in general the effect of the perturbation can be represented as a
redefinition of the inverse temperature, 3 — 8 — aE§.5 In the presence of several
different particles of different masses, the discussion is essentially the same, and one
easily sees that the structure of the equations is:

Eai = Vi—amy Z Eg ; cosh ) — Z gpéj *x Lo ;(0) (2.49)
J J
= v; —am;Ef coshf — Z O * L, ;(0) (2.50)

J

As discussed above, of particular interest in the TBA setting are those theories which
can be encoded in a Dynkin diagram or in a product of a massive and a magnonic
diagram. In this case there is still the possibility of recasting the equations in a
sort of "universal" form as was in the unperturbed theories. This expression, by
carrying on the observation that we can simply redefine the inverse temperature
and hence the driving term: one obtains the equation, which will be used in the
following;:

v = el gk D Galw) = A = D HuL+ (251)
b J

+ Z amgmy(cosh xLY) — Z aGaymamy(p, * cosh *L)(6) (2.52)
b b

This is simply obtained by the substitution

V— U — Z am,my cosh 0 (2.53)
b

And can also be immediately proven rigorously using the usual procedure to find
the universal form of the TBA equations, [22,61]. This expression shows clearly that

SIn [19], this effect was reabsorbed as a modification of the bare mass, rather of the inverse
temperature, by a factor containing F,, = E,/f; the perspective we use here was rather that
which was used in [24].
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in magnonic theories the perturbation only affects the massive part of the diagram,
while the magnonic nodes are left untouched. As will be shown in the following,
the possibility of writing the equations in this particularly simple way will have
drastic consequences on the properties of the out of equilibrium dynamics of the
system, and will allow us to greatly simplify the GHD equations of the theory, which
will be exactly solvable in terms of the solutions of the unperturbed theory. The
expression found above can be used to show the important fact that the Y-systems

in TT deformed theories are not altered, a fact which was already implicitly known
in [64].
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Chapter 3

Integrable Systems Far From Equilib-
rium

One of the greatest challenges of modern theoretical physics is the study of quan-
tum systems out of equilibrium. The theoretical research in this field has flourished
in the latest years because of the recent developments in the experimental control
of quantum systems, especially in the field of ultracold trapped atoms. These ex-
perimental setups provide an ideal playground to experiment on virtually isolated
quantum systems, in and out of equilibrium, thanks to the possibility to simu-
late any many-body hamiltonian with extreme effectiveness in the tuning of the
parameters. In particular, it has been clear since [1| that integrable systems ex-
hibit a rather peculiar behaviour compared to any other model. This is related
to the lack of thermalization in such systems, which implies the non-ergodicity of
their time evolution, hence the impossibility of describing the long-time relaxation
using the standard statistical ensembles. Therefore, a novel approach is needed to
study the out of equilibrium dynamics of integrable systems. The study of quantum
quenches of integrable models has then led to the formulation of the Generalized
Gibbs Ensemble, from the constructive principle of maximization of entropy, first
introduced in [8], and studied in a number of contexts including spin chains [67-69]
and field theories [10, 70, 71] then even observed in [72|. Generalized Hydrody-
namics then arose as the extension of usual hydrodynamics to integrable systems
which are described by a GGE [12,15], and allows to study out of equilibrium and
inhomogeneous integrable systems at a mesoscopic level using the usual tools of
hydrodynamics. Far from being a purely theoretical and abstract theory, also GHD
has been experimentally verified, as in [73,74].

3.1 Quantum Quenches

The absence of thermalization in integrable systems has been studied in depth by
studying quantum quenches [6,7,75]. A quantum quench is a very simple protocol
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which can be set up in the following way: a quantum system is prepared in an
eigenstate (for simplicity, the ground state) of some initial hamiltionian Hy. At time
t=0, the hamiltonian is abruptly modified (for example by changing a parameter, or
by introducing a further term V; to the hamiltonian) and the system then evolves
according to the final hamiltonian. This simply means that the system is found
in a superposition of the eigenstates of the hamiltonian H; which then determines
the time evolution. Considering a subsystem of finite number of particles N, what
one would expect to observe is that this should thermalize and be described by a
standard thermodynamic ensemble in the long time limit: however, this is not what
is observed if the system is integrable [13]. An important observation in this regard
has been the fact that the same physical system which showed no thermalization
when confined in one spatial dimension, instead behaved "normally" when in two
or three dimensions. This is a clear signal of the involvement of integrability (or
at least dimensionality-related effects), which as well known is absent in in higher
dimensions (as explained in the first chapter, in the case of QFT this is due to
Coleman and Mandula theorem).

Consider a many-body quantum system characterized by some time-independent
Hamiltonian H. The evolution of the system prepared in an some initial state [1)(0))
is then given by the unitary time evolution |¢(t)) = exp(—iHt) [1(0)). Although
the evolution is purely unitary, the system is expected to thermalize for large t [76].
If the initial state is not an eigenstate of the hamiltonian which controls the time
evolution, as in the quench situation, it will in general have nontrivial superposition
with several eigenstates |n), namely we will write [¢(0)) = > ¢, |n). It is clear that
if we consider the entire system, assuming that it has been prepared in a pure
state, then it would be impossible for it to "relax" to a stationary state, because
that would mean that averages of observables should become time-independent:
considering that the average of any observable on the time-evolved state can be
expressed as

WO O [(6) =Y ((0)) n (m) (0)e = rmt (3.1)

m,n
To reach a stationary state I should have

Jim lim (O) = Tr[p;0] (3.2)
where L is the size of the system and p, is a some statistical ensemble which is
supposed to describe the system. This is clearly impossible due to the oscillatory
behaviour present in equation (3.1). However, a way out is to consider only subsys-
tems of the total system of lenght L [14,68|. This is equivalent to considering only
local operators O, which act on a finite portion of the system. In this way we choose
a specific subsystem A, and consider all the rest as a bath. In this case, the density
matrix of the reduced system is obtained by the usual procedure of tracing out the
degrees of freedom related to the bath, namely ps = T'r1]p] Supposing that the only
conserved quantity of the system is the energy, we make the following assumption
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on the time evolution [6]: under time evolution, the reduced density matrix of a
finite subsystem will retain only the minimum possible amount of information on
the initial state. This means that, if energy is the only conserved quantity, the
minimal information retained by the final density matrix will precisely depend only
on the energy of the system. Therefore we can introduce a Gibbs density matrix
pa = 67BZGH, where (¢ is fixed by the initial condition. In the case of integrable
systems the application of the same postulate leads to the need of introducing a new
ensemble: requirement of minimum information now has to take into account the
conservation of an infinite set of conserved charges which were described chapter 1,

and therefore the ensemble which has to be used has to be of the form [8]:

1

ZGGE

PGGE = g™ Zn @ (3.3)

where the ), are generalized chemical potentials and the @, are all the conserved
charges of higher spin which appear in the theory. This is the Generalized Gibbs
Ensemble (GGE), which we will derive on more general grounds in the following
section.

3.2 Generalized Gibbs Ensemble

We found in the previous section that in order to describe the long time behaviour
of subsystems of integrable models we need to introduce a density matrix which
takes into account the presence of all the higher conserved charges. This can be
formally and rigorously justified by an argument based on the maximization of
entropy. The problem of finding the correct quantum statistical ensemble which
describes some quantum system is essentially the problem of maximizing the en-
tropy S = —Tr[plnp|, subject to the constraints given by the conservation laws
of a system!. This constrained maximization problem can be solved introducing
Lagrange multipliers 8; and «, such that the maximum of entropy corresponds to:

p <1np + Z BiQi + a) =0 (3.4)

oTr

5p (hlp +) Qi+ a) =0 (3.5)

Tr

which actually implies a precise expression for the density matrix:

pox e 2P (3.6)

L Although the idea of entropy maximization in thermodynamic processes was known since the
beginning of statistical mechanics, the idea to reverse the process and build statistical mechanics
from the maximization of entropy istelf was proposed in [77]. In fact, this work provided already
the first hint towards the generalized Gibbs ensemble, in a procedure which is essentially the same
as the one which is discussed here.
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For an infinite number of charges, this is precisely the Generalized Gibbs Ensem-
ble. The generalized inverse temperatures (3, are to be fixed by solving the self-
consistency problem for the initial conditions:

_ T {Qspccr}
ZaaE

(Qs) (3.7)

Although this seems like a rather intuitive and not particularly formal proof, it
has been rigorously proven that for particular choices of initial state in quadratic
theories the system does indeed relax to a steady state described by the GGE [78,79].
It is worth stressing that in general, except for free theories, it is an insormountable
problem to actually evaluate averages as (3.7), and it is also a highly nontrivial
question to understand how to evaluate the infinite sum over the charges.

3.2.1 The problem of Quasilocality

The questions of exacly which charges need to included into the sum, and how
to deal with the convergence of the infinite sum in the exponential, are highly
nontrivial. It was early observed in spin chains [80-82| that including only the
usual integer spin charges is in general not sufficient to properly describe the system
and can lead to incorrect predictions. This has led to the introduction of a new
set of charges [83] satisfying a novel form of locality, called quasilocality. In spin
chains, while local charges act on a finite number of sites, quasilocal ones act on
an infinite number of sites but with an exponential decay which make the integrals
convergent. These new charges were then soon used in [84], to find the definitive
expression for the GGE in spin chains. Extensions to IQFT were firstly proposed
in [85], where new semilocal charges where defined by taking the scaling limit in
such a way to keep the product of the lattice spacing and the number of sites in a
given interval fixed (sending n — 0 and a — 0, where a is the lattice spacing. Also,
it became clear that in field theories with non-diagonal scattering (as the magnonic
theories discussed in section 2.4) a GGE constructed with the standard integer spin
charges was not sufficient to fix the magnonic densities, since as discussed above
all the charges of integer spins vanish on the magnonic configurations. In [86] an
extensive study was carried out on the sine-Gordon model, exploiting the fact that
such model can be seen as the continuum limit of the inhomogeneous XXZ chain,
which was studied in [15]. Hence, taking the scaling limit of the previously found
lattice quasilocal charges, they could find that these give rise in the continuum
limit to a set of fractionary spin charges, which however appeared to be local in
the above sense. These had exactly the same spin values as the famously nonlocal
charges found in [87,88|, and appeared to be a generalization of [89]. However, the
exact relation between these different sets of fractionary spin charges is still an open
question, and no progress has been made since the publication of [86].
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3.2.2 TBA and Y-systems in GGE

It is easy to observe that the TBA equations can be immediately generalized in the
situation in which the system is described by a Generalized Gibbs Ensemble. We
recall that the main step in the derivation of the thermodynamics of a IQFT was the
maximization of the free energy, under the constraint of conserving the total energy.
Having an infinite set of conserved charges, the problem can simply be extended by
maximizing a generalized free energy [90] instead of the usual free energy. This very
simple procedure can be applied both to the diagonal and nondiagonal case, and
it shows that the only modification to the theory is a modification of the driving
term. In the diagonal case, we can follow the derivation presented in 2.1.2 up to
the expression for the entropy 2.17. At this point, we simply need to substitute:

BE(®) — > B.Qn (3.8)

This then has to be substituted in the free energy to give rise to a generalized free
energy which has to be maximized instead of the standard one. Taking the eigen-
values of the higher spin conserved charges to be of the form cosh(sf) (although the
same is valid also if one considers hyperbolic sines or exponentials) one immediately
obtains:

va(0) = €a(0) + > _ @b * Lo(6) (3.9)
b
where this time the driving term has been upgraded to a generalized driving term:

va(0) = Buts (3.10)

where ¢, are the higher spin conserved charges. The generalization to the non-
diagonal case presents no further difficulty, as one can see following the derivation
of |57], where as here one simply has to promote the free energy to a generalized
free energy.

If the discussion of the standard TBA equation can be easily generalized to the
GGE both in the diagonal and nondiagonal case, this is not true for the Y-system
structure. As it was first discovered in [63], in the diagonal theories discussed in
section 2.1.4 the Y-system is exactly preserved in the GGE. This observation is
based on the previously stated property of the eigenvalues of the conserved charges,
which satisfy the fundamental relation:

Z Gawq, = 24, cos (E) (3.11)
b 9

In the derivation of the Y-system in the standard Gibbs case, this relation was
exploited only in its mass version Y, Gapmy, = 2m, cos(%), but the fact that it
is so general allows to extend the reasoning also to the GGE. The derivation is
trivial: we observe that, in the derivation of section 2.3.1, the explicit form of
the driving term was only used to show that the left hand side of equation (2.39)
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vanished. Hence, we just need to show that the driving term still satisfies the
condition v,(67) 4+ v,(07) = >, Gap(0). If we take the driving term to be of the
form v, =), Bsqs cosh s0, we can easily see that the equation is indeed true:

va(0) +1,(07) = Z Bsq; cosh sOF + Z Bsq; cosh s~ = (3.12)

= Z Bsq; (cosh 50" + cosh 30_)

= Zﬁsqj (COSh (39 + @) + cosh (59 — @)) =
- g g

= Z Bsq.2 cos T cosh s = Z B Z Gapqy, cosh s = Z Gl
s 9 s b b

And therefore this immediately implies that the Y system can be obtained also in
this situation and has exactly the same expression as in the standard Gibbs case.
In the case of non-diagonal scattering however the discussion is different, and I
have shown that the Y-system will be modified by an exponential factor due to
the presence of the fractionary spin charges discussed in the previous section. This
small result, which I have shown in the context of quantum field theory, is essentially
equivalent to what was found in [11] in the case of spin chains. The core of the
argument is the fact that there are charges of spin given by [86]:

5=, k=12, ... (3.13)

These charges, found for the sine-Gordon model, are then immediately moved to the
purely magnonic theories described above, which are obtained from the restricted
Sine-Gordon model. In the expression p indicates the minimal model of interest,
which we refer to as M,. Performing the discussion as above we see that we
have to consider an additional term. Focusing on theories in which G is trivial,
we see from (3.12) that if only integer spin charges are present we should have
Vo(07) + v4(07) = v,(0). However, in the presence of fractionary spin charges the
cosine term does not vanish, and we have

va(07) + v, (0 Z q; cosh(s0) Cos(lj:) (3.14)

where s is given by (3.13). Therefore in the final expression this term will not
vanish, so we will have a Y-system containing an extra term, namely

YO0~ —e)‘H (1+ Y0 (3.15)

where A = >~ ¢; cosh(sf) cos(%r) contains all the information on the fractionary
spin charges. Although for more general quantum field theories the exact expres-
sion for higher spin charges are not known, it is natural to assume that the same
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expression could be extended with no particular modifications to a non-diagonal
theory with several massive nodes (of the form G x H)

It is interesting to observe that the effect of the T'T deformation and its general-
izations is at the TBA level equivalent to moving from the standard Gibbs Ensemble
to a GGE, where the driving term is modified by some hyperbolic cosines and hy-
perbolic sines (these last ones only if the system is out of equilibrium). Hence the
two results we have discussed, that the Y-system in the presence of a T'T deforma-
tion and in a GGE are the same as in the standard theory, are essentially the same
result: in fact, considering the 77 TBA equations with a generic term v which
might in principle contain hyperbolic cosines and sines of any spin,

ea(l) =1v(0) — pa * La(0) (3.16)
This can be expressed in the most general situation as

g; = v; — am; By cosh @ + am; Py sinh § + Z 0 % L ;(0) (3.17)

J

where we have introduced the sinh term which is nonzero if the system is not at
equilibrium, and the term

(o 1 = 3
=5 / sinh(6)L(6)d0 (3.18)

—00

which is analogous to Ef. Clearly this is equivalent to a modification of the driving
term, by modifying the coefficients 54 of cosh # and sinh 6 respectively. Therefore
a simple application of the arguments of [63] leads to the conclusion that the Y-
system are preserved by the introduction of the perturbation. The same discussion
is valid for the deformations of generalized type, in which the TBA is modified by
a term cosh(s).

3.3 Generalized Hydrodynamics

Generalized hydrodynamics is to the GGE what ordinary Hydrodynamics is to
the standard Gibbs Ensemble. As is well known, Hydrodynamics is introduced to
describe many-particle systems (both classical and quantum) which are found in
non-equilibrium or inhomogeneous situations. The regime of interest of Hydrody-
namics is a mesoscopic one, in which the variations happen on a scale which is much
larger than the atomic scale, but still small enough compared to a macroscopic scale
to consider infinitesimal elements which still contain a (thermodynamically) signif-
icant number of constituents. As in the classical case, also in the quantum case the
dynamics at large enough scales is expected to admit a hydrodynamical description.
The theory can therefore be obtained by local maximization of entropy; the main
effect of integrability will be the same as what led to the GGE, namely the fact
that the entropy will be constrained by the infinite number of conservation laws.
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The procedure is the following: one can divide the fluid of interest in mesoscopic?
fluid cells, in which the entropy is locally maximized in the way described above.
Local entropy maximization means that averages of local quantities (O(z,t)) tend
to averages evaluated in a generalized Gibbs ensembles (O)g) where the de-
pendence on spacetime appears only in the generalized inverse temperatures of the
GGE. Hence, in the context of the quasiparticle TBA description, we just need to
introduce a spacetime dependence in the density p, the n-functions, eccetera, which
in equilibrium situations are functions of rapidity alone®: this spacetime dependence
indicates the fact that the various quantities are now related to the specific fluid
cells. We now consider for simplicity a theory of a single particle, but the exten-
sion to more general theories is straightforward [12]|. In this context the conserved
charges in equation (3.6) can be expressed as integrals of local densities ¢; which
satisfy the conservation law:

This is the Euler equation, which simply expresses the conservation laws of the
system. The functions appearing in the Euler equations are local functions. In the
local entropy maximization context, however, these can be taken as the averages
over the fluid cells, with the derivative meaning the variation with respect to the
neighbouring cells. These quantities are ¢; = (¢;)(z,t), and j; = (Ji) g(a,r). Since we
will mostly consider these ones from now on, by a slight abuse of notation we will
use the same symbol for the densities and their average in the GGE. Considering
that in general j and q are related by the equation of state of the system, which can
be simply expressed as j = j(¢), the conservation equation becomes

Orgi(x,t) + Vi j(2,6)0.qi(x,t) = 0 = Owgi(x,t) + J(q)0xqi(z,t) =0 (3.20)

where clearly J(q) := V,j(x,t). Considering a driving term of the form v(6) =
> 3°hg(0), where the hy are one particle eigenvalues of the conserved charges of
the system, as defined in chapter 2, the associated densities are naturally defined
in terms of the density of quasiparticles p,(6):

.= [ d0p,(0)1. ) (3.21)

Differentiating the TBA equation with respect to (, it is possible to obtain:

4 - / D By 6) (3.22)

27

2Namely cells which are large enough to contain a statistically relevant number of particles, but
still small enough compared to the macroscopic world, such that we can consider the variations
of the thermodynamical quantities as smooth functions in space and time.

3The essence of the TBA technology is precisely that we can build maximal entropy states for
IQFTs, through the quasiparticle description. In fact, the TBA equations are simply a consequence
of the constrained maximization of entropy. Therefore the step to a hydrodynamic description
(GHD) appears straightforward.
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where we have introduced the dressing operation, which is defined implicitly as:

Oe
dr -
KTy

The dressing operation may be interpreted as the modification that the one-particle
eigenvalues (such as energy and momentum) undergo because of the (elastic) in-
teractions between the quasiparticles. Similarly, crossing arguments imply that the
currents are given by

= hy + @ * (nh?") (3.23)

o= [ Gap@nend 6) (3.24)

It is important to observe that these expressions are valid both in a homogeneous
and equilibrium situation, and in inhomogeneous and out of equilibrium situations.
The only difference will be in the fact that in one case entropy will be globally
maximized, and all the quantities appearing in the integrals will be dependent on
the rapidity alone. In the second case, the quantities will have to be considered
as (slowly) varying in space and time. The initial focus of GHD [12]| was precisely
that of studying the transport due to these conserved currents, which can only be
found exactly in some very special situations: most of the next chapters will be
dedicated to their evaluation in 7T perturbed theories. It is possible to introduce
the effective velocity of the particles as

E dr I dr I
Ueff(é)) _ ((p/))dr((9>) _ ((g))dr((e)) (325)

This represents a dressing of the free velocity, which would be simply tanh # as in
usual relativistic contexts, due to the effects of the interactions. The interpretation
is simple because of the elasticity of the scatterings, which allows to use the mo-
mentum of single particles as a conserved quantity*. Therefore the effective velocity
is a sort of group velocity which takes into account the scatterings which a quasi-
particle undergoes between the asymptotic initial and final states. The effective
velocity allows for a further integral representation of the currents:

jio= [ dov 0)p 011 0) (3.26)

An important observation at this stage is the following: although we have used the
g; to describe and fix the state, we can equivalently use the n-function or the den-
sity. The simple reason for this is that these quantities fix each other via relations
arising from the TBA technology and the hydrodynamical equations. Therefore we
can view them as different bases we can choose to proceed with the hydrodynamical

4Although in general the momentum of a particle might be changed in an elastic scattering,
we can identify quasiparticles by keeping trace of the momentum, instead of the original particles
themselves. Therefore the quasiparticles are objects which always carry the same momentum
between one scattering process and the next.
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description. If one takes the Euler equations, and substitutes the integral expres-
sions of the currents and densities, it is possible to move the attention on a different
basis: the conservation laws become

Oipp(0, 2, ) + 0, (v (0, 2, 1) p, (0, 2,1)) = 0 (3.27)

where the (x,t) dependence of the density represents the fact that this function
is the density of the fluid cell placed at position (x,t). It is moreover possible to
show that the n-functions give the normal modes of GHD, in the sense that they
diagonalize the above expression:

omi (0, z,t) + v om(x,t) = 0 (3.28)

This is the fundamental expression of GHD. It allows, for example, to deal with the
partitioning protocol problem, which will be the main interest of the next chapter.

3.3.1 The partitioning protocol

One of the most popular problems in hydrodynamics, dating back to Riemann, is the
Partitioning Protocol. Its theoretical importance is related to its relative simplicity,
compared to other more general out of equilibrium protocols, which allows for an
analytical description and in some situations (most notably in pure CFTs, as in [91])
even an exact solution. It consists in solving the Euler equation (3.28) with piecewise
constant initial conditions, separated in the origin of the coordinates. For example,
we can consider the infinite (x,t) plane as divided in two halves, which are separately
thermalized at two different temperatures 77, and Tg, and then put in contact, as
shown in figure 3.1. If we consider a generic GGE, we could also consider the two
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Figure 3.1: Visualization of the Riemann problem for two thermalized halves.
Image taken from [12].

halves to be characterized by all the different inverse temperatures and not only
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by temperature, such that we will have two sets {5} and {f5,} for any value of
s which is chosen by the initial condition. The time evolution of the system will
give rise to matter and energy currents between the two halves, and the theoretical
effort is precisely in the direction of evaluating the steady state currents (NESS:
non equilibrium steady states) through the origin x=0. We can express the initial
condition in n as

nz(0) = n(@)’ fora <0
o (3.29)
ng(0) = n(@)‘{ﬁ } for x >0

n(f,z,0) =

We can make use of the manifest symmetry under dilatation of the system, and
consider the variable £ = z/t, to which we refer as ray, to rewrite the conservation
equations as:

eff _ % -

(v 5) 5 = 0 (3.30)
which has to be solved with the above initial conditions. The solution to this differ-
ential equations can be either shocks, rarefaction waves, or contact discontinuities.
However, the linear degeneracy of GHD, namely the fact that the effective velocity
does not depend on the corresponding mode n, implies that the solution has to be
made of contact discontinuities. These are characterized by v*// = ¢, and g—’g — 00
which gives rise to the discontinuity. Hence for each value of the rapidity we can
solve the equation by finding £*(6) such that the implicit equation is solved (since
as stated above we must have v®// = ¢):

£(0) = v11(0,€°(0)) (3.31)

At this point there will be a jump. Requiring that the effective velocity is monotonic
we require that there is a single value of £* for each value of theta which satisfies
the above equation, and therefore the solution will be

n(0,8) = n(0)0(£"(0) — &) +nr(0)0(¢ - £7(0)) (3.32)

If the effective velocity is monotonic (as will be in all the situation considered in
the following chapter) this solution is also expressed in the form

n(0,8) = n.(0)0(0 — 07(€)) + nr(0)0(07(5) — 0) (3.33)

The NESS refers to the ray £ = 0, and so we can remove it from the above expression
and consider a generic §* = 6*(0)

n(0) = np(0)0(0 — 0%) + np(0)O(6" — ) (3.34)

This is the solution to the partitioning protocol in GHD. Finding this value of the
n-function can then be used to find the currents and densities presented above,
usually numerically using a recoursive algorithm which will be presented in chapter
5, but in some special case analytical solutions can be extracted.
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GHD has been extended and generalized in several directions: it can take in ac-
count the presence of external forces which break integrability, if these vary slowly
in spacetime as is usually necessary in hydrodynamics, it has been studied by going
further than the Euler scale including diffusive higher order contributions. In fact,
as explained in [13] it is reasonable to expect that, in contrast to standard hydrody-
namics, in the context of integrable systems the derivative expansion is meaningful
at all orders, and describes the system more and more precisely. In practice, what
has to be done is to consider higher order in the expansion of the generalized chem-
ical potentials: what we have assumed above is that around some point xg they can
be expanded B(z) = > 026|.,(x — x9)™. To obtain the Euler scale, which is what
we have used, one takes the expansion to the lower order. The first correction is
the diffusive correction, which in the classical hydrodynamic case gives the viscosity
term of the Navier-Stokes equations. GHD has also been "quantized" [92] to intro-
duce quantum fluctuations, which become relevant in low entropy states, and lead
to correlations between the mesoscopic fluid cells at different positions. However,
the basic ingredients presented above are all we need for the discussion in the next
chapters, which will be devoted mainly to the study of the average currents and
densities of the perturbed theories.
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Chapter 4

Generalized Hydrodynamics of TT de-
formed theories: exact results

In this chapter we present analytical results for the generalized hydrodynamics of
integrable field theories with 77 deformations. The main theoretical achievement
of this work is presented, namely the proof that the values of the GHD average
conserved densities and currents of the perturbed theories can be expressed entirely
in terms of non-perturbed quantities. This in particular allows to find expressions
for the average densities and currents of higher spin of 7T perturbed CFTs, a result
which generalizes prior known results in which only the energy and momentum
currents were found, [24]. In the second part of the chapter a thorough perturbative
analysis for the free fermion is presented, together with a study of the scaling
function of the perturbed theory, which allows to understand qualitatively how the
structure of the solution is changed out of the conformal point. Since in Generalized
Hydrodynamics the systems which admit analytical solutions are very few, any exact
result is clearly interesting per se, as numerical solutions often fail to give a clear
physical understanding of the phenomena at play. In this case, in particular, the
exact solution shows clearly the effect that the perturbation has on the theory, since
it is exactly decoupled. In the next chapter, the analytical results will be tested
numerically, providing an extremely precise validation in the conformal limit.

4.1 TBA and dressing of 7T deformed theories

For simplicity, we start by considering a theory of a single particle. Generally, in
situations where only one particle is present the mass is normalized to one, but
here we will keep it explicit for reasons which will become clear in the following.
As discussed in section 2.5, the TBA equations are:

e(0) =mpPcoshd — ¢, * L(0), (4.1)
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where the kernel is modified by the perturbation as
Yo = @o — am? cosh @

If we consider an equilibrium situation, namely the standard TBA context in which
there is global maximization of entropy, making use of the properties of the hyper-
bolic cosine this can be rewritten introducing the TBA ground state energy

B = —% / cosh OL(6)d6 (4.2)

and consequently equation (4.1) becomes:

e(@) = mpBcosh® —maky coshf — @g* L(0)
= mfcoshd — ¢y * L(H)

where we have reabsorbed the perturbation term in a redefinition of temperature as
B = B—aES. The TBA equations for TT-perturbed theories were famously studied
in [20]. One feature that is easy to prove in a similar way is the similar modification
of the TBA equations if we consider a more general perturbation, namely where the
factor ®,(0) is replaced by

—i Y o sinh(sf)
Q@) =e =5 (4.5)

With the introduction of such term, the TBA equations of the perturbed theory
look like the TBA equations of the unperturbed theory in a GGE with couplings
which are now related to the perturbation parameters a,, with driving terms of the
form cosh(sf) (and also sinh(sf) if the system is not at equilibrium). In this case,
(4.3) becomes instead

e(0) = mp, cosh(sh) — o x L(0) (4.6)

where the modified generalized temperatures are modified analogously (but not
in exactly the same way, since in their definition the energy does not appear).
In [64] it was shown that the Y-system of these new TBA equations and of the
TBA equations of the underformed theory is the same, a result which is essentially
equivalent to that of [63], and which constitutes an alternative proof to the one
presented in chapter 2. Although this work is mostly concerned with the study of
the standard perturbation with s=1, a discussion on the extension of the theory
to generalized deformations is presented at the end of the chapter. Except for a
few complications, the main discussion is analogous, and exact expressions for the
currents can be obtained also in that situation. Observe that out of equilibrium
the situation is much more complex, and it is not possible to reabsorb entirely the
perturbation as a redefinition of temperature. Therefore in this situation it the
solution of the perturbed theory is not always obvious, but as will be shown in this
chapter it is only possible to obtain it in the conformal limit.

48



The particular factorization of the TT term into a hyperbolic cosine and a
hyperbolic sine part becomes crucial when one evaluates the dressing of the physical
quantities which is necessary to study the conserved currents and densities of the
theory (both in and out of equilibrium). Starting from (4.1), and recalling that the

dressing equation can be obtained by the definition h%" = 65—;?, it is easy to see that
the dressing equation becomes:
hS'(0) = hs(0) + o * (nhS7)(0) (4.7)

so in the deformed theory we simply have to include an additional term:
0o * (NhI)(0) = g x (nhI)(0) — mPa cosh x(nh")(0), (4.8)

Performing the same considerations as above, the hyperbolic cosine can be rewritten
in an extremely interesting way, which will turn out to be particularly useful in the
following:

2 00 o0
m? cosh x(nh™)(9) = 7;— (COSh@ cosh O'n (0" )R (6')df’ — sinh 0/

[e.e]

Here ¢¢ and j¢ are the average density and the average current associated to the
conserved quantity whose one-particle eigenvalue is hy(f) in the deformed theory,
and E, p are the (bare) energy and momentum of a single quasiparticle, simply
given by E(0) = mcosh(f) and p(f) = msinh(#). Therefore the final expression we
obtain is:

hy'(0) = hy(0) — aB(0)qS + ap(0)5S + o * (nh)() . (4.10)

The extension to more complicated systems, such as many particle systems, is
only slightly more involved. We consider the system to be described by the kernels
Yap, and therefore the TT deformed TBA equation is

Eq = Vg — Z ab * Lp(0) + Z amgmy(cosh xLy)(6) (4.11)
b b

Proceding analogously to what was done for a single particle we find the dressed
quantities and then use the properties of the hyperbolic cosine to simplify the second
convolution:

R (0) = has(0) + Y pap x mphify(0) — &> mgmy(cosh xnyhy") (6)
b b

= has(0) + > @ap x mphif(0) + amg > (i sinh(6) — g; cosh (9))
b b
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The second sum can be simply evaluated to give the total spin-s densities and
current, g, and j, respectively !:

her(0) = has(0) + > @an *mphiy(0) + amy(jssinh 6 — g, cosh 0)  (4.12)
b

= h(z,s + Z Pab * nbhlc;l;<‘9) + apa(9>js - OéEa(@)QS
b

which is essentially the same as the situation above, except that we see that each
particle is coupled to the total currents and densities. As shown explicitly in [64],
it is always possible to reabsorb the TT term into the TBA equations through a
redefinition of the inverse temperature (in general, if we are dealing with a general-
ized TT deformation it will be reabsorbed in some generalized inverse temperature
Bs appearing in the GGE). Consider equation (4.12) at equilibrium, with thermal
driving term v, = m,f coshf: we will have j, = 0. Then simply I can reabsorb
the perturbing term by sending S — B Therefore it is expected that all physical
results of the perturbed theory can be obtained by simply making this substitution.
If the system is out of equilibrium, however, the situation is more complicated if
one starts with thermal driving terms (as in the partitioning protocol), and other
subtleties need to be considered, as will be studied in the following.

4.2 The free fermion

In order to investigate the structure of the TBA equations it is convenient to start
with the simplest case, namely the free fermion. In this situation, ¢o(f) = 0 and the
TBA equations can be solved exactly, even for the TT-perturbed theory, at least in
the conformal limit. We have

e(f) = mpf cosh @ — maE§ cosh @, (4.13)

with -
ES = —22/ cosh @ log(1 4 e~ (A-abg)meosht) g (4.14)

™ —0o0

This is a non-linear equation for Ej, which can be solved exactly by using Bessel
functions, essentially generalizing the standard way of approaching the TBA of a
free fermion proposed initially in [55|. Postponing a more general discussion to the
end of the chapter, we observe that for m < 1 we can expand the logarithm, and
introduce the modified Bessel function of second kind:

Ka(z):/ e~ %0t cosh atdt (4.15)
0

IThis is only valid if all the particles are massive. In the presence of magnonic nodes there is
a subtlety arising from the fact that the perturbation does not affect directly all the nodes of the
diagram: this is however only a small complication.
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So to obtain:

> _1 n o0 «
Eg _ m ( ) / cosh Hefn(ﬁfan )mcosh9d9

27T n oo

m > m >
= — EO‘ —

T “ 7r ; n?(p — aEa
B W(ﬁ—aEé‘) 2 - 12(3 — akg)

e
S — 416
56— aE9) )

where we have used the expansion of the Bessel function for small argument,
Ki(z) ~ 1 and we have introduced the central charge of the free fermion ¢ = 1/2
to relate with more general theories. We observe that for &« = 0 we recover the

known result EJ := —Z¢. From (4.16) we obtain a quadratic equation in Eg
o) = BES — < (4.17)
which can be immediately solved to find the expression:
15} 2ame
Ey=—(1+,4/1 4.18

We see that, for a < 0 the energy can become complex and has a square root branch
point. This is related to the famous Hagedorn transition [51] that is often discussed
in the context of TT perturbations. In order to avoid this complication, we limit
ourselves to the a > 0 part. Moreover, of the two possible signs we will take only
the - sign, as it is the one for which the energy remains finite as  — oo, namely as
T — 0. Introducing the scaling function in an obvious way we see that we obtain
precisely the same result which was obtained in [23,24], (up to a redefinition of the

perturbing constant & = —o /2 to match the notation of these works):
362 2ame
= 1+ ,/1 4.19
‘ e’ ( i 32 > (4.19)

Interestingly, the scaling function is # dependent also in the conformal limit. This
fact has extremely important consequences: for example, this clearly implies that
the scaling function outside the critical point cannot be written as c(r), solely as
function of the parameter r = m/f3, because otherwise it would become constant
in the conformal limit. As discussed in the following, this is a consequence of the
addition of a new length scale in the system through a. As mentioned before, the
effect of the perturbation can be seen as a redefinition of the temperature. We
therefore can define a notion of deformed inverse temperature:

B:B—aE3:§(1¢ 1+2;;f‘)‘ (4.20)
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This equation coincides exactly to what was found in [24]. Observe that the above
expression can be obtained for a generic massive theory through a simple observa-
tion: the perturbed energy at temperature 3 is equivalent to the unperturbed one
at temperature B .

E§(B) = —22/ cosh 6 log(1 + e_BCOShOW’*L(e))dQ = E3(B) (4.21)
™ —00
Using then the fact that EJ(3) := — &5 in the conformal limit, we can obtain again
expression (4.16):
o S (4.22)
7 6(8 - aEf)

which then lead to the same expressions as above for Ef and B , this time valid for
any kernel. This observation is essentially the same as in both [19,20], namely that
the solution of the Burgers equation is of the form

Eo(B) = Eo(B — aEu(B)) (4.23)

where the difference in sign is just due to the convention on the sign of the parameter
a of the perturbation.

The large mass limit

It is interesting to consider what happens to the theory in the opposite limit, namely
when m — oo. In this situation we can try to expand the logarithm in the integral
of the energy, since the exponential is infinitesimal:

E§ ~ —%/ cosh(f)e~(P-akg)meosh(®) 79 (4.24)

which is again the modified Bessel function Kj:

m

B ~
0 27

Ky ((B — aEg)m) (4.25)

This shows an interesting duality compared to the CF'T limit. However, in this case
we cannot expand the Bessel function in the same way as we did before, but we

have to use the large argument expansion K;(z) ~ y/2fe™* and therefore:
B¢~ —, | —————e Pmalg)m (4.26)

Which clearly gives zero in the IR limit (for 5 # 0, which is obviously the case). This
is consistent with the fact that the 77 perturbation is irrelevant, and therefore does
not alter the infrared structure of the theory, and the energy continues to behave
the same as in the unperturbed theory(in the unperturbed case, since the theory
flows to the trivial fixed point at infinity, we have ¢=0 for m — o0).
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4.2.1 NESS in TT perturbed free fermion

Before giving the complete derivation of the charges and current densities in a
generic interacting theory, we start by studying them in the context of the free
fermion to test the ground. The results obtained in the following sections will then
be shown to reconcile perfectly with the simplest ones considered here. As dis-
cussed above, in the free fermion the effect of the perturbation can be reabsorbed
in a redefinition of temperature, § — B, where in the conformal limit this de-
formed temperature is given by (4.20). Using the dressing equation (4.10), we can
immediately compute the effective velocity of the theory as (recall that in general
jE = qp):

sinh 0 — ajg cosh 0 + a7 sinh

Ueff(g) —

= 4.27
cosh 0 — aqf cosh 0 + o sinh 6 (4.27)

The crucial quantity in the partitioning protocol is the value #* in equation (3.34),
which is found by setting the effective velocity to zero. This can be easily found:

oI (07) = 0 & tanh(6") = < j‘_”jj
p

(4.28)

which means that o

0% = arctanh Hp (4.29)
1+ ajy

Numerically, this can be used to find the currents and densities in a self-consistent
fashion. If we are interested however in an analytical result, this is only possible in
the conformal limit, m — 0. In the following general discussion we will show that
in the conformal limit:

lim 67 =0 (4.30)

m—0

Therefore, in the conformal limit the value of the 6 is precisely the same as in the
free fermion without the perturbation. This makes the study of the partitioning
protocol much easier. Consider the expression for the currents and densities:

jo = / 46 sinh(6)n(6) (hs(6) — o cosh 0g° + o sinh 67°) (4.31)
qs = /dQ cosh(€)n(6) (hs(8) — o cosh 0q + asinh 657) (4.32)

Since 07, = 0 = 0, it is clear that the n-function is exactly the same as the one for
the nonperturbed theory except for the above discussed redefinition of temperature.
Therefore the integrals which appear are precisely the densities and currents of the
partitioning protocol of a free fermion at temperatures Br and By

/ d0 sinh(0)n(0)hs(0) = 52(3) (4.33)
/ 40 cosh(0)n(0)ha(0) = ¢ (3) (4.34)
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And hence in particular [ df sinh(6)n () cosh(f) = j%, [ df cosh(8)n(6) cosh(h) =
q%, and the same for the momentum. We thus obtain the system of equations in
the perturbed current and density:

{js = 0 = g} + ajss) (4.35)

¢¢ = q7 — aqlqy + ajl iy
Assuming that the charges and currents of the unperturbed theory are known (and

they are exactly, see [93]) this is a system of equations for two unknowns j¢ and
qs. It can be solved immediately to give:

02(8) = o

g I-agptaqp—a®ipdp+aipdy |5 136
) 0,0_:0 0 ( . )

jo(B) = Js+¥sde — s

* L-ajptady—o?jjdptolipdy | 3

The fact that the quantities on the right hand side are to be evaluated at the
modified temperature will be from now on given as understood, since it will always

be the case. Therefore we use the compact notation ¢ = ¢¢'(8) and 7 = ¢°(B),
jo = j(B) and j) = j(B)

Postponing the consistency checks to the general discussion to be done in the
next section, we observe that, while these results for the partitioning protocol are
only valid in the conformal limit, if we consider an equilibrium situation they are
exact at all temperatures. In fact, it is easy to see that the n-function at equilibrium
is always the same up to a redefinition of temperature, and not only in the conformal
limit. Therefore we get the exact equilibrium expression for the conserved charges
at all temperatures?:

. @0 — ajq!

= ‘ .
1 —ajd + aqy — a?50qy

(4.37)

4.2.2 A comment on the conformal limit of 77 deformed
theories

The conformal limit of a massive theory is defined as the limit in which the corre-
lation lenght diverges, or equivalently the mass tends to zero. In the usual TBA
context, since the only two length scales of the theory are identified by 5 and 1/m,
the process of sending the correlation length to infinity is equivalent to sending
B — 0. In this limit one obtains expressions at the dominant orders in # which
coincide with the conformal values (which, if one starts with a conformal limit or
approach the conformal limit sending m — 0 are valid for all values of /5). The
presence of only two lenght scales is also at the root of the possibility of writing
the scaling function ¢ in terms of just r=mpf, as clarified in [55]. However, in the

ZWhile the currents associated to cosh(sf) vanish at equilibrium, the odd ones (like the mo-
mentum current) do not. In this section we have for simplicity restricted the attention to the
computation of currents and densities associated to even charges, but there is no additional com-
plication if one wants to extend the discussion also to the odd charges.
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present context we have an additional lenght scale, namely /a. (Interestingly, this
lenght scale can be related to a peculiarity which was discussed in [94]: the effect
of the TT deformation can be understood as an aquisition of a width of the funda-
mental particles, which thus are no longer pointlike, and this in turn is equivalent
to a change of the metric.). Therefore in this situation the conformal limit is not
simply obtained by sending the inverse temperature to zero. In the perturbed situ-
ation, if one wanted to do the usual trick, and approach the conformal limit without
modifying the mass, one also would have to send o — 0 together with the inverse
temperature. The two procedures lead to exactly the same analytical results in the
conformal limit, but perhaps the m — 0 procedure is more transparent, especially
when one attemps to to find numerical solutions, as will be shown in the following.
Note that « is not renormalized as the mass is varied, as would happen for a relevant
coupling. This happens because, considering a massive theory as a relevant defor-
mation of a CF'T, the mass is determined by the properties of the corresponding
relevant field, as (see [26])

m oc \T=75 (4.38)

where A is the coupling and A the conformal dimension of the corresponding field.
Therefore a modification of the mass corresponds to a modification of the parameter
A. However, in the TT deformed case the o couples to the physical mass m just
defined, and it is a completely free parameter. Although this peculiarity has not
been yet investigated in depth, it is possible that this is related to the fact that in
such theories the conformal (massless) limit does not coincide with the UV limit,
as is instead the case in the more standard theories which are usually studied in the
TBA context, which are obtained as relevant perturbations of CF'Ts. The presence
of three different lenght scales, and two different dimensionless parameters,r = mg
and 7 = m?q, implies that the scaling function will depend on any combination
of the two, except in the conformal limit, in which only the combination which
eliminates the mass (a/3?) will survive. In particular, to obtain the conformal
limit in practice we can follow the original procedure by Zamolodchikov. Consider
a free theory with no T'7T deformation and thermal driving term, such that £(#) =
mp cosh@. As we take the conformal limit, m — 0, this would appear to vanish
identically. However, we have to consider that as the mass goes to zero the particles
become relativistic, id est their rapidity would diverge. So we can imagine to match
the divergence of the hyperbolic cosine with the vanishing of the mass. In particular,
considering 8 = 6y + 0, where 6, — 0o, we can impose that M = me® is constant
along the RG flow, and

mf3 cosh 6 ~ 70 = m—ﬁeeoeé = Mﬁeé (4.39)
2 2 2

(sometimes the factor 2 is absorbed in the new mass scale M). This becomes the

driving term of TBA equation for the right movers of the CF'T in the massless limit,

and we will have an analogous expression with opposite sign in the exponential for

the left movers. In the case of theories perturbed by 7T a similar discussion can be

performed. Considering (4.1), we see that it might seem that the mass term cannot
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be reabsorbed since it is squared. Here comes at hand the expression in terms of
the energy, such as (4.13). The fact that we can write:

£(f) = mp cosh(f) — maEg cosh 6 (4.40)

implies that we can use exactly the same trick as above on the two terms separately,
so we will have in the conformal limit:

£(6) = (3 aEﬁ)%ee (4.41)

Hence we see immediately that the notion of B remains consistently defined upon
varying the mass of the particles and flowing to the CFT limit 3. This will allow
in the following sections to apply the obtained results to the pure CF'T case, which
we will assume to be defined as the limit we just discussed. As before, this par-
ticularly simple expression is only valid at equilibrium: in a partitioning protocol,
for example, the deformation would also introduce an interaction term between the
right and left movers of the theory, as in [23].

4.3 The general solution to the 77 deformation in
interacting theories

Having tested the ground with the free fermion, we can move to study generic
theories (for now, with a single particle type) specified by a generic scattering
kernel . Since all the masses would eventually cancel anyway, we can directly
not write them from the beginning.* In this situation, the TBA equation is of the
form (4.1). To be as general as possible, we will not specify until the end which
particular context we are working with, but the two situations we have in mind are
the equilibrium case and the partitioning protocol. We start making an observation
on the dressing equation in the unperturbed theory. Considering the convolution
as an integral operator T acting on h%", we can write 4.10 as

hir(0) = h(0) + Tng(0)h (0) (4.42)
hir(8) = (1 — Tno(8)) " h(6) (4.43)

where, following [13], we have treated formally the integral operator: the above
equation should be understood as a formal power series in T:

FT) =3 L) (4.44)

3Clearly, the value of E§ varies along the flow. However, the exact result for /3 in the conformal
limit guarantees that there are no pathologies arising, and this value remains finite.

4This is only true in the standard case. In the generalized deformations, studied at the end
of the chapter it will be necessary to keep them explicit. We will come back to this problem in
section 4.6.
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where the powers of the integral operator are interpreted as multiple convolutions.
Therefore we are identifying the dressing operation in the free theory with the
action of the integral operator (1 — Tng(#))~* on the bare charge eigenvalues. The
addition of the TT deformation leads to the addition of two extra terms in the
dressing equations, and the above manipulation leads to:

R (0) = (1 — Tna(0)) " (h(f) — ag® cosh § 4 aj sinh 6) (4.45)
which we rewrite conveniently as:
hir(0) = ha — S o + aj Pa (4.46)

where we can take aqd and aj¢ outside of the action of the convolution because of
its linearity. The charges with the tilde are defined as:

1(0) = (1 — Tna(6)) " h(6) (4.47)

This is almost identical to the dressing found above for the non-perturbed theory,
since the integral operator T is the same in the two situations, except for the dif-
ference in the n-function, which in this situation will contain the information of the
perturbation through the modification of the temperature, through a modification
of 6*, and possibly through other effects. Therefore, only in those situations in
which the two n-functions are in some way comparable, as it was in the case of
the free fermion, they will have the same effect. The situations in which this in-
deed happens will be analyzed further on. For now, we can use the equation above
substituting them in the equations for the currents and densities, as done above:

jo = / df sinh(6)n(8) (ﬁg(e) — aB,(0)¢® + aPy(8) jg) (4.48)

qs = /d9 cosh(0)n(6) <B§‘(€) — aEa(H)q? + a]sa(e)j§> (4.49)

Introducing the tilded charges and currents ¢, 3? defined in an obvious way from the
corresponding tilded dressed quantities, we obtain again a system of two equations
in the two unknowns j¢, ¢

@ ~a aza eTpTat (450)
qs = qs - Oéqs QE + a]s qP

This can be solved easily to give the final expressions:

{js = J — ag®J% + ajoe

38 +adyje —ajpas
L-ajj tody—aljgdp+ajEay; (4.51)
JS+adyie —ajnas '
1—ajs+0Ge —a?jeqa+o2j 2y

qs =

Js =
For the moment it seems that these equations add nothing to our understanding of
the problem, since we are not able to find the tilded quantities exactly. However,
we now analyze two fundamental situations in which the two expressions above can
be written in terms only of (potentially) known quantities, namely the equilibrium
situation and the partitioning protocol. In these situations, the relationship between
the tilded and unperturbed quantities can be clarified, and this allows to solve the
system exactly in terms of potentially known quantities.
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4.3.1 System at equilibrium

We stated above that the system greatly simplifies if n, and ngy are the same func-
tions. Considering a system at equilibrium, described by a standard Gibbs en-
semble, with driving term [ cosh 6, it is clear that this is the case, because of the
arguments made at the end of section 4.1: the currents and densities calculated
using n,, can be exactly calculated from ngy simply by adding a prescription of mod-
ifying the temperature, g — B It is then clear that the operation (4.47) is exactly
equal to the dressing operation in the free theory at the modified temperature. This
means that we can make the identifications:

GO 0
{zs ; (452
Js = Js

where the implicit convention that the quantities with apex 0 are evaluated in B
and those with apex a are evaluated in [ is being used. Hence the above system
becomes (assuming that in the unperturbed theory we are only considering even
charges, such that 77 = 0 it is immediate to see from (4.50) that necessarily this
implies j& = 0°):

0 0.0
qs — &)p4qs
— : : 4.53
@& =1 ajd + aqy — a?50qy (4.53)
This can be further simplified by collecting some terms:
. ¢(1 — agyp) Q0
qs = 0 0N 0 (454)
(I+agp)(1—ajd) 1+ agy

Hence we have obtained the complete set of conserved charges at equilibrium for a
TT deformed theory in terms only of the non-perturbed quantities evaluated at the
temperature B , as we found previously for the free theory. Note that this equation
is valid at any temperature, and it is exact. However, for generic non-conformal
theories B is difficult to compute exactly, the only exception being the free fermion,
in which progress towards a perturbative expression can be made thanks to the
properties of the Bessel functions, as discussed in section 4.5. Therefore in general
this equation will lead to formal expression in terms of a B which can be evaluated
precisely only for small a or small 3. However, this expression is still extremely
useful since approximate expression for B can usually be found in various regimes:
for example, for B > « we have 8 ~ f3, so we can evaluate (4.53) at the real
temperature. Another problem is then that the values of the unperturbed currents
and densities are unknown out of the critical point for all theories of interest (even
for the free fermion, the exact expression which can be found is so intricated, since
expressed as a series of Bessel functions, that it is scarcely useful).

A consistency check for this expression can be done by analyzing the free fermion
in the conformal limit. In this situation, the conserved charges can be found in a

® Actually, this is only true if aj, is different from one.
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different way as follows: observing that the dressing becomes hd*(6) = h,(6) —
a cosh(0)q, the charges can be easily computed:

o0

(B = i cosh (01 (0)d0 (4.55)

= —/ cosh 0'n(6')h (9’)d9’—aq?2i/ cosh? @'n(6)de’
T

o0

o0 ho h / 1 o0 h2 /
_ cosh ' cos (s@)da aq?Q_/ cosh” 0 50

T 0. (4.56)
271— 14+ eﬁcoshé” oo 1+ e cosh ¢’

—0o0

Here we have taken hg(f) = cosh(sf) but we could have taken a combination of
cosh(sf) and sinh(sf). The integrals can be computed in the limit of § < 1. We
have that

o0

1 . -
B — —pB cosh @ E (_1)n —nf3 cosh @
= e (&
1 + eﬂcosh@ —
_ Z(_l)n+1€—nﬁcosh9’ : (457)
n=1

and thus we can again make use modified Bessel functions, this time of higher order,
to rewrite the integrals:

/ cosh 6 cosh(sf)e~*h0q9 = / cosh(s + 1)0 e~ A0
0 0

— / sinh 6 sinh(s6)e~ 4" 49
0

- K8+1(A)—%KS(A), for A0
Using now the asymptotic expansion for the generic modified Bessel function, i.e.
Kq(x) ~ 51290_4 for z ~ 0, we can rewrite it to obtain a sum which can be solved

exactly in terms of the Riemann zeta function:

2 = 230 (Retd) = S = S () = )

Q

gl92s 8!25—1 aqa oo 2 1
- n+1 _ _ _ s -1 n+1 _ _ _
Z (nﬁ)SH (n5)5+1> ™ ;< ) ((n6)2 (nﬁ)Z)
S|25—1 ozqo‘
_ n+1 . o As ) 458
Z ( nﬁ)sﬂ (nﬁ)Z) ( )

Using the known sum:

<_nls)+"l+l — (s 4 1)(1—279) (4.59)

oS
n=1
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we obtain the final expression:

sl IC(s+1)(1=27°)  agem
ﬂBs—i-l 1232

q5 = , (4.60)

which can finally be rewritten as

s127 (s +1)(1 —27%)
mbe (1+ 55)

This expression can be used to test the validity of the fundamental expression (4.53),

using the result found in [93], in which the non-perturbed conserved charges are

found to be given by (here they are directly evaluated at the modified temperature,
since it is what we need):

(e}

4s =

(4.61)

s! s sl2s—1 s
- v (2° =1)C(s+1) = e (1-27°)((s+1) (4.62)

@

and in particular qp = 12”? = jp % Therefore, substituting these free results into
(4.53), with the modification of the temperature prescription, we get:

0 0
qa<ﬂ) — 0 1 aqE — ds ‘
’ 1—a%¢ s 1+ag)ls
s! sl (1 —275)((s + 1)

- - (4.63)
mBet (14 5%)

This is precisely the same as (4.61), and hence expression (4.53) leads to consistent
results which are in agreement with the previous results known for unperturbed
theories. Although these results are only valid in the conformal limit, expression
(4.67) is valid for all values of m. Therefore, we expect that going to higher orders
in the expansion of the Bessel functions would still lead to consistent results.

4.3.2 Partitioning Protocol

We can now investigate how to deal with the system (4.51) in the most typical of
out of equilibriums situations, the partitioning protocol. In this case, the situation
is more complicated since it is not enough to consider a modification of the tem-
perature. In fact, in the context of the partitioning protocol the n-function of the
system is not only determined by 3, but also by the angle #*, and can be expressed,
assuming the effective velocity to be monotonic, as (since we are interested in the
NESS we can set £ = 0):

{naw) = nk(0)0(8 — 6%) + ni,(0)0(6; — 6)
=0

w5 (4.64)

6The equality Jp = qE not strictly always valid. However, it is valid up to terms which are
always negligible in the conformal limit, since they diverge slower than 1/35T1.
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Since it is reasonable to assume that the effective velocity is monotonic, a claim
which will be proven true below, we are not losing any generality with these con-
straint. The main difference with the equilibrium case is that now it is not only
enough to modify the inverse temperature, since we also have 8% # 6. In the most
general case the solution to the partitioning protocol has to be evaluated numeri-
cally as it is usually done in GHD, using a recursive approach. However, proceeding
in line to what was done for the free fermion, we can show that in the conformal
limit one can take 07 ~ 6§ and obtain consistent results. In fact, the identity is not
exact, but as far as the integrals are concerned it makes no difference. To see this,
we observe that since v&// = pd" /E we can find §* by finding the zeros of the
dressed momentum:

P (02) = Bal02) — agy Ea(02) + 0y pa(0:) = 0 (4.65)

Using the fact that ¢, = jr we see that the zero of the dressed momentum corre-
sponds to:

Do gers — i (4.66)
E, 1+ ajy

In general, the solution of this equation will lead to a @7 different from that of the
unperturbed theory. However in the conformal limit we can use make use of the fact
that the solutions for the n-functions give a plateau around 6 = 6*. This happens
for both the perturbed and unperturbed case, the only difference being that it is
necessary to go to lower values of m in order to see the plateau as « is increased.
The plateau structure is shown in figure 4.1.

The key observation is that in the presence of the plateau the exact position
of the zero of the effective velocity is totally irrelevant. The value of n(f) in the
plateau is independent on temperature, because it can be found in terms of the
solutions to the constant TBA equations [16]. In a partitioning protocol, the value
of * is important because it allows to divide the integrals in the right and left part,
but this makes no difference in this situation, since the n-function is continuous in
the separation point and constant over a large portion of space (going to infinity
as m — 0). Therefore in this limit we can set 8% = #*, and the results of the
integrals will be exactly identical. But from the definition of the tilded quantities
we see that to find 6* one simply has to solve a partitioning protocol which is
identical to the one of the unperturbed theory, up to the shift of temperature. So
finally we see that in the conformal limit, also in the case of a partitioning protocol,
the TT can be obtained as functions of the unperturbed quantities with the now
familiar prescription § — B . We observe that, although this is a (extremely precise)
approximation at small but finite m, it is exact in the conformal limit. Therefore the
expressions that will be obtained in the following are expected to be exact in the
conformal limit, and this will be strongly confirmed by the numerical simulations
in chapter 5.

Therefore, since the tilded quantities simply correspond to the unperturbed
dressed quantities, system (4.51) can be rewritten as:
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nif) at m=0.001
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Figure 4.1: Since in the two halves of the partitioning protocol the effect of
the perturbation is a redefinition of temperature, then clearly the usual plateau
structure will still be preserved. In particular, in the conformal limit the n-function
tends to the same value on both sides, although the two temperatures are different.
Note however that the effect of the perturbation remains still visible by the presence
of an asymmetry.

o q+aqdjd—ajdqd

W = ol o (4.67
ja — ]S-i-aqE]S—a]Eqs
§  lajptaqp—aljjapta’ipay

These expressions are one of the main theoretical achievements of this work. They
allow to find the conserved densities and currents at any spin, once the unperturbed
ones are known, and as shown in the next section can be used in particular to
generalize the result of [23,24] to higher spin charges and currents. Moreover, they
can be easily generalized to theories in which there are several massive particles,
and with some modifications also to magnonic theories, in which there are both
massive and massless excitations.

Relationhip with previously known charges

As a test of the fundamental expression just found, we now show that it can be used
to recover correctly the results of [24]. Since their study regarded T'T' perturbations
of pure CFTs, the unperturbed charges we need to substitute in (4.67) are the
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famous energy and momentum currents first studied in [91], which were shown to

be:
0 crm (1 1
T (B% 61%) o

0 cm ( 1 1 )
==\ %5 1t (4.69)
P12\p 0 B
A feature which famously characterizes the pure CFT situation, as clear from the
two expressions above, is the separation into a contribution coming from the left
reservoir and one coming from the right reservoir. This is essentially related to the
separation of the TBA equations into two parts related to the right and left movers

of the theory, which in pure CFT are completely free. However, substituting them
in equation (4.67), we obtain:

. 32
" 1= a?(qy)* + 0?(jp)?
0
_ JE
B 2(cm\2 [ 1 1 2 9/cmy\2 [ 1 1 2
1-a2 (%) @ (% -7)
0 = 1 1
= L = 12 —— (4.70)
- (9925 1— (%5921 (ﬁ% 5}%)
PLBR BLBR
and similarly, observing that the denominator is exaclty the same,
o = ¢ + o ((Jp)* — (qg)*)
" 1 —a*(qp)” + o*(jp)?
= 1 1 oo
12
= - —+ —+ — (4.71)
1— (%) (5% B 35%@)
BLBR

These two results are exactly what was obtained through a different approach in [24],
and therefore this provides a substantial confirmation of the validity of expression
(4.67) in the conformal limit. Following the notation of [24], we now define c.p :=
[ - to write the compact results:

R
o cm 1 1
JE = T7CRL | =7 — =7
1277\5 B

o cm 1 n 1 . Teo
dg = T5CRL | =5 = 0 A
12 Bt Bk 3BRAL
The main feature of this result, compared to the CFT situation, is the absence of
factorization into right and left. The perturbation can be interpreted precisely as

the addition of an interaction term between the right and left movers, which arises
because the S-matrix is no longer trivial.
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Generalization of previous results

While in [23,24] only the energy and momentum currents were found, the method
presented in this work allows to generalize the result to charges and currents of any
spin. We start by noting that for a generic unperturbed theory these are not known
analytically; however expression (4.67) is still useful in that it greatly reduces the
computational effort of solving the partitioning protocol numerically. Moreover,
there are situations in which such charges are known, for example the free fermion
and conformal field theories. The situation for the free fermion was studied above,
while for CFTs it is possible to use recently found, and still unpublished, values of
the unperturbed conserved charges at any spin [95] (although a particular example
of these formulae can be found in [93]):

3o (Tyt = T3t (4.72)
¢ oc (T3 +T5™) (4.73)

The complete proof of this behaviour is provided in appendix A. The proportionality
constant is equal for the two quantities, and we shall call it G(s)”. Substituting in
the fundamental equation (4.67), and observing that again the denominator is still
the same and gives the cpr factor, we get:

el

ie = cr(jd + ajlel — aqli?)
4 aTc S 1
= CLR <JS + TG(S)(TL—HTIQ% - TR+1T£)>

From which we obtain the final expression for the higher spin currents:
o P+l sl QTC P12 rfstl2
Js = G(S)CLR TL — TR + T(TL TR — TR TL) (474)

For the charge densitites the calculations are essentially identical, and therefore:

q¢ = cr(ed + ajijp — aglqr)
aTmce A - - .
= cur (¢} - LG T+ T3 TD))

Which lead to the final expression:
@ = G(s)err ((Tg“ + Tgﬂ) - %(Tgﬂfg + Tyl:ﬁg)) (4.75)

These two expressions for the densities and currents in the perturbed theory are the
main theoretical finding of this work. The results shows clearly that the presence of
the T'T" deformation breaks the left-right factorization also in the higher currents, as

"This quantity is an integral which in general cannot be evaluated exactly, except for the free
fermion. It consists of integrals which are generalizations of those which are performed to find the
UV central charge in the TBA context, which are solved by dilogarithmic functions. Therefore, it
appears natural that also these integral might be solved by higher order polylogarithms, although
for now we have shown this only for the free theory.
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we expected. The two expressions provide a generalization of equations (4.70) and
(4.71), to which they reduce exactly when s=1. It is worth making a comment on
the relationship between the results of [24] and the results of this work. In [24], the
model considered is a pure CFT perturbed by the irrelevant deformation. Therefore,
the theory they investigate is defined on the critical surface of the starting CFT.
In the present context, we start by considering a massive theory, which itself is
a relevant perturbation of a CFT, and consider the irrelevant deformation of this
theory. The theories we consider are therefore on some sort of "critical surface"
(although it is not critical, since there is no critical point) of the massive theory,
namely the submanifold in renormalization group space spanned by the irrelevant
deformations of this massive theory. What we do taking the conformal limit is
therefore to move back along the direction of the relevant perturbation, dragging
all the massive irrelevant surface in the flow. The fact that the results coincide
means simply that the "critical" massive surface becomes the real critical surface
when the mass goes to zero. Since in the TBA context massive theories are usually
more transparent than CF'Ts, the technique shown in this work could be seen as a
method of studying irrelevant perturbations of CF'T more generally, by studying first
the perturbation of the massive theory and then sending m — 0, without having to
deal with the more complicated technicalities which usually have to be introduced
in the TBA formulation of pure CFT. In the next chapter we will compare these
results with numerical simulations of a partitioning protocol and this will confirm
that (4.74) and (4.75) are exact results in the conformal limit.

Monotonicity of the effective velocity

To conclude we can make a comment on the monotonicity of the effective velocity.
Using expression (4.46), we see that the effective velocity can be expressed as:

Do — QU O‘Ea—l—oz"’”a
peff = Lo = s 2o 7 A B (4.76)
Ea - aqua + a.]?pa
And its derivative, after some algebraic manipulation, and suppressing the «
label which is now assumed implicitly, becomes:
dvelt 7 E — E'p)(1 — ags + ajs
do (E — agsE + ajsp)?
Where the prime indicates a rapidity derivative. Therefore we see that the sign
of the derivative of the effective velocity is entirely given by the behaviour of the
term p' ' — E'p, since the denominator is always positive and the other term in the
numerator does not depend on € (this only means that the sign is fixed. It is not
obvious from here that it is always positive, although the simulations show that this
should be the case. Anyhow, this does not technically affect the monotonicity prop-
erty which is needed in the discussion above). This can be conveniently rewritten
as:

doelf

JE - Bp= B
p p a0

(4.78)
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Since in the conformal limit the quantities with the tilde become the quantities
in the unperturbed theory, we see that if the effective velocity is monotonic in
the unperturbed situation it remains so in the perturbed case, and therefore the
discussion made above can be applied. On the other hand, if the original theory
has a non-monotonic velocity then clearly this will remain the same also in the
presence of the perturbation, and the theory will be significantly more complicated.
A situation of this sort has been studied for example in [93]|. Although the analytical
proof shows the monotonicity in the conformal limit, since it is sufficient in the
discussion above, numerical simulations show that the monotonicity appears to be
preserved for any value of the mass. In particular, the effect of the presence of TT
is mostly that of introducing an asymmetric deformation of the effective velocity,
as shown in figure 4.2

Effective velocities at m=1

— a=0.1
5 1 a=03
— a=03
44 — a=1
—_— a=1.3
3] — a=10
» 27
1
04
—1 A
T T T T T T T
—15 —10 -5 0 3 10 15

Figure 4.2: Numerical study of the monotonicity of the effective velocity shows
that the claimed result about its monotonicity should be valid also out of the con-
formal limit.

Indeed, the numerical analysis highlights another peculiar feature: it is clear
that the zero of the effective velocity deviates only sligthly from the unperturbed
value even out of the conformal limit (clearly, this is valid when « is not too large).
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Therefore this justifies the attempt to look for perturbative corrections to the above
solution as 87, ~ 6, as will be investigated in the end of this chapter. We note that
the structure of the effective velocity appears a bit odd. In fact, if we consider
the effective velocity to be the velocity at which the dressed quasiparticles move,
by taking into account all the interactions which might take place, this should
be between -1 and 1, since we work with natural units and we are dealing with
relativistic systems. Although this might seem a proof of the inconsitency of the
discussion, this is not the case, and the reason is simply that the effective velocity
in the perturbed theories can be shown not to have the interpretation as a group
velocity. Let us now make a comment on this point. In general, the effective velocity
is defined by equation (3.25). The interpretation as a "dressed" group velocity arises
because it is usually possible to write:

d Edr
Veff = dpdr

(4.79)

which coincides with a dressed version of the textbook group velocity v, = Z—‘]:. This
is not always the case, obviously, because in the original definition the derivative
is inside the dressing and not outside. In fact, in the 7T deformed theories it
is possible to show that equation (4.79) is not actually valid! To see this we use
the free fermion for simplicity. The effective velocity in this simple case is given
by equation (4.27). Hence to check the validity of (4.79) we need to evaluate the
derivative:

dE df dE®

= 4.80
dpdr dpdr do ( )

where we use the generic dressing equations (4.10) to obtain:
dE _ sinh 0 — aqysinh 6 + g cosh 0 (4.81)

dp®  cosh — agqg sinh 6 + a;jg cosh 0

which is different from the effective velocity. Therefore, we see that in the per-
turbed situation we have a behaviour which is subtly different from what happens
normally. This might imply that also the usual notion of dressing has to be taken
with additional care, as will be also clear when studying the generalized deforma-
tions, in which an even more strange behaviour of the effective velocity will be
observed. In any case, this discussion clarifies the reason why the behaviour of the
effective velocity is not inconsistent and does not imply some sort of superluminal
propagation.

4.4 Systems with several particle types

The discussion can be generalized to the case of multiparticle systems. As proven
above, for systems with more than one particle type the dressing equation can be
written as

hir = h, + Z Dap * Nph" + amg(js sinh @ — g, cosh ) (4.82)
b
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The presence of a nested sum over all particle types makes this system extremely
complicated to deal with. However, we can apply a similar reasoning to what was
done previously, to obtain formally the dressing in the perturbed context as function
of the free one. Since the discussion is extremely formal, in the two following
sections we will show in two particular situations how it can be applied in practice.
Considering (4.82), we can rewrite it in matrix form introducing the matrix of
integral operators ¢ of components T,,n, (we recall that T is just the expression
of the convolution between ¢ and the argument as a single integral operator), and
obtain:

h' =+ ¢h™ + a(jp(0) — ¢:E(0)) (4.83)

where h% = (h{" hd" ...), and similarly for the other terms. This can be formally
inverted as:

h = (1= @)~ (h+ a(jsp(0) — 4.E(0))) (4.84)

The inversion of a matrix of integral operators is delicate and has to be dealt with
carefully. In this context, as done above for a single particle, we define it as its
Taylor expansion, namely

(1—¢) =) ¢ (4.85)

which must converge for physical reasons, otherwise the dressing operation would
be ill-defined. To make the contact with the discussion made above, we now see
that (if the above considerations on the n-functions are still applicable) then we can
again see the operation (1 — @) 'h := h where h — hd" in the conformal limit, and
therefore also in this case we can express the dressing in the perturbed theory as:

R = hd" — aq, B 4 ajpl" (4.86)
Therefore we see that the possibility of writing the equations in this way is purely
given by the way in which the T'T" contribution factorizes in the dressing equation.

In this context we are interested in the total currents and densities, so we sum over
the various components (multiplying each by the corresponding mass):

Z mah® = Z mahily + o Z ma(qsELy + Jspi) (4.87)
and so we can compute the total charges:

qs = Z Ma / he + (g EXy 4 spo)na(6) cosh 0 (4.88)
= q) — aqqy + ajsq) (4.89)

which is precisely the same as above. Similarly, we can find for the currents the
same expressions which se found previously:

Js = ]g - O‘QSjOE + O‘jsj;? (4.90)
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Hence the system of equations which allow to find the currents and densitites is
exactly the same as in the single-particle case, and the solution will be exactly the
same as that given in (4.67). In the next sections, we will show explicitly with
two examples that the inversion of the matrix of the integral operators is a sound
procedure which lead to the claimed result.

4.4.1 Magnonic case

We start by considering the simplest case, namely a magnonic theory with a single
massive excitation, since in this situation the 7T deformation will only act on a
single term (since it is mass-dependent). The Dynkin representation of this theory is
given by a single massive node with several magnons forming the adjacency matrix
of the Dynkin diagram of A,,. The structure of this theory is particularly simple,
since the TT perturbation acts only on the single massive node of the theory. To
obtain this equation we can start from equation (2.52):

vl =l + g2 ) Gu(v) —A) = > HyLj}
b J

+ 3 amgmy(coshxLY) =Y~ aGamamy(py * cosh=LY)(6)
b b

which in the present case gets simplified drastically since we take G = 1, and
therefore the perturbed TBA equations becomes:

Vv, =¢&; —@* Z Hz‘ij + 5i1am?(cosh *Lz) (491)
J

where now ¢ = m. Since we have a single mass we can normalize it to one, so

the final TBA equation in this situation becomes:

Vi =¢&; — p* Z Hiij + (51'10[((308}1 *Lz> (492)

J

In order to deal with the system we consider the simplest situation, with one massive
particle and one particle (which corresponds to the Tricritical ising model perturbed
by ¢13). In this case the equation above give rise to two dressing equations, where
1 and 2 indicize the particle and the magnon respectively::

{hgr = hy — Tnohd™ — aBy(0)g; + api(0)5; (4.93)

hdr = hg — T?’Llhllh

It is easy to see that in the absence of the perturbation the dressing operation can
be formally inverted to give:

{hd” = (1 — TnaTny) " (1 — Tnohs) (494

hgr = (1 — TanTLQ>_1<h2 — Tnlhl)
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So, proceeding by analogy with what was done in the case of a single particle, we
want to write the perturbed charge densities and currents in terms of the tilded
quantities, defined analogously as above (recall that the tilded quantities are ob-
tained by the dressing of the unoerturbed theory where just the n-function is mod-
ified). Then, we will show that in relevant physical situations the tilded quantities
correspond to the quantities from the nonperturbed theory. Therefore we can take
system (4.93) and invert it:

hcllr = (1 — Tnngl)*l(hl — Tnghg — OZEquf + Ozpljf) (4 95)
her = (1 — TniTny) (hy — Tnyhy — agiTni By + aj;Tnip;) '
To transform this in the tilded quantities we now observe that p, = FEy; = 0,

hence from equation 4.94 we see that £y = (1 — TnoTny) (Ey), By = (1 —
Tn,Tny) ' (—=Tn, E,), and similarly for the momenta. Hence:

{h‘{” = Iy — agi By + ajipy (4£.96)

hgr = hy — aq} Ey + ajipo
And this leads for the usual system of equations for g, and j,: in this case, we will
have four equations because of the presence of two particles

@ = ¢ — aqiqy + ajiqy
i = Ji — aqiit + ajiiy
¢ =G — 0qi@y + oy

Js = Jj5 — aqijy + ajij

(4.97)

Now, the discussion is identical as before. At equilibrium, the n-function is only
changed by the shift in the temperature and therefore the tilded quantities corre-
spond to the dressing in the unperturbed theory with g — B . The same is valid for
the partitioning protocol, where now one has to take in consideration two different
6* for the two particles, but it is immediate to see that the same considerations as
above apply. Therefore we get the final system:

@ = aio — aqiqfy + agiql,
Ji = Jio — agi it + ajist,
@ = g3 — agighy + ajigh

J5 = Jso — iz + ik

(4.98)

which can be easily solved as before: the first two equations have exactly the same
solution as before, while the second ones can be fund by substituting the results of
the first two. We are mainly interested in the total densitites and currents, which
are obtained by summing the two to obtain:

¢ =q§ — agiqy + ajiqh (1.99)
J* = js — aqiif + agigb
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where ¢} and j; can be found solving (4.67). It is immediate to see that it is only
terms which depend on the massive particle which make the densities and currents
deviate from their unperturbed value, as expected.

In the case of theories with a larger number of magnons the discussion is exactly
the same, with the sole difference of having to deal with much more complicated
systems of equations. However, one can convince himself that the solution for the
total charges is always of the form given by (4.99), which therefore provide the
general solution for magnonic problems of this kind. We notice that this is slightly
different from the discussion above, and this is related to the fact that in this
situation I only have the perturbation on the first node, and not on all the nodes
as would happen in a massive theory.

4.4.2 ADE theories

For theories of ADE type the discussion follows directly from what was done in
section 4.4. However, in this context we can provide an additional argument in
support of the solidity of the discussion made previously, which does not involve
the inversion of a matrix of integral operators. We consider the TBA equations,
which can be obtained from (2.52) by neglecting the terms related to the magnonic
Dynkin diagram H:

hler - Z Gab‘zp * (1 +nb)hdr = ha - Z Gabgp * [hb - a(QsEb - jspb))] - Oéqua + ajspa
b b

(4.100)
Since we are interested in the total currents and densities, we sum over the particle
type a, and observe that we can write ) | Gg, = ¢, where the constant &, is simply
the number of links that start from node b:

Z hgr_z éb§0*<1+nb>hdr - Z ha,_z 6b(p*[hb - a(QsEb - jspb))]+2(_QQSEa+ajspa)

a b b
(4.101)
Relabeling the index b to a and rearranging the equations we obtain:
D (1= &TA+na)hi" = (1= &T)(ha — g Ea + 0°pa) (4.102)

a a

This can be compared to the free case in which by the same argument we would
have > (1 — ¢ T(1 4 ng))hd" = 3 (1 — ¢, T)h,, we see that (4.102) is essentially
equivalent to the unperturbed theory in which the object which has to be dressed in
the equations to find ¢% and j¢ is precisely (h, — aq®E, + aj®p,), which leads again
to the usual result (under the assumptions made above for the general theory). Note
that since we are equating two sums, this is not necessarily the unique solutions,
but this subtlety is of no interest. As long as this is a solution, since we are only
interested in the total densities and currents, in any case the final expressions will
be the same. Therefore, for this class of theories we do not even need to make use
of subtle procedures such as the inversion of integral operators to show the validity
of expression (4.67), giving further corroboration to the previously obtained results.

71



4.5 Going out of the conformal point

All the results obtained thus far are applicable only in the conformal limit. This is
also true at equilibrium: even if the expression we found is valid at all temperatures,
the expression of /3 is only known for § — 0. It is however instructive to try to
study, at least perturbatively, how the system can be treated outside the critical
point. To do so, we focus on the case of a free fermion, for which we can find
some analytical expressions thanks to the absence of the scattering kernel. The
discussion will highlight the peculiarity of the scaling function in the presence of
TT deformations.

4.5.1 The scaling function

Focusing on the scaling function, we start by studying it in the absence of the
perturbation, as done in [56]. Proceeding analogously as above, and using the
properties of the modified Bessel functions, we can obtain the value of ¢ for every
value of r:

6r

ofr) = ) df cosh @ 1n(1 + e~"sh?)
6r (_1)1171
= B
1 3 | 1 _— .
e 2 27T2 nr 2 nmT ’YE

T2

_ _Z< V@n =122 42— (Qn_l)ﬁ_m) (4.103)

where g is Euler-Mascheroni constant. This property of the free theory becomes
useful in the present context thanks to the observation made in (4.21), that E§(8) =

EY(B): out of the conformal limit, we will have EO(3) = —%g), where ¢ is the

unperturbed scaling function which we just found exactly and 7 := mB . Since B
is a function of E§(f), the evaluation of the expression above allows to find the
modified temperature exactly. It is possible to compute exactly the lowest order
corrections to E§ and B . To do so, we need to rewrite the sum by expanding the
square root in series:

=@2n—-1)r+ (2n— )7 2(2n_1 2W2+ 3 ( ><2n_r—21)27r2>k (4.105)
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where we see that the first two terms cancel out . Therefore the scaling function
becomes:

2k

1 3r2 1 1/2 1
c(r) = 3 o2 {lnfr— 3 —1H7T+'7E:| +62< )W%ZW (4.106)

The sum in n can be exactly solved using the Riemann zeta function, thanks to the

expression
o

> Gy = (1-27w) (4.107)

and therefore we reach the final expression:

e(r) = %—% {lnr - % —Inn +7E] +6; (1/2) —p(1-2' 2M)¢(2k—1) (4.108)

This formulation shows clearly that the sum only contains terms of O(r*), and can
then be truncated at the desired order to find corrections to the expression for Eg
discussed above. We can approximately simplify the sum even more by observing

that
C(2k—1) N

C(2K)

where 7 is the Dirichlet function; also, n(x) & 1 for x large, and the approach to this
value is very fast even for the lowest term in which the argument is 4. Therefore
we can set to 1 all these terms, and obtain a sum which is exactly solved:

1 32 1 1/2
c(r) ~ 3 53 {lnr—i—lnw+7E1+6Z( >7r2k

k=2

(1—272M)¢(2k — 1) = n(2k) n(2k) for k > 2

1 3 1 2 r2 42
= - -1 61— -+ Y11
2 2n? [m 2 m+7E} * ( Srci—

In any case, we will only consider the first term in the square bracket, since the
second term is subleading, and the presence of the logarithm already makes it

difficult to solve. Considering the above mentioned fact that Ef = moﬁ( ), and

further using that Ef = % from the definition of B, we obtain an expression
relating the inverse temperature to the modified inverse temperature, which holds
away from criticality:

A2 ) 00 A2k—1,.,2k
. g_&ﬁg 3] -3 (122)%@—21-%)«%—1) (4.109)
k=2

where xy = —% — Inm + 7g, and this can be solved (at least numerically) to find

8

the value of B at all orders.® The presence of the logarithm makes it anyway

8Note that, however, the radius of convergence of the expansion of the square root we have
used is only 1, by Cauchy-Hadamard theorem, according to which the radius of convergence of a
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Figure 4.3: Behaviour of the exact scaling function and its derivative as a function
of the argument, as given in equation (4.103). We see that the correct conformal
limit ¢=1/2 is obtained as the argument tends to zero.

extremely challenging to invert the expression to find B as function of , even at
the lowest orders. However, an approximate solution can be found using Lambert
functions. We are interested in the lowest order corrections in m, which represents
the behaviour of the theory just outside the critical point. For m & 0, it is justified
to neglect entirely the sum, which contains terms O(m?)), and therefore we are left
with:

6_8 o« pm?

a o« 128 * Am

|:1Il ﬁm} (4.110)

We have also neglected the x term, since it is a next order correction, and in any
case in is easy to reintroduce it at the end of the calculations. We can start by
finding the modified temperature at 8 = 0. Exponentiating the truncated equation
(4.110) at 8 = 0 we obtain:

3 = - 1
p 128 47 (nﬁm>
2 ~
= 47T2 = _ n fm
am 3/32m?

N B 2 47
mexp | —— =exp| —
P 332m? P\ am?

power series can be evaluated as & = limsup,,_, ., (|c|)

series. In the present case, we have limsup,,_, . (| (1,/62) [)1/™ = 1. Hence the expression above can
only be used to study the deviation from the conformal point for small values of 3.

1/n  where ¢, are the coefficients of the
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This equation can be solved exactly using the Lambert function W (x) [96], which
is defined by the equation

W(z)e"® =z (4.111)
To reduce to a form solvable by the Lambert function, we introduce t = — 62’ then
take square of both sides:

2
\/zexp 7r—15 = eofmg
3

2'/T2 87
t eXp ?t = (A am?

o272 ; o2 ; 272 LS
—texp | — = eam
3 P\ T3 3

This can immediately be solved using the defining equation of the Lambert function
(4.111), and substituting ¢ = m 2372 one obtains:

B(B=0)= = Ao (4.112)

this can be rewritten as:

Note that using the defining relation e"V® =

93)’

. ex 1W
fo= P2 exp 5 Y (4.113)
mexp( amQ 377m2

where we have introduced the parameter n = p(

5). This expression will be

useful in the following. For m — 0 Bo is ﬁnite, since the Lambert function behaves
asymptotically as the logarithm of the argument. In particular, the limit can be

evaluated:
lim 3(8 =/ —= o (4.114)
m—0

which corresponds precisely to the result which can be obtained in the § — 0 limit
of equation (4.20), with c=1/2. If § # 0, the solution in terms of Lambert funtions
is not exact, but if we require the temperature to still be small (with respect to
Va, so that B (B=0)=~ \/% > . The procedure is analogous to what was done
before, with the introduction of an extra term:

478 47 2

afm?  am?  352m2

. 2 4 1 7r
Bexp(— I Tﬁ):—eaﬁrﬂ

36°m2  afm?

R 2 1288 .
mpexp | — T — |1+ Bp :e*fﬁ
3m?2 52 yres
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Unfortunately, despite the great similarity with the previous one, this equation is
not exactly solvable in terms of Lambert functions, because of the extra term in the
exponential in the left hand side. Although generalizations of the Lambert functions
exist, there appear to be no generalization yet which allows to deal with this type
of equation®. However, assuming that 3 is small as mentioned above, we perform

an approximation which restores the possibility of using Lambert functions: we can

approximate the ﬁ appearing in the term Hﬁ B with its value at £ =0, since adding

extra terms would only lead to higher order corrections in (3, which we neglect.
Doing so we obtain:

~ 7'('2 12 . __4m_
mp exp (_3m262 (1 + a@ﬁg)) = e am? (4.115)

which can be solved exactly as before, with the addition of an extra (-dependent

term:
B = \/; /1 7 (4.116)
oy f (22 (1+ 296) o)

Notice that we have neglected for simplicity the y term, which can anyway be rein-
serted trivially, by adding a term e~2X into the Lambert function. In any case, this
correction is neglible for small values of m. Again, we can test if expression (4.116)
lead to the correct conformal limit, when compared to the conformal definition
(4.20). Indeed, we see that

lim 3 = <1+m/ ) — g (4.117)

which is precisely the correct result, as can be seen by expanding the conformal
expression to first order in . By using the same relation with the exponential of
the function, we can obtain an expression similar to (4.113),

o 272

o exp W1+ Kexp (W) ) @i

. 12 2
where the new parameter is K = 28, /21
T 3Inm

Therefore we see that this suggests
that the complete solution will be given by infinitely many "nested" Lambert func-
tions: this can be seen by iterating the calculation to reach higher values of 3, by
substituting the i-th obtained value of B (in this notation we have computed above

9While the usual Lambert function allows to evaluate xe® = a, generalizations have been
studied to deal with equations as (z — a)(z — b)...(x — ¢)e” = z. However, in this situation we
would need a solution to the problem ze(*~®(@=b).-(z=¢) — > which have never been studied. The
two lead to different functions which cannot be reduced to one another, since intricated square
roots appear in this attempt for any possible reparametrization.
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BD and Bl) into the expression for the i41-th component. This will lead to the

equation:
. \/ %\/ 1+ %5@
Biv1 = (4.119)
2 A _8m_
myfw (% (1+ 93) )

which is finally expressed as the nested exponential formula:

b= 3277—7;; exp (%(W(n(l I expl( W n(1 + /Cexp(%W(...))))) (4.120)

This is the exact expression of B for any value of temperature, with mass at sec-
ond order. We see that this becomes extremely complicated; going higher order
in the mass, introducing m* terms, would make the solution even more intricated.
Therefore we see that an exact solution at any mass appears impossible to obtain,
although the nice structure of equation (4.120) gives some hope. Perhaps some spe-
cial property of the Lambert functions may allow us to go further in the description
to simplify the higher orders of the expansion (this would be a necessary step if
the attempt to generalize the function in this direction is undertaken); in any case
the results which is obtained by the iteration for i — oo is exact at any [, and
corresponds to the second order in the mass. In light of the considerations made
above, we could even venture to define a novel generalized function, with will need
to have the properties just found: this extension could even in principle allow to
consider evaluations at higher orders in m. We define the modified function as the
inverse of the expression:

x = zeFmA)Em2) o) o = Wz (2) (4.121)

Although an in-depth study of these functions is well beyond the scope of this thesis,
we see that in terms of these functions the solution would simply be:

3/m?

mWo 128 (7;,_2 exp(i—;i))

Ymam

B = (4.122)

Comparison with the result found above shows the relation between these gen-
eralized functions to the standard Lambert function. We leave a more thorough
investigation of the properties of such functions for following research: this would
be a study of interest because generalizing the function even more would allow to
solve also for the higher orders in the mass.

It is then easy to study the small temperature (large () asymptotics. It is
immediate to obtain that the modified temperature satisfies a formal quadratic
expression:

ame(B)

B -3 - 2

=0 (4.123)
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Which leads to the expression:

/ 29 2awc(B)
B:ﬁJr P (4.124)

2

This is identical to the one obained above, except for the fact that we have the
full complicated scaling function, which is plotted with its derivative in figure 4.3.
We see however clearly that for 3 — oo the modified temperature tends to the
unperturbed temperature, because the scaling function vanishes, and B > [ for any
values of m, 3, and « (in the range a > 0 considered in this work).

B~ f for B — oo (4.125)

The behaviour of the modified temperature is shown in figure 4.4, for m=1 and
different values of «. It is obvious from the plot and from the consideration we
just made that the T'T perturbation only affects the low-3 region, by increasing the
value of B Similarly, it is mostly effective if the mass is small, while its effects are
negligible for m — oo, and this is related to the perturbation being irrelevant.

B
2.0

1.5
— a=0.001
a=0.1
1.0 a=0.3
— a=1

0.5

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ﬁ

0.5 1.0 1.5 2.0

Figure 4.4: Value of B at different values of temperature. As expected, for large 3
the two coincide, while for small § the modified temperature tends to a value which

is solution to the equation 52 = —M(é(ﬁ)
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4.5.2 Monotonicity of the scaling function and c-theorem

This discussion shows clearly that the possibility of obtaining exact results, even at
the lowest orders in perturbation theory, is extremely specific to the free fermion,
and already extremely complicated. We can however check in general the properties
of the scaling function of the perturbed theory c¢,, which we define in the most
natural way in the TBA context:

o _Wco(f) B _Wca(r)
B == = s (4.126)

where the c-function ¢ is the one evaluated in (4.103). From this we see again that
we can relate the scaling function of the perturbed theory, c,, to the one in the free
theory evaluated at f3:

Be(r)

Co(r) = — 4.127
(r) 3 (4.127)

which can be expressed solely in terms of the modified temperature as:

calr) = col#) (1 - %MOB(;)) (4.128)
In the unperturbed theories, the scaling function is a monotonically decreasing
function, as stated in the famous c-theorem [42]!°. The c-theorem however is con-
structed only to follow the RG flow of integrable theories constructed as relevant
deformations of CFTs, therefore it is not obvious that it should apply to theories
with irrelevant deformations, especially because the UV structure of these theories
is rather obscure. Hence it is interesting to analyse the structure of the scaling
function in this theory, to check wether it is or not decreasing along the flow, and
therefore if some sort of formulation of the c-theorem might still apply, as was
already investigated in [97-99].

Before doing this we stress a very simple yet fundamental fact: since in this
context the theory depends on two dimensionless quantities, which we define as
r = mf and ' = m2a, then the c-function of the perturbed theory will not in
general be a pure function of the quantity r, but will be a function of r, 7/, r/r’,
and in principle any combination of these quantities. This is quite obvious when
compared to the results obtained in [23| regarding the scaling function, which is
not a constant (neither in 8 nor in «) even in the conformal limit. Specifically, in
that work they obtain a functional dependence on r?/7’, which is the same result
shown in expression (4.19). Therefore, as was remarked also above, it is not so
obvious which is the correct way to approach the conformal limit, and if this limit
corresponds to the UV limit of the theory. Hence we will refer to the conformal limit
as equivalent to the massless limit of the theory, which leads to the results of [24].
The flow is therefore a flow with respect to the variation of the mass parameter,

10Although the c-function of Zamolodchikov’s theorem and the scaling function of the TBA
context are different functions, they are generally believed to carry the same information.
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from zero in the conformal limit, and increasing to obtain a generic massive theory.
Starting from equation (4.127), we obtain:

860(7‘) ﬁ
Z;j_ﬁ( 552 0" o ) (4.129)

B [ 0c(?) OF 0B
=% ( o7 amﬁ co(r)a—m> (4.130)

B [ dco(r) » op
52( o7 B — (ﬁ)a—m> (4.131)
neo(f) _ BB

To find the mass derivative of the modified temperature we can use —Z2) — 5=8
from which we obtain, rearranging and differentiating with respect to m:

~amcy(T)

_ 5 om 4132
p=F-— 7 (4.132)
85 arm 2800( ) L Op
_ _ (V22 41
0 am 6% (ﬁ CO(T)&m (4.133)
A am dco(F)
G il G (4.134)
om 1+ a?gz’"

which substituted in (4.131) leads to:

o 22
Oa _ B dcul?) A (4.135)
om g2 OF 1+ %%ﬁ_(;“)

which is always decreasing with m, since the term in the parenthesis is positive while
the free c-function ¢ is always decreasing with its argument, as shown in figure 4.3
for the free fermion. The monotonic behaviour might suggest that some c-theorem
might still hold in theories with irrelevant deformations. A similar discussion can
be found in [97]. Figures 4.5a and 4.5b show the monotonic behaviour for different
values of temperature and «.

An important observation is that the monotonic behaviour is not observed when
considering the functional dependence of ¢, on [, and this is a further indication
of the fact that something completely new is happening, related to the presence
of two length scales in the system. This is shown in figure 4.6. The difference of
monotonicity of ¢, with respect to m and [ is a necessary and sufficient condition
to conclude that the scaling function does not depend on r only. The interplay of
the two different adimensional factors r and r’ will give rise to an interesting range
of phenomena which would be interesting to study more thoroughly in the future.
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(a) The scaling function in terms of the mass, at fixed § = 1 and at different values of . As
expected, the scaling function is monotonic, and the effect of the perturbation is to decrease its
value in the conformal limit.
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(b) The scaling function in terms of the mass, at fixed o = 0.1 and at different values of 5. We
see that, when the inverse temperature becomes comparable to the value of «, the behaviour of
the scaling function changes drastically. In particular, for § =~ o we see that it drops to extremely
small values.

Figure 4.5: Behaviour of ¢, as function of the mass, varying 3 and «a.

4.5.3 First Corrections in the Partitioning Protocol

The main assumption which was used to study the partitioning protocol was that
0% = 0§ in the conformal limit, and this allowed to obtain the exact result for
higher currents and densities. As in the previous sections, we only consider the
case of the free fermion, since it is the only one in which it is plausible to obtain
some analytical results, and we study the first order correction to the results found
above. The correction can be found by expanding the integrals as function of the
parameter 0 ~ 11333 ~ 0 (where we have already expanded the arctangent which
we obtained previously). This leads to corrections first to the energy and momentum
currents, which propagate to corrections to all the higher currents. It is clear that
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Figure 4.6: The non-monotonic behaviour of the scaling function with respect to
the inverse temperature is shown here for different values of the mass, for a = 0.1.
We note that, for m — 0, the plot is exactly what was found in [24], namely a
p-dependent scaling function which tends to ¢=1/2 for large 5. We observe that
the plot is a function of B and not of 3, but since the modified temperature is
monotonic in 3 the change of variables would not alter the monotonicity structure
of ¢,.

the addition of such a term will lead to significant complication of the expressions
already at the level of the free theory. Following the discussion of section 4.2.1,
we need to solve the system (4.32), this time with 6* non-zero, but still small. For
simplicity, we only consider the corrections at first order. We write conveniently
expression (4.32) as:

Jo = Is — alpeqs + ol js (4.136)
q5 = Ies — aleeqsy + adepjs (4.137)

where the constant factors are defined as

I, - / " h(O)h;(O)n(0)

- /9* hi(e)hj(e);‘f‘/oohi(e)hj(e) :

— 0o 1+ eBR cosh(6) " 1+ QBL cosh(0)

Expanding the integrals at fist order in 6*, and focusing only on energy and mo-
mentum for simplicity, it is possible to obtain:

Iee

Q

1 1
0 * *\ 2
04 ) o0
q (]_—}-QBR 1+66L) ( )
Ipe =~ j2+0(9*)2
Ly = j,+0(")°

Q
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hence only one term gets a correction. Note that here the quantities ¢°, 5, jg are not
only the quantities of the unperturbed theory, but they are the quantities evaluated
in the conformal limit, namely the well known result by Bernard-Doyon. This leads
to the following system, defining k = —* L

1+efR  14efL’

j& = Jje — ajlqd + agyie
0 = ¢° + k0" — a(q® + kO*)g® + a0je (4.138)
g = Jp A+ ajlis +agpiy

Substituting 6* ~ 1355‘“’ it can be solved exactly. As anticipated, the expressions
P

which one obtains are rather involved, and we report here the correction to the
energy current:

o 1220507 = 50d0) + (agp — 1)3/1+ 2aq0 + 4a2k50 + a2(¢0)?
Je =TT 2(a2(j0 — k) + 20%K50 + a4 ((79)° — K(0)2 — 191940)

(4.139)

These calculations show explicitly that obtaining even the lowest order corrections
becomes quickly extremely complicated even for the simplest possible theory. At
2

higher orders in 8*, we would have to consider even terms as (%) and this would
make the system virtually impossible to solve, even just at second order. Therefore,
a perturbative approach as this one does not lead to particularly interesting results,
and we can say that the power of the methods developed in this work to obtain
exact solutions is mostly limited to the conformal case. As stressed previously,
this should not be seen as a particular weakness of the theory, since it is the rule
rather than the exception exact solutions in GHD are extremely hard to find, even

in unperturbed theories.

4.6 Generalized Deformations

It is possible, with some caveats, to extend the discussions of this chapter to the
case of a generalized T'T deformation, in which the kernel gets modified by a factor
cosh sfl. Since the calculations in this situation become more complicated, and this
section serves more as an illustration, we will focus on the free fermion theory, and
assume boldly that the results will apply with eventual small modifications also in
the general interacting case. As stated before, the generalized deformation affects
the TBA equations in a simple way:

e(0) = v(0) + ascosh sd x L(6) (4.140)

where «; is a dimensionless parameter, of which we do not know the mass depen-
dence exactly. We see that, in order to absorb the perturbation into a redefinition of
the generalized inverse temperatures we need to have in the driving term the same
cosh s6. So for simplicity we consider the case v(6) = (s cosh s, namely a situation
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in which the system is described by a GGE with only one nonzero potential. This is
the only situation in which some of the integrals can be solved exactly, or reduced
to the integrals discussed in the previous sections, and therefore we focus solely on
this case since we are interested in finding analytical results . We will consider
a TBA with driving term containing potential 5, = m®3° at spin s: this is the
situation in which Zamolodchikov’s argument explained in section 4.2.2 can be still
applied. At equilibrium, we can repeat the calculations made above analogously,
as:

e(@) = m’p°cosh(sh) + a cosh(sh) = L(0)
— msﬁs Cosh(sg) + oy COSh(S@) / C;—Z_/ COSh(SQ’)L(QI>

Now, we can define a generalization of the free TBA energy that we considered
before:

ES = —% /d9 cosh(s0)L(0) (4.141)

where the tilde used here should not be confused with the tilded quantities of section
4.3. This object is interpreted as the analogous of E§ for higher spin charges, and we
will refer to it as a generalized energy. Introducing this quantity the TBA equation
becomes:

e(0) = m®B° cosh(sf) — &Eg cosh(s0) (4.142)
mS

hence this allows to find a self consistent equation for the generalized energy:
ES = _7271_ /cosh(s@) log(1 + e~ B s B cosh(sf)) (4.143)
v

In order to avoid divergencies we impose that a/m?® goes to zero as m goes to zero.
Solving the integral in terms of Bessel functions as above, and performing a change
of variables s — 6 to remove the spin in the exponent, leads to an analogous
expression:

B s —1)" B
EY = QT:Lrs ; ( n) /cosh(&) exp (—nm?®(° — %ES)COSh(Q»
_ m’® (=" s(73s Ys o
S k- S
B —7c
6s(5* — 25 E5)

Where we still have a mass term, contrarily to the standard case in which all the
mass dependence gets canceled. But now we see clearly that in the conformal limit

Tt is known that the TBA equations become problematic when there are two hyperbolic cosine
with different arguments, as there are convergence issues, so we directly avoid also this problem.
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this leads to a vanishing of the energy, making the theory unphysical. Therefore we
have several reasons to assume that the value of the parameter a, has the form:

o, = am® (4.144)

Where « has the dimensions of [M]725.12 This is a direct analogy with the standard
TT case, where s=1. In this situation, the energy remains finite, and in particular
the difference with the usual case is the addition of a factor s and a modification of
the inverse temperature dependence as  — 3°. This leads to the expression:

Eg:%(p,/u;:—gi) (4.145)

Therefore, defining the modified inverse temperature by analogy as above, as

3* = B° — aES (4.146)
this leads to the expression:
A 5° 2mea
=11 1+ — 4.147
=gy e (4.147)

The final expression for the modified inverse temperature is therefore

1/s
A 15} 2mea
ﬁ:m 1+ 1_‘_@ (4.148)

In terms of these objects the (equilibrium) TBA equation becomes simply:
e(#) = 3*m® cosh(sh) (4.149)

where eventually one can add a interacting term through the addition of a kernel.
Therefore it should be possible to carry a similar analysis as for the standard case.
This clearly requires (4.144) to hold. In a many particle theory, this should look
something like:

s = am;im; (4.150)

Now, we can also proceed by analogy with 4.2.2, since the modified inverse temper-
ature has no mass dependence, to find the CFT limit of (4.149): for right movers
and left movers respectively, we will have:

MsBs
2

MsBs
2

er(f) = e er(0) = e0 (4.151)
where as usual M = me®, with 6, the divergent part of the rapidity. In the following
two sections we discuss how the previous results can be extended to include these

generalized perturbations.

12Note that this form of a is the only one which allows to use Zamolodchikov argument pre-
sented in 4.2.2 also on the perturbing term, in order to reabsorb the infinity of the hyperbolic
cosine into the vanishing of the masses. Therefore we have a double reason to take this mass
dependence.
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4.6.1 Free fermion charges

Setting now m=1, we move to the evaluation of the charges: the discussion is slightly
more involved than before because both the spin of the perturbation and the spin
of the charge of interest will have to be considered separately, but we can essentially
generalize the results of 4.3.1. We start by observing that, in the presence of a spin
s in the deformation, even at equilibrium we cannot use the trick of writing the
dressing at some spin s in terms of the charge density of the same spin. This is
because we have:
o0
he" = hs — acosh(s&)/ cosh(s0)n(0)he (0) (4.152)
— 0o
where s is the spin appearing in the modified kernel, while 5 is the spin of the charge
we are performing the dressing operation on. We can avoid this problem in the case
of the energy, since the dressing operation can be exchanged between the terms of
the integral, such that one obtains (assuming equilibrium from the start):

E = cosh § — aq, cosh(s) (4.153)

From this it is possible in a first instance to find the charge density of the same spin
s corresponding to the spin of the perturbation:
1

G = % 0 cosh (B)n(B)h (6) = 5 / dOE™ (0)n(6)h, (6)

1
= 5 / df(cosh 6 — g, cosh s0)n(0) cosh(sd)
7r

1 A
= — / df(cosh 6 — g, cosh s0) Z(—l)”“e_"’BCOSh(SG) cosh(s0)
2m -

1 0 .
= — h = h 1)1 —nf cosh(0) h
s df(cos L (s cos 6) En (=) e cosh(6)

where in the last step we have changed the integration variable. Now we can use
the modified Bessel function exactly as done for the standard perturbation:

qs = Z(—l)n+1% [(Kl+1/s(nﬁ) — S;BKl/s(nﬁ)) — g, (KQ(nﬁ) . nlﬁAKl(nﬁ))}

(4.154)
which is clearly identical to (4.58) except for the substitution s — %, and hence the
final solution for the charges is identical up to this substitution: defining s’ = 1/s,
we simply rewrite 3

n

(8)°T(s)21¢(s" + 1)(1 — 27)
mpe (14 22)

(67

s =

(4.155)

3Note that since s’ is not an integer we cannot use the factorial as we did above, but we need
to use instead sI'(s): the two expressions coincide for integer values.
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Now, the knowledge of this fundamental charge allows to find the charges of all the
others, with spin s different from that of the perturbation:

G = % / dOE™ (0)n(0)hs(0) (4.156)
= % /d@(cosh@ — ags cosh s0)n(0)hz(0) (4.157)

which can then simply be solved by analogy and substituting (4.155), obtaining the
complicated expression for the generic-spin charge densities:

(Is = 5[
Bls—3]

(54 3)!
Bs—&-é’

C(ls — 8] + (27 = 2) - ((s+3)

(4.158)
where s is the spin of the perturbing operator and § is the spin of the generic charge
that we are taking into consideration, ¢V is the charge in the unperturbed theory,
while ¢¢ is (4.155). Therefore the equilibrium situation can be dealt with in a rather
straightforward way, althouth the exact expressions become much more intricated.

@ o « s—§
6 = a5~ o [(2 -2)-
T

4.6.2 Non-Equilibrium

On the other hand, the main discussion which was presented in sections 4.3 on-
wards, which allowed to solve the partitioning protocol with great generality in the
conformal limit, relied essentially on the possibility of writing the dressing of a spin
s quantity in terms of the density and current at that precise spin. In the present
case this is in general not true, except for the energy and momentum which satisfy:

EY = mecosh() — am® cosh(s0)q, + am® sinh(s0)q_, (4.159)
p" = msinh() — am® cosh(s)j, + am®sinh(s6)j_, (4.160)

where the -s is used to indicate the odd spin densities and currents, which in general
will be different from zero if the system is not at equilibrium (in this notation, we
would have ¢; = ¢g, and ¢_1; = ¢p, and similarly for the currents). At least in the
conformal limit, we can use the equality ¢s = j_, and viceversa (which is the same
as qp = j, and jg = ¢,), to obtain:

EY = mcosh() — am? cosh(s#)q, + am® sinh(sh)j,

p™ = msinh(f) — am?® cosh(s0)j, + am® sinh(s6)q,
Therefore we see that the discussion presented for the standard s=1 T cannot
be applied directly, because it is not possible to obtain a close solvable system
containing the quantities at a fixed spin s. The main difficulty arising when the
generalized deformations are introduced regards the effective velocity. As already
clear from (4.159), contrarily to what happened for the standard deformation in this
case the dressed energy vanishes for two quasi-symmetric values of the rapidity, as
shown in figure (4.7). This behaviour is quite problematic, and rather unique,
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Divergence of the effective velocity

Y ®  Effective velocity
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Figure 4.7: In the presence of generalized deformations the effective velocity ex-
hibits a peculiar behaviour, namely it diverges at two values of rapidity which
corresponds to the zeros of the dressed energy. This makes the solution to the
partitioning protocol extremely interesting in the non-conformal case. More work
should be done to give an interpretation to these singularities.

although it had been observed already for the hard rods in GHD. First of all, the
solution to the partitioning protocol described in chapter 3 requires to have a smooth
effective velocity, which is clearly not the case, and therefore the general solution
will not be given by a stacking of contact discontinuities as usual. Another strange
feature is the asymptotic behaviour: usually, the hyperbolic tangent-like shape of
the effective velocity implies that it is negative for negative values of the rapidity,
and positive for positive values, but this is not the case in the present situation.
This inverted behaviour might suggest unphysical and puzzling phenomena such as
the flow of energy from the coldest to the hottest side of the partitioning protocol,
unless the solution for the n-function is significantly different from the one we have
in the case of continuous effective velocities, namely (3.34). These features signal
an interesting kind of transition taking place: the fact that the dressed energy
can become negative implies that, for example, the TBA quasiparticle density also
becomes negative, since:

po(6) = 5-n(6)E" () (4.161)

These are all unusual properties whose physical meaning is not clear at this stage
and is left for future investigation. Fortunately, however, the situation greatly
simplifies in the conformal limit, in light of the following observation: as m — 0,
the two poles are moved to +oo, disappearing completely as m = 0. Moreover, it is
also easy to see that in the conformal limit the central part of the effective velocity,
is exactly the arctangent (this is exact, since we are dealing with the free fermion).
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This can be easily shown by calculating the effective velocity from (4.159):

msinh(f) — am?® cosh(s6)js + am?® sinh(s6)qs

eff = - : 4.162
Velt T cosh(#) — am? cosh(s0)qs + am? sinh(sh)js ( )

To take the limit we make the assumption that the currents and densities are well
behaved functions in the conformal limit, as it happens in the standard 1T case,
and this immediately implies that:

71n1£n>0 Vepy = tanh(6) (4.163)

This behiour is shown in figure 4.8, and it is completely different from the standard

Tanh behaviour in the conformal limit

1.OQ o e Effective velocity r
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Figure 4.8: In the conformal limit, the effective velocity becomes a perfect hyper-
bolic tangent, exactly as in a free theory. In this sense the effect of the perturbation
modifies the structure of the theory less than in the s=1 T'T case studied above. To
favour the convergence of the numerical simulation, which is greatly spoiled by the
higher value of s (equal to 2 in this case) which tends to overflow the hyperbolic
cosines in the TBA equations, also the temperatures have been taken extremely
small in this case, ' = O(107°)

TT context, in which it is easy to show that:

i p5=] — sinh(0) — aj* cosh(f) + aq® sinh(0)
m—0 7 cosh(6) — ag® cosh(f) + aj sinh(#)

(4.164)

because all the masses cancel in the fraction. In this sense the conformal limit of
the generalized theories is even easier, since we have a perfect arctangent so it is
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not even necessary to repeat the considerations on the flatness of the n-functions
which were instead necessary above, precisely because the effective velocity is of the
form (4.164). These considerations justify the idea of using the same strategy used
above also in this situation. The main problem resides in the aforementioned fact
that here it is not possible to obtain immediately a closed system for the currents
and densities, since the spin of the perturbation will always appear. A way out is
to define modified densities and currents as:

. /_ " cosh(st)n(8)h (@)

o0

[e.e]
s / sinh (0 )n () he (¢)
—0o0
where again s is the spin of the perturbing term, and s is the spin of the charge of
which the average is being calculated. Observe that
1

n(0) = ns(0) = T o comied) (4.165)
So what we are doing is taking the cosh sf which performs the averages with the
same spin as the n-function. These objects do not have the interpretation of con-
served currents and densities, but appear to be their natural generalizations. It is
thus possible to perform the same discussion as above in terms of these new quan-
tities, and this would allow to find the values of these charges in the perturbed
theory in terms of the ones of the unperturbed theory. The unperturbed versions
of these object are easy to compute in the case of the free fermion, and in the
general theory a similar discussion to that which will be done in appendix A can
be performed: their meaning can be understood as the density associated to a spin
5 charge with a driving term containing a cosh(sf) potential. It is easy to convince
oneself that these quantities are easy to compute from the quantities we already
studied in chapter 4. Starting with the case § = s we see immediately:

O\ s . cosh(sf
(]O)S = /Slnh(se)l_‘_T(cosh)(se) = (4166)
1 [ cosh(#) | s 5
g /Slnh(&)m = g.]ll(ﬁ ) = g(S, 8) (Tg - ,I’]%L ) (4167)

where j{ is the standard CFT energy current. The same discussion can be applied
for the densities, hence we obtain:

(¢°); = G(s,9) (T7° + TF)
(7°): = G(s,5) (TP — TF)

where G(s,s) = 5. Similarly, always considering a driving term of the form

(% cosh(sf), the energy currents and densities are easily computed:

s . cosh(6) 1 [ . cosh(6/s) 1. 5
J1 = /smh(59)1 +655cosh(59) - _/Slﬂh(e)l +€BS cosh(0) = gjll/s(ﬁ )

S
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where ji /S(ﬂs) are the current found above, for example in (4.74), only evaluated
at a value of spin 1/s, and at temperature 3° (although our result was technically
valid for integer values of spin, there is no difficulty in extending it to contain also
1/s), hence the final result is

s 1 s s
Ji =G/ )T = T™) (4.168)
and the same for the density:
1
a7 = ZG(1/s)(T" + ™) (4.169)

while all the other generic currents will contain terms as 5/s:

s , cosh(56) 1 [ . cosh(20) L.,
5= /smh(s@)m = ; /smh(@)m = §j§/8</8 ) (4170)

which then leads to the last interesting current in the unperturbed theory:
. 1 = 5+s S+s
J3 = JGG/s)(TE = TR™) (4.171)

Now we can use the same approach as in the standard case, although the calcula-
tions are slightly more intricate. We show how to obtain the energy current as an
illustration. First of all we consider the general dressing operation of the charge at
spin s, which coincides with the spin appearing in the T deformation:

he" = hy — aq® cosh(s) + aj sinh(s6) (4.172)

We see immediately that we obtain exactly the same system as the one we had
in the main discussion, for ¢¢ and j2, by simply multiplying by cosh(sf)n(f) or
sinh(sf)n(f) and integrating over the rapidities, and the solutions are immedi-
ately!:

e (205 a0+ o))
(TR (A
() = ik

Then it is possible to obtain the charges and currents of the form ¢, 77, again
starting from (4.172), and this time multiplying by sinh(#)n(f) and integrating
over rapidities; the result depends on the two quantities just found:

(@) = (") — ()5 (q™)s + (5°)5 (5*)3
G = G"] — (")) + a(@); ()

14The only difference with (4.67) is that here we have introduced immediately the fact that the
odd currents are equal to the even charges, and viceversa, in the conformal limit.
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These are already solved since (¢*)% and (j%)% are known. Substituting the ex-

pressions for the charges in the unperturbed theory, (4.168), and the results for
(¢“)% and (j*)2, one has:

(754 = T3 + 20G(s, ) (TRT3 - THTEH))

(jf)a = g(l/s) (1 _ 4@29(5’ 8)2T55T}2,25)

(4.173)

Observe that this is not the usual energy current. The energy current would be:
jg = / df sinh(0)n,(0)E™ (6) (4.174)
while this current we have found is a generalized version,
ji = /d9 sinh(s6)n,(8)E () (4.175)

So it is not clear what interpretation to give to this object. The "real" energy
current can be computed from (4.159), which implies that:

i = / sinh(8)n,(8) cosh(8) — a(3)*(a)® + a(a))°(i5)" (4.176)

The first integral cannot be easily reduced to known quantities, but from the dis-
cussion of appendix A it is easy to see that the temperature dependence will be
again of the form (77 — T3) as in the case of the thermal GGE. We will refer to the
prefactor generically as G5, which for the s=1 case will have to reduce to known
quantities to have the correct limit, while for s>1 it is possible to evaluate it only for
the free fermion. Considering all the pieces together we obtain the final expression
for the energy current (from now on we don’t write the hat on the temperatures for
legibility):

40°G(1/5)*G (s, s) Ty T (T}" — T§)
s2(1 — 402G (s, $)?T#TE)

je = Gis(T7 — Th) +

where the s? in the denominator comes from the 1/s appearing in the definition
of the current (4.168). Since for s=1 this has to reduce to the result of [24], we
consider:

(T7 = T) [G — 40*(GG(1, 1) — G(1)*) TETR]
1 — 402G (s, s)?TH T3

Jje(s=1)= (4.177)
and therefore we see that in order to have the correct value for s=1 we need to have
G = G(1)2G(1,1)71, such that the second term in the square bracket vanishes. But
this is simply 57 = G(1). The other values G, are computed for the free fermion in
the appendix. The final equation for the energy current is conveniently expressed
as:

402G (1/5)*G(s,8)TLr(3s + 1,5+ 1)

5= Gus(T? — T2
JE 1 ( L R) + 82(1 . 4042(](8’ S)QTLQST]%S)

(4.178)
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where for compactness we have introduced the composite temperature-dependent
function:
Trr(a,b) = TeTh — TETY (4.179)

which satisfies Ty g(a,b) = —Tpr(b,a) = —Tgrr(a,b) and T r(a,a) = 0, properties
which immediately show that the correct limit is obtained when s=1. Also, the first
property implies the (obvious) fundamental fact that the currents vanish when the
two temperatures are equal. By analogy with the previous situation, we can define
the prefactor czg = (1 — 40°G(s, s)?T?T%)~". Note that the values of G,, = £&
are the same for every theory, upon changing the central charge c, since they are
associated to the evaluation of the integral G(1) of appendix A. So they are easily
known quantities. This is not the case instead for G(1/s) and Gy, which in the free
fermion can be computed using expression (5.5), while it is unknown for generic

theories. For example, the s=2 case can be expressed as:

In2 T

i —9) = _Z(T2 _T2) _ 2=

JE(S ) 87r( L R) « 24

where we have used the exact expression for Gi5. Repeating essentially the same

derivation one is lead to a similar expression for the conserved densities:

(1/2)*cLrTLr(7,3) (4.180)

™

qE Y

1
(T7 + Th) + oG jcLr (aQSST(LR)(SS +1,8+1)— §T(LR)(S +1,5+1)

(4.181)
where the T, g) are the symmetrized versions of the functions defined above,

Tiory(a,b) = TETh + TETE (4.182)

Again it is easy to see that in the case s=1 expression (4.181) reduces to the ex-
pression of [24]. The procedure can also be generalized to arbitrary spins, leading
to analogous expressions. As highlighted by the complicated expression for the
equilibrium charges (4.158), and the one just found for the energy current, how-
ever, the situation becomes rapidly more involved if one attempts to compute the
currents for higher spins, when the spin of the charge is different from the spin of
the perturbation. It is important to realize however that the reasoning is always in
principle applicable, if enough information on the unperturbed quantities is acces-
sible. Although the calculations in this section have been performed only for the
free fermion, the main discussion made for the standard 7T deformation indicates
clearly that this result for the partitioning protocol should be valid for a generic
theory, simply by modifying the central charge which appears in the expressions.
In fact, the formal discussion in which we considered the inversion of the integral
operators should be still applicable in this context. Therefore we see that the equi-
librium discussion can be extended with no particular problem to the general case.
However in this situation it is the behaviour out of the conformal limit which is
particularly puzzling, since the density of quasiparticles can become negative, and
this has strange implications on the energy flows. This situation is clearly extremely
difficult to treat analytically, and therefore numerical studies will be necessary to
study these interesting phenomena.
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Chapter 5

Generalized Hydrodynamics of TT de-
formed theories: numerics

Although the results obtained in the previous chapter appear solid because of the
several discussed comparisons with previously known results, numerical testing is
the final analysis needed to check the overall validity of the theoretical framework
presented, in particular of the two expressions (4.74) and (4.75), and their general-
izations proposed in section 4.6. These expressions show the behaviour of densities
and currents in the m — 0 limit, and to test them is rather straightforward. First
of all, one can simulate a partitioning protocol, in the standard way which will be
explained below, to obtain the numerical values of the currents jg.; for different
values of m. Since we are interested in the NESS currents, we evaluate them for
¢ = 0. Then, one can normalize these currents by the factor which appears in the
analytical expression (such as (4.74) for the currents) in order to obtain a quantity
which should not depend neither on the choice of o nor of the temperatures:

. jsimul
Jnorm = rs+1 ris+1 ame (rT1s+12 ris+1712 (51)
con (T3 = T3t) + ==(T3 11T} - 13117

In the conformal limit this is expected to tend to the value of G(s), which in the
case of the free fermion can be computed exactly, whereas in other situation only
numerically, but still quite easily solving the integrals shown in appendix A. Clearly,
to check that the overall dependence on the temperature is correctly given by (4.74)
it is enough to check that j,om, is independend from 77 and Tg, since it means
that through (5.1) we are removing all the temperature dependence. Several other
minor checks, such as regarding the monotonicity of the effective velocity which we
have shown in the conformal limit, can be also performed, and some interesting
quantities relevant for the TBA can be studied. In this chapter we show the perfect
agreement of the analytical results with the simulations. In the final part we also
address the intuition presented in [94], namely the interpretation of the effect of the
TT deformation as the introduction of a finite lenght of the particles.
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5.1 Simulating GHD protocols

The approach which is usually followed to simulate the different GHD protocols is
to solve recursively the integral equations which characterize the theory, namely
the TBA equations and the dressing equations, and use the results to compute all
other relevant quantities appearing in the system, such as n-functions, densities,
ground state energy, and currents. To find the TBA pseudoenergies, for example,
it is sufficient to start the iterative process by setting as first step the energy equal
to the driving term, £¢(f) = v(#)'. Then, after i iterations the approximated
pseudoenergy will be:

gi(0) = v(0) + o * L(g;—1)(0) (5.2)

If nothing patological happens with the algorithm, it is natural to expect that the
"true" pseudoenergy will be the limit of the sequence:

£(0) = lim £;(0) (5.3)
1—00
Numerically, the algorithm can be set to stop once the difference between two the
pseudoenergies at the i-th and (i+1)-th iterations is below a certain value. Since
in general this approach is known not to have particular convergence issues, we do
not bother with the eventuality of pathologies in the approach to the solution: the
presence of a term exp(— cosh(#)) inside the L-function should in any case make
everything converge eventually, even if the kernel contains hyperbolic cosine terms
coming from the 77T
A similar method can be applied immediately also to the dressing operation,
although with some more complications: taking as 0-th order approximation the
bare quantity, hd" () = h(f), the iteration becomes

R (0) = h(B) — ¢ * (nhil,) (5.4)

While the TBA equation could be iterated directly, here it is necessary to find the
n-function first. In the partitioning protocol, one can perform a circular argument,
to find both the quantities at the same time. First, note that to find n it is sufficient
to find the numerical value of 6%, and then use (4.64). The iterative algorithm is
defined as follows: one starts with §; = 0, then this value can be used to find ny and
hence the dressed energy and momentum using (5.4). These quantities can then be
used to find the corresponding approximated effective velocity using (3.25), which
can be set to zero to finding the new value for 6. Iterating this process, we can
perform the algorithm until the error in 6 reaches a certain threshold. Therefore
in this way it is possible to obtain the dressed quantities and n(f) simultaneously.
Once these quantities are known, any quantity relating to the partitioning protocol
can be immediately computed, since all that is needed are integrals containing the
bare quantities, the dressed quantities, and the n-function. Hence it is possible

!Note that here the 0 subscript does not refer to the unperturbed theory as above, but just as
the 0-th approximation of the pseudoenergy

96



for instance to obtain the values of jg..; and hence of j,,.» at different values of
the parameters and of the masses, which can then be used to compare with the
analytical expressions.

The comparison between the analytical results and the simulations is straight-
forward: j,orm has to tend to G(s) for m — 0 in order for our result (4.74) to be
true. This clearly has to be valid for all values of «, 77, and Tx. In the case of
generalized deformations, the result will depend on the various different parame-
ters which appear in the equation, but the procedure is identical. In the following
sections, we show that the analytical results of this work agree very well with sim-
ulations performed on three fundamental examples of relativistic theories, namely
the free theory, the sinh-Gordon model, and the Lee-Yang model. Extensions to
theories with several particle types requires a slightly more intricate procedure, to
take into account the coupling between the various dressing equations, but the main
procedure is exactly the same.

5.2 Free fermion

The case of the free fermion is the simplest, since as shown in Appendix A we can
even use the exact values of G(s) for the comparison, where:

G(s) = 22 (1 - 2 )0(s)C(1 4 5) (5.5)

Figure 5.1 shows the normalized currents compared to the values of G(s). The
convergence to the conformal value is exact and also extremely fast, with slower
convergence as the spin is increased. In the plots, the dots represent the simulated
values of the currents at the different values of the mass, normalized as in (5.1),
and the dashed lines the analytical expected value of (5.5). The variable on the x
axis is one which is usually used when studying the approach to conformal limits,

namely
2

r=1I(2/r), m= Ee_m (5.6)
This is used to present more clearly the conformal limit as x — co. In the simula-
tion, since it is the mass which is varied to reach the conformal limit, the two tem-
peratures and « enter as parameters. However, repeated simulations show clearly
that the result in the conformal limit is completely independent by the choice of
these three parameters, as expected (since the normalization is precisely performed
to remove the temperature and « dependence), although clearly the behaviour for
small values of z (and hence large masses) will strongly depend on this choice, since
the analytical expressions have no predictive power in this regime 2

Zeven if the expressions (4.67) were at least approximately valid out of the conformal limit,
using arguments such as the fact that the zero of the effective velocity appears not to change only
slightly from the correct value, it is the unperturbed results which are strictly dependent on the
conformal limit, and hence make the simulated results deviate significantly from the analytical
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Figure 5.1: The bullet points are the numerical values of the normalized currents,
evaluated at four different values of spins. The dashed lines are the values of
G(s) at which the normalized currents are expected to tend in the conformal limit,
calculated by (5.5). The plot is done against the variable z = In(2/r), and therefore
the conformal limit is reached as z — oo.

5.2.1 Generalized TT

Similar results are also found for the generalized deformations discussed at the end
of the previous chapter. The three discussed currents, namely j2, j7, and jg are
found to be in good agreement with the analytical expressions, in which we have
used the values of the constants G exactly calculated in appendix A. As the spin of
the perturbation is increased, the convergence of the algorithms becomes incredibly
slow, because of the hyperbolic cosine in the kernel which gives a strongly divergent
term. This signals a clear strength of the expressions obtained, since together with
giving exact expressions they also allow to greatly simplify the computational effort
of numerically studying such models by relating their solution to the solutions of the
unperturbed theory. Since the non-conformal situation is problematic because of
two divergences of the effective velocity, it is necessary to take extremely low value

prediction. Therefore only expressions (4.75) and (4.74) are problematic, while (4.67) is still
approximately true. If we had access to unperturbed expressions out of the conformal limit, we
could extend the result with high precision.
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of the masses to see the correct results. To obtain this without spoiling convergence
the simulations have been performed at small temperatures, 77,7z ~ 1078, and
hence 3 ~ 108, such that the mass can be extremely small even if x is of order
unity.

Generalized spin 2 perturbation
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Figure 5.2: In the deep conformal limit, also the results obtained in section 4.6
appear to be verified. The parameters of the simulation are 77, = 5-1078, T = 1078,
a=0.01.

5.3 Interacting theories

5.3.1 Scaling Lee-Yang model

The scalng Lee-Yang model, first studied in [16] as the first example of application
of the TBA technology, is built from the Lee-Yang minimal model, a minimal non-
unitary conformal model with central charge ¢ = —22/5 and effective central charge
Cerr = 2/5, perturbed by the only relevant operator of the theory, of dimensions
(—1/5,—1/5). The spectrum of the theory consists of a single particle B, and
therefore the S-matrix has only one element, which can be found via the bootstrap
approach presented above, and is shown to be [100]:

sinh @ + isinh /3
9 pu—
Sp5(0) sinh @ — i¢sinh /3

(5.7)
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Figure 5.3: Also the comparison with the scaling Lee-Yang theory shows an ex-
tremely rapid convergence to the conformal expected values. Therefore the theo-
retical results appear to be confirmed also in the case of interacting theories. The
values of G(s) are clearly smaller than the free fermion values, because the (effec-
tive) central charge is smaller.

Recalling that the kernel appearing in the TBA equations is the logarithmic deriva-
tive of the S-matrix, we obtain immediately:

4+/3 cosh(h)
T2 cosh(20) (58)

In this situation, the factors G(s) cannot be computed exactly, so they have to be
evaluated by solving numerically the integral in (A.9), which in the conformal limit

is equivalent to solve
9s s o]
i (5_m) / cosh(sf)L(0) (5.9)
4 2

—00

The numerical result of this integral can be compared to the simulations®. The
results are shown in figure 5.3, which shows again an extremely fast convergence

3Note that in this situation it is the effective central charge that has to be used in equations
(4.20) and (4.74), as is standard in the TBA context: when quantizing a theory on the cylinder,
the relevant quantity is ccff = ¢ — 24y, see for example [26].
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to the expected values. As should be expected, the values of G(s) are smaller than
in the case of the free fermion, as they depend on the plateau solution of the TBA
equations and this in turn determines the central charge, which is smaller for this
model than in the free case. This gives a small confirmation of the idea that these
objects, as discussed in appendix A, are some sort of generalization of the central
charge of the theory, and perhaps could be obtained as functions of the central
charge itself.

5.3.2 Sinh-Gordon Model

The Sinh-Gordon model is an integrable model defined by the lagrangian
2

L= S(06) - o (cosh(ge) ~ 1 (5.10)

This can be seen as a CFT of central charge ¢ = 1 (the free boson) perturbed by the
hyperbolic cosine term, or equivalently as the perturbation of a Liouville CF'T by
the relevant vertex operator e V299 n any case, the application of the c-theorem
shows that ¢,, = 1, so this is the value we need to use to evaluate B and the other
quantities in the conformal limit. The exact S-matrix for the model is

_ tanh +(0 —irB)

= 5.11
BB tanh (0 +iwB) (5.11)
where the factor B is expressed in terms of the coupling g as B = gulﬁ' The
kernel of the theory is given by ”
2 cosh @ sin(grfigﬂ)
¥ = 2, .. 2/ ¢°n . 12 5/ g°m (512>
cosh” 0 sin”(455) + sinh™(0) cos® (%)
We focus on the reflectionless point g = /8, for which the kernel greatly simplifies:
2
= 5.13
77 coshd ( )

The simulation with this model shows a much slower convergence compared to the
other two, but still leads to excellent results, as shown in figure 5.4. This is not a
suprise, since it is well known that the convergence of GHD algorithms involving the
Sinh-Gordon model is particularly slow compared to other models (The convergence
issues are actually related to the TBA structure in general, since for example the
L-functions do not form plateaus in this situation). Again, we see also that the
values of G(s) in this case are larger than in the two previous situations, and this
could be related to the fact that the UV central charge of the model is c=1, and this
provides a further hint to the fact that the G(s) could be functionally dependent
on the UV central charge in some way.*

4However, simply giving a look at the expression of the higher spin charges for the free case
shows that this dependence cannot be particularly easy. It is reasonable to imagine that if the G(s)
can be expressed in terms of ¢ this will be a consequence of some special property of polylogarithms
of Zeta functions, as it happened in the calculation of [16] of the central charge.
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Figure 5.4: In the Sinh-Gordon model the convergence to the conformal value is
much slower, but still in the conformal limit all the currents tend to the correct
results.

5.4 Out of the Conformal limit

As clear from all the figures of the last section, the results which have been obtained
are only valid in the CFT limit. An interesting question to consider is wether this
is related to the fact that the discussion performed in this work is strictly valid in
that limit, or if it is a fault of the unperturbed currents and densities (4.72). That
is, we can ask if, although equations (4.75) and (4.74) clearly appear to be wrong
in the conformal limit, the fundamental expression (4.67) is at least approximately
valid in a massive theory. This is suggested by a numerical analysis of the effective
velocity, which shows that the 6* of the perturbed theory is still very close to that of
the unperturbed theory even for massive theories, and therefore all the discussion
of chapter 4 should apply.  Since we do not know the analytical expression of
the unperturbed quantities for massive theories, we need to simulate them. The
approach is quite simple: it is necessary to simulate the unperturbed currents and
densities (at inverse temperature B which is found numerically using the definition
B = [ — aEf since the analytical expression is not valid out of the conformal limit),
substitute the simulated values in (4.67), and compare the result with the direct
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Figure 5.5: The numerical values compared to the dashed lines calculated from
(4.67) using the values of the unperturbed theory. It is clear that the results coincide
not only in the conformal limit, as it should be, but also in the large mass limit.
The plot uses generic values of temperatures of the two halves, and its shape is
largely independent on them. (the value of r in the plot is actually r, since it is
different for the two sides). As in the simulations of the previous section, also in
this situation the error becomes increasingly large as the spin is increased

simulation of the perturbed theory, evaluated at the real temperature 8. In this
way we can test the validity of (4.67) without having to take in consideration the
validity of expressions like (4.72). The simulations show clearly that the range of
validity of the expression is not only the conformal limit, but also in the large mass
limit, as can be seen from figure 5.5. This was expected by considerations on the
modification of the effective velocity, and is valid for all three of the models studied
in the previous section. The deviation between the formula and the real value of the
current is mostly visibe in the intermediate region m & «, namely outside of the two
interesting limits. By increasing the value of a while keeping all other parameters
fixed, the discrepance keeps growing in this intermediate region of the mass values,
as clear by the comparison of figures 5.5 and 5.6. However the results show clearly
that expression (4.67) should be at least perturbatively valid when « is small: by
introducing higher corrections as in 4.5.3 one could have results of higher precision.
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Figure 5.6: By increasing the value of alpha, while keeping the temperatures fixed,
the disagreement between the predicted and simulated value grows significantly
larger. However the validity of the results in the m — oo and m — 0 is clear for

any value of a.

The most interesting check that can be performed out of the conformal pointis a
test of the equilibrium expression (4.53), which we claimed is valid for any value of
the temperature. Indeed, at equilibrium the effect of the perturbation is (as already
found by other authors) exactly identical to the modification 8 — 3, with no further
change. This claim is perfectly confirmed by figure 5.7, which shows the first three
values of spin for the free fermion. Simulations for the Lee Yang scaling model and
for Sinh-Gordon model lead to analogously perfect result. Therefore we see that the
approach of this work allows to obtain exact results out of the conformal point in
the case of equilibrium charges (and clearly also of equilibrium odd-spin currents,

which do not vanish at equilibrium).

5.5 Width of fundamental particles?

Once the algorithm discussed above to evaluate the basic TBA quantities is set
up, it is then easy to study how the statistical quantities of the system vary as a
function of a. For example one can study the partition function, the free energy, the
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Figure 5.7: As expected, the charges at equilibrium given by formula (4.53) are
valid for every value of the mass, as exactly confirmed by the simulations. Here the
values of o and 3 are chosen freely, but no essential difference is observed varying
them.

number of quasiparticles, and all of the relevant quantities which were introduced in
chapter 2. In this section, to conclude the thesis, we focus on an interesting aspect
related to the TBA density of quasiparticles, expressed as p,, in the discussion above,
and the total number of these quasiparticles (per unit length) which is simply the
integral of the density over all rapidity space. This will allow us to give a numerical
test of an idea first appeared in [94], namely that the effect of the TT perturbation
is to give a finite width to the fundamental particle which constitute the system.
The considerations of these sections are just meant to give an intuition, a visual
explanation of the effect that the perturbation has on the theory.

As shown in figures 5.8 and 5.9, except for a slight antisymmetric deformation,
the main visible effect of the perturbation on the particle density is to reduce it
drastically as « is increased. The double peak structure of the solution is charac-
teristic of the small r situation: increasing the mass (or the inverse temperature)
the two peaks merge and form a maximum in the middle. This is simply related to
the fact that the peaks are located in § = +1n(2/r), by considerations which mimic
those used to discuss the constant plateau TBA. Hence for r 2 2 this would become
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Figure 5.8: Values of p, at equilibrium for different values of o.The symmetry of
the system is preserved by the deformation, which only appears to have the effect
of reducing the overall density. For different values of the simulation parameters
another effect might show, namely a merging of the peaks as a consequence of the
increase of the effective inverse temperature. This second effect dominates if the
peaks are close enough in the beginning, namely if m ~ «a.

negative, meaning that the peaks merge in # = 0 ®. Since the net effect of the TT
perturbation is a net increase of the inverse temperature as [ is substituted by B,
this could lead to an effect of this type, namely a merging of the peaks. However,
in general this effect appears clearly much less visible than the drastic reduction
of the height of the peaks. This is indeed what happens in figure 5.8: the peaks
slightly move towards the origin, but this effect is overshadowed by the reduction
of the density of states. The behaviour of the density also implies that the total
number of quasiparticles of the system will have a strong o dependence. There is
a clear physical intuition behind this fact: following [94], let us suppose that each
fundamental particle has a width equal to some parameter [y, which we assume to
have a functional dependence on «, monotonically increasing with the parameter.

5Note that this behaviour is the opposite of that of the n-function, in which the peaks merge
in the conformal limit and are well separated when the mass is increased, as was used to solve the
partitioning protocol.
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Density out of equilibrium
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Figure 5.9: In the non-equilibrium (partitioning protocol) situation, the densities
appear not only to be reduced, but also to undergo a slight antisymmetric defor-
mation, which is induced by the current factor in expression (4.10). Also in this
case an interesting and rich phenomenology can be observed by studying various
configurations of the parameters.

Then, except for an eventual transient region when « is small (where the quantifi-
cation of this depends on the situation), we will have a saturation of the number
of particles per unit length, due to the fact that the particles themselves occupy an
increasing amount of space:

N x lp() (5.14)
L

Therefore a study of % as a function of a will allow to test this prediction of
the model.We can use dimensional considerations to make educated guesses on the
expression for lp(«). Since the only dimensional quantities of the system are m, «
and 3, a combination with dimension [M]~! will have to be constructed through
their combinations. Since o has the units of [M]~2, the most natural possibility is
something like [o(a) = ma, and in fact this is the one which was found in [94] for
relativistic massive particles. This is indeed confirmed by the plot of figure 5.10,
which shows a saturation of Na for values of «a large enough. Clearly, increasing
the value of m this effect becomes visible for lower values of «, while for m of order
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unity the simulation overflows before this effect becomes relevant.
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Figure 5.10: In the massive case the result proposed in [94] is conformed by
the simulations: since the value of Na saturates for o large enough, we infer that
the particles acquire a width lj = ma. In order to amplify the visibility of the
saturation, the simulation is performed with m=40.

In the conformal limit this is clearly not the case (since m=0), so we might have
two possibilities: either the particles don’t acquire a length or the length will not
involve the mass, something as lo(«) = v/, which dimensionally is still acceptable.
This is indeed what the simulations predict when computing the total number of
particles, as shown in 5.11. This plot, in which the mass parameter was taken as
m = 1078 ~ 0 (not zero because the algorithms would fail) show that after a small
transient until @ ~ 10 the value of Ny/a saturates to a fixed value k, showing
that we can interpret the length of the particles as lo = k+/«, as suggested by the
dimensional considerations. This hints at the possibility of extending the theoretical
description of [94] in order to extend their result to the massive case, in order to
explain this difference in the behaviour.

In conclusion, numerical simulations provide very robust confirmation of the
predictions of this work. To explore the behaviour out of the conformal point,
this approach is the only possible way to follow, since the analytical solutions are
inadequate and a perturbative solution is unfeasable in practice. An interesting line
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Figure 5.11: Number of particles per unit lenght as a function of the parameter

«, multiplied by /a, in the case m =~ 0. The plot clearly shows that Nox \/ia,

suggesting a lenght of the particles given by Iy o< v/«

of research which we will pursue in the future is precisely the numerical study of the
generalized T'T deformations, which out of the conformal limit exhibits novel and
strange behaviours, such as the divergence of the effective velocity, which completely
spoils the possibility of finding the n-function in the standard manner.
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Conclusion and Outlook

In this work we have discussed the out of equilibrium dynamics of Quantum Field
Theories with 7T deformations in the framework of Generalized Hydrodynamics.
We have done this by building a general theoretical approach which, by considering
a perturbed massive theory and successively taking the massless limit, allows us to
obtain exact solutions to the Riemann problem of Hydrodynamics in the conformal
limit. Thanks to the particular factorization of the TBA equations, exact analytical
expressions for the average higher spin currents and densities have been obtained,
with excellent numerical validation. These expressions both generalize and repro-
duce the results of [24]. The achieved results show that it is possible to encode
the effect of the perturbation into expressions of unperturbed quantities, with a
dependence on the perturbing parameter o which is purely algebric. This leads
to a great simplification of the problem, both from the conceptual and numerical
viewpoint, since simulations involving perturbed theories show significantly slower
convergence rates, and expressions such as (4.67) can be used to reduce drastically
the duration of numerical simulations.

Although it is a common feature that the out of equilibrium dynamics of Quan-
tum Field Theories is only exactly solvable in the CFT limit, a thorough pertur-
bative analysis has been performed in order to go beyond the massless case for the
simplest possible theory on which the TT deformation can act, namely the free
theory. With the help of special functions, we found interesting expressions for the
lowest order corrections at m ~ 0. We have conjectured that extensions to higher
orders (and eventually some exact results) could be obtained by introducing a new
class of generalized Lambert functions, of which we outlined the main features,
although a precise mathematical definition and characterization of such functions
constitutes a mathematical challenge which is far beyond the scope of this thesis.

All the results obtained have also been generalized to find similar expressions
which are valid in higher spin 7T, deformed theories, in which the term appearing
in the TBA equations is a generic cosh(sf). In particular, this configuration exhibits
an even nicer behaviour compared to the standard deformation, since the effective
velocity of the perturbed theory tends exactly to the unperturbed effective velocity
in the conformal limit. Out of the conformal limit, however, the study of the gener-
alized deformations leaves a number of essential questions open. In particular, the
behaviour of the effective velocity exhibits some completely novel and unexpected
features: for example, it presents divergences at several points where the dressed
energy is vanishing, and this implies a failure of the standard GHD solution of the
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partitioning protocol in terms of contact discontinuities; also, it implies that the
dressed energy becomes negative, and this could lead to a negative energy density,
currents flowing in the "wrong" direction (from the cold slab to the hot one), and
other striking and unexpected phenomena. It is yet unclear whether these solutions
have to be discarded as unphysical, or have some deep physical meaning, or if they
are actually even solutions, since the non-analyticity of the effective velocity could
imply the need for a completely different solution of the Riemann Problem. This
study will mainly have to be performed numerically, using the techniques described
in the last chapter, because of the difficulties inherent in the purely theoretical
approach.

Therefore it is clear that together with answering many interesting questions re-
garding the structure of IQFTs with irrelevant deformations, this thesis also leaves
several important problems open. In particular, the main prospected lines of fur-
ther research regard the study of the strange behaviour of the effective velocity
which has been observed and discussed, and the related peculiar behaviours aris-
ing in the T'T, deformations, which would imply a rethinking of the approach to
solve the partitioning protocol, and could shed light on the serious issues mentioned
above. Moreover, a complete study of the scaling function and hence of 3 for the
free fermion can be in principle performed,along the lines of the famous discussion
of [56], if generalizations of the Lambert functions can be defined. Although this is
work for mathematicians, it should be possible to at least define more precisely what
the properties of these new special functions should be. Finally, another direction
which has been left completely untouched is the study of more complicated hydro-
dynamical quantities, such as correlation functions, or the hydrodynamic matrices,
to test if also in this case it would be possible to obtain them as functions of the
unperturbed quantities as was found above. This would imply a complete decou-
pling of the perturbation in any Hydrodynamical problem, and could have profound
implications on a complete characterization of the effect of the TT deformation on
Integrable Quantum Field Theories.
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Appendix A

Higher currents in CFT

We now prove the aforementioned expression for the NESS currents and densities
in pure CFT, following the discussion of [95], with some original additions. We will
assume that the effective velocity is a monotonic function of the rapidity, which is
the case in all the situations of interest for this work. We consider TBA systems in
GGE which take the form:

es(0) = p° cosh(sh) — v * Lg(0) (A.1)

We normalize the mass to 1, and look for expressions for the densities and currents
qs and js related to the one-particle eigenvalues hy, = coshsfl. The idea of the
calculation follows Zamolodchikov’s approach to the study of the CF'T limit of the
TBA equations [16]. The densities are evaluated as:

0 - /°° @, 0y ()

oo 2T

= / @ cosh(0)ng(0)hY (0) + /OO - cosh(8)n. (0)hg" (6)

oo 2T . 21

Tten de
- / o cosh(0 — 2r)np(0)hI (0 — xR)

o T

/ 4 cosh(0 + zp)nf (0)h (6 + x1)
0

* m

where = In(2/3). Now, in the conformal limit, as well known, the solutions to the
TBA equations form plateaus centered in § = 0. For the inverse temperature going
to zero we can approximate the hyperbolic cosines with exponentials, with +6 for
the right and left movers respectively. We obtain two TBA equations for the right
and left movers, and therefore two dressing equations, namely:

e5(0) = 257 1e® — o x LE(9) (A.2)

s
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From which we get to the following equations:

£E0) = +5257eF 0 L pxnF F(0) (A.3)
hiE = hE 4 o xnF F(0) (A.4)
hi* = isiﬁsagi (A.5)

and so we obtain:

2571 0*+zR ; o 2571 00 o 4 o
qs:—s/ e 'ng(0)(e”® T+—S/ e’ny(0)(e®) A6
ozt | O [ e (a0

We now assume that e’ and e=*’ are dressed using ng () and ny,(0) respectively, in
the conformal limit. Under this assumption the above interals can be solved thanks
to (A.5), and the final result after integration by parts is:

=50 (55 + 7 (A7

L R
and similarly for the currents:
. 1 1
Js = G(s) (ﬁ - ﬁ) (A.8)
L R

where the unknown prefactor in front is defined by:

8§25

G(s) = / (@) (A.9)

Y

where x has to be taken in the limit going to infinity. Clearly, for s=1 this corre-
sponds to a well known integral which has to be solved in the TBA context to find
the central charge in the UV limit, expression (2.21).

However, for higher spins there appears to be no way to solve the integral exactly,
except for the free theory. It appears natural that, since for s=1 the result is
expressed in terms of the dilogarithmic function, the result for higher spin could
be in a similar way be expressed in terms of higher order polylogarithms. This is
indeed the case for the free theory, as can be easily computed, using the fact that,
since ¢ = ¢ in the absence of the kernel, then e* = £* but also e’ = ¢. Hence,
neglecting the + superscript for simplicity:

Gg(s) /OOO L(0)e*?df = /OOO L(0)e*1(0)e'(0)do (A.10)
= /OO L(g)e* lde = /OO In(1+ e <)e* 'de (A.11)

This integral can be solved exactly, through this original expression:

s+1 . I
/ln(l +e )t dy = Z %L%(—eﬁ)x”l_p (A.12)
p=2 )
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where Li,(z) :== > 7, i—]; is the p-th order polylogarithm. This however is just a
formal calculation, since in the free case we have ¢y = 0, and therefore the final

expression that one obtains is:

25

g(s) - 47

(1 =27°)T(s){(1 + s) (A.13)

which indeed corresponds to the result obtained in (4.62), as can be seen after
substituting s! — sI'(s). Therefore, the expression in terms of polylogarithms is
purely formal, since essentially all terms are canceled by the fact that ¢y = 0.
However, this shows the plausibility of the idea that the prefactor can be expressed
in terms of polylogarithms as a direct generalization of the standard s=1 case, even
in interacting theories. A definitive proof of this, however, is still beyond grasp.

A similar discussion can be applied to the "generalized" currents, defined by an
expression of the form:

/ — cosh(0)n, () cosh™ (k6) (A.14)

where ng is built using a driving term which contains only the cosh(sf) term. These
currents arise naturally when studying the 7T, deformed theories with s>1. By
performing a shift of variables § — 6/s it is easy to see that in light of the previous
discussion the temperature dependence will turn out to be independent on s:

1 0 k
~k dr
df cosh 0) cosh™ | —0 A.15
= (%) m@con (%) (A15)
where the only influence of the spin s remaining in the n-function is in the temper-
ature, which is substituted by #°. Now lets consider the case of a free fermion in a
partitioning protocol: this integral immediately becomes:

0 0
q* = L df cosh (Q> nr(0) cosh (k9> + L/ df cosh (g) ng(0) cosh (EH)
2ms Jo 5 2m s s

which can be immediately evaluated in terms of the familiar modified Bessel func-
tions, observing that the second integral can be moved from 0 to oo by parity.
Focusing on the left component:

(@) = %ﬂs (—1)"* /OOOCOSh(Q/S)COSh(kQ/S)eXp(—nﬁSCOSh<9))
= 4—;9 (=1)" [K%(ﬁs(nJr1))+K%(65(n+1))] (A.16)

In the conformal limit, using the usual small argument expansion of k, and reintro-
ducing the right part which is calculated analogously, we obtain:

1+k
s 1+ k 14+ k&
~k 1+k 1+k
= r — | (1 + 1 A17
s s ( s )77( S ) ( L R ) ( )

117



where I and 7 are the Euler and Dirichlet functions respectively. The main feature
of this solution is the interesting temperature dependence, which has no information
of the value of the perturbing spin s. For k=1, we get the values which were
necessary in the study of the energy current in the generalized context:

2

g, = 2y (2) Ul (%) (T7 + T7) (A.18)

8rs s

which confirms the 72 dependence used in the main text. For the currents the
discussion is similar and leads to the same result except for the difference between

the temperatures:
L 28 (2 2
l=——T(= =) (17 - T A.19
Js Qs (3)77(8) ( L R) ( )

and this confirms the claimed value for Gi» used above, since n(1) = 22 and I'(1) =
1. Note that for s=1 this reduces to the expression found above (A.13), where the

s used above corresponds to the k in this context.

118



Bibliography

1

2]

13l

6]

7]

18]

19]

[10]

T. Kinoshita, T. Wenger and D. S. Weiss, A Quantum Newton’s Cradle,
Nature 440 (2006) 900-903.

S. Hofferberth, I. Lesanovsky, B. Fischer, T. Schumm and J. Schmiedmayer,
Non-equilibrium Coherence Dynamics in One-Dimensional Bose Gases,
Nature 449 (10, 2007) 324-7.

S. Trotzky, Y.-A. Chen, A. Flesch, I. McCulloch, U. Schollwock, J. Eisert
and I. Bloch, Probing the Relaxation Towards Equilibrium in an Isolated
Strongly Correlated 1D Bose Gas, Nat. Phys. 8 (01, 2011).

U. Schneider, L. Hackermueller, J. P. Ronzheimer, S. Will, S. Braun,
T. Best, I. Bloch, E. Demler, S. Mandt, D. Rasch and A. Rosch, Fermionic

Transport and Out-of-FEquilibrium Dynamics in a Homogeneous Hubbard
Model with Ultracold Atoms, Nat. Phys. 8 (01, 2012).

F. Meinert, M. J. Mark, E. Kirilov, K. Lauber, P. Weinmann, A. J. Daley
and H.-C. Nagerl, Quantum Quench in an Atomic One-Dimensional Ising
Chain, Phys. Rev. Lett. 111 (Jul, 2013) 053003.

F. H. L. Essler and M. Fagotti, Quench Dynamics and Relazation in Isolated
Integrable Quantum Spin Chains, J. Stat. Mech: Theory Exp. 2016 (jun,
2016) 064002.

L. Piroli, B. Pozsgay and E. Vernier, What is an Integrable Quench?, Nucl.
Phys. B 925 (2017) 362-402.

M. Rigol, V. Dunjko, V. Yurovsky and M. Olshanii, Relazation in a
Completely Integrable Many-Body Quantum System: An Ab Initio Study of
the Dynamics of the Highly Fxcited States of 1D Lattice Hard-Core Bosons,
Phys. Rev. Lett. 98 (Feb, 2007) 050405.

E. Tlievski, J. D. Nardis, B. Wouters, J.-S. Caux, F. Essler and T. Prosen,
Complete Generalized Gibbs Ensembles in an Interacting Theory, Phys. Rev.
Lett. 115 (oct, 2015).

D. Fioretto and G. Mussardo, Quantum Quenches in Integrable Field
Theories, New J. Phys. 12 (may, 2010) 055015.

119



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

22]

23]

[24]

E. Nievski, E. Quinn and J.-S. Caux, From Interacting Particles to
Equilibrium Statistical Ensembles, Phys. Rev. B 95 (Mar, 2017) 115128.

O. A. Castro-Alvaredo, B. Doyon and T. Yoshimura, Emergent
Hydrodynamics in Integrable Quantum Systems Out of Equilibrium, Phys.
Rev. X 6 (Dec, 2016) 041065.

B. Doyon, Lecture notes on Generalised Hydrodynamics, SciPost Physics
Lecture Notes (aug, 2020).

F. H. Essler, A Short Introduction to Generalized Hydrodynamics, Physica A
(2022) 127572.

B. Bertini, M. Collura, J. De Nardis and M. Fagotti, Transport in
Out-of-Equilibrium X X Z Chains: Fxact Profiles of Charges and Currents,
Phys. Rev. Lett. 117 (Nov, 2016) 207201.

A. B. Zamolodchikov, Thermodynamic Bethe Ansatz in Relativistic Models.
Scaling Three State Potts and Lee-yang Models, Nucl. Phys. B 342 (1990)
695-720.

D. Bernard and B. Doyon, Non-Equilibrium Steady States in Conformal
Field Theory, Ann. Henri Poincaré 16 (jan, 2014) 113-161.

D. Bernard and B. Doyon, A Hydrodynamic Approach to Non-Equilibrium
Conformal Field Theories, J. Stat. Mech: Theory Ezp 2016 (mar, 2016)
033104.

F. A. Smirnov and A. B. Zamolodchikov, On Space of Integrable Quantum
Field Theories, Nucl. Phys. B 915 (2017) 363-383.

A. Cavaglia, S. Negro, 1. M. Szécsényi and R. Tateo, TT-deformed 2D
Quantum Field Theories, JHEP 10 (2016) 112.

A. Zamolodchikov, On the Thermodynamic Bethe Ansatz Equations for
Reflectionless ADE Scattering Theories, Phys. Lett. B 253 (1991), no. 3
391-394.

F. Ravanini, A. Valleriani and R. Tateo, Dynkin TBA’S, Int. J. Mod. Phys.
A 08 (1993), no. 10 1707-1727.

M. Medenjak, G. Policastro and T. Yoshimura, TT-Deformed Conformal
Field Theories out of Equilibrium, Phys. Rev. Lett. 126 (Mar, 2021) 121601.

M. Medenjak, G. Policastro and T. Yoshimura, Thermal Transport in

TT-Deformed Conformal Field Theories: From Integrability to Holography,
Phys. Rev. D 103 (Mar, 2021) 066012.

120



[25] B. Doyon, Lecture Notes on integrability. King’s College London taught
course, 2013.

[26] G. Mussardo, Statistical field theory: an introduction to exactly solved
models in statistical physics. Oxford Univ. Press, New York, NY, 2010.

[27] P. Dorey, Ezact S-Matrices, in Conformal Field Theories and Integrable
Models (Z. Horvath and L. Palla, eds.), (Berlin, Heidelberg), pp. 85-125,
Springer Berlin Heidelberg, 1997.

[28] A. Zamolodchikov, Integrable Field Theory from Conformal Field Theory, in
Integrable Sys Quantum Field Theory (M. Jimbo, T. Miwa and A. Tsuchiya,
eds.), pp. 641-674. Academic Press, San Diego, 1989.

[29] S. J. Parke, Absence of Particle Production and Factorization of the S
Matriz in (1+1)-Dimensional Models, Nucl. Phys. B 174 (1980) 166—182.

[30] S. Coleman and J. Mandula, All Possible Symmetries of the S Matriz, Phys.
Rev. 159 (Jul, 1967) 1251-1256.

[31] J. Cardy, Scaling and Renormalization in Statistical Physics. Cambridge
Lecture Notes in Physics. Cambridge University Press, 1996.

[32] L. P. Kadanoft, Scaling Laws for Ising Models near T(c), Phys. Phys. Fiz. 2
(1966) 263-272.

[33] K. G. Wilson, The Renormalization Group and Critical Phenomena, Rev.
Mod. Phys. 55 (Jul, 1983) 583-600.

[34] G. Chew, The Analytic S-Matriz: a Basis for Nuclear Democracy. W. A.
Benjamin, New York, NY, 1966.

[35] A. B. Zamolodchikov and A. B. Zamolodchikov, Factorized s Matrices in
Two-Dimensions as the Exact Solutions of Certain Relativistic Quantum
Field Models, Ann. Phys. 120 (1979) 253-291.

[36] M. Jimbo, Introduction to the Yang-Baxter Equation, Int. J. Mod. Phys. A
04 (1989), no. 15 3759-3777.

[37] C. N. Yang, Some Ezact Results for the Many-Body Problem in one
Dimension with Repulsive Delta-Function Interaction, Phys. Rev. Lett. 19
(Dec, 1967) 1312-1315.

[38] R. J. Baxter, Partition function of the Eight-Vertex Lattice Model, Ann.
Phys. 70 (1972), no. 1 193-228.

[39] T. J. Hollowood, The Analytic Structure of Trigonometric S-Matrices, Nucl.
Phys. B 414 (1994), no. 1 379-404.

121



[40] L. McGough, M. Mezei and H. Verlinde, Moving the CFT into the Bulk with
TT, JHEP 04 (2018) 010.

[41] A. B. Zamolodchikov, Renormalization Group and Perturbation Theory
Near Fized Points in Two-Dimensional Field Theory, Sov. J. Nucl. Phys. 46
(1987) 1090.

[42] A. Zamolodchikov, On’irreversibility’of renormalization group flow in
two-dimensional field theory, Pis’ ma Zh. Eksp. Teor. Fiz.;(USSR) 43
(1986), no. 12.

[43] Y. Jiang, A Pedagogical Review on Solvable Irrelevant Deformations of 2D
Quantum Field Theory, Commun. Theor. Phys. 73 (2021), no. 5 057201.

[44] G. Feverati, E. Quattrini and F. Ravanini, Infrared Behaviour of Massless
Integrable Flows Entering the Minimal Models from ¢3,, Phys. Lett. B 374
(1996), no. 1 64-70.

[45] A. B. Zamolodchikov, Expectation value of Composite Field TT in
Two-Dimensional Quantum Field Theory, hep-th/0401146.

[46] P. Fonseca and A. B. Zamolodchikov, Ising Field Theory in a Magnetic
Field: Analytic Properties of the Free Energy, Journal of Statistical Physics
110 (2001) 527-590.

[47] A. B. Zamolodchikov, From tricritical Ising to critical Ising by
thermodynamic Bethe ansatz, Nucl. Phys. B 358 (1991) 524-546.

[48] P. Dorey, C. Dunning and R. Tateo, New families of flows between
two-dimensional conformal field theories, Nucl. Phys. B 578 (2000) 699-727.

[49] D. A. Kastor, E. J. Martinec and S. H. Shenker, RG Flow in N=1 Discrete
Series, Nucl. Phys. B 316 (1989) 590-608.

[50] G. Camilo, T. Fleury, M. Lencsés, S. Negro and A. Zamolodchikov, On
Factorizable S-matrices, Generalized TTbar, and the Hagedorn Transition, J.
High Energy Phys. 2021 (oct, 2021).

[51] R. Hagedorn, Statistical Thermodynamics of Strong Interactions at
High-Energies, Nuovo Cim. Suppl. 3 (1965) 147-186.

[52] G. Mussardo and P. Simon, Bosonic type S matriz, Vacuum Instability and
CDD Ambiguities, Nucl. Phys. B 578 (2000) 527-551.

[53] A. B. Zamolodchikov, Resonance factorized scattering and roaming
trajectories, J. Phys. A 39 (2006) 12847-12862.

[54] C. Ahn and A. LeClair, On the Classification of UV Completions of
Integrable T'T Deformations of CFT, JHEP 08 (2022) 179.

122


http://arXiv.org/abs/hep-th/0401146

[55]

[56]

[59]

[60]

[61]

|63]

[64]

[65]

[66]

67]

[68]

[69]

T. R. Klassen and E. Melzer, Purely Elastic Scattering Theories and their
Ultraviolet Limits, Nucl. Phys. B 338 (1990) 485-528.

T. R. Klassen and E. Melzer, The Thermodynamics of purely elastic
scattering theories and conformal perturbation theory, Nucl. Phys. B 350
(1991) 635—689.

T. J. Hollowood, From A(m-1) Trigonometric S-Matrices to the
Thermodynamic Bethe Ansatz, Phys. Lett. B 320 (1994) 43-51.

E. Quattrini, F. Ravanini and R. Tateo, Integrable QFT in two-dimensions
encoded on products of Dynkin diagrams, hep-th/9311116.

A. B. Zamolodchikov, Thermodynamic Bethe ansatz for RSOS scattering
theories, Nucl. Phys. B 358 (1991) 497-523.

A. Babichenko, From S-matrices to the Thermodynamic Bethe Ansatz, Nucl.
Phys. B 697 no. 3 481-512.

F. Ravanini, Thermodynamic Bethe Ansatz for G(k)xG(1)/G(k 4+ 1) Coset
Models Perturbed by their ¢(11,445 Operator, Phys. Lett. B 282 (1992)
73-79.

A. B. Zamolodchikov, TBA Equations for Integrable Perturbed
SU(2) x SU(2),/SU(2)k4+1 Coset Models, Nucl. Phys. B 366 (1991), no. 1
122-132.

0. A. Castro-Alvaredo, Y-systems for Generalised Gibbs Ensembles in
Integrable Quantum Field Theory, J. Phys. A: Math. Theor. 55 (sep, 2022)
405402.

G. Hernandez-Chifflet, S. Negro and A. Sfondrini, Flow Equations for
Generalized TT Deformations, Phys. Rev. Lett. 124 20 (2019) 200601.

S. J. van Tongeren, Introduction to the Thermodynamic Bethe Ansatz, J.
Phys. A: Math. Theor. 49 (jul, 2016) 323005.

P. Dorey and R. Tateo, Ezcited States by Analytic Continuation of TBA
FEquations, Nucl. Phys. B 482 (1996), no. 3 639-659.

P. Calabrese, F. H. L. Essler and M. Fagotti, Quantum Quench in the
Transverse-Field Ising Chain, Phys. Rev. Lett. 106 (jun, 2011).

M. Fagotti and F. H. L. Essler, Reduced Density Matriz after a Quantum
Quench, Phys. Rev. B 87 (jun, 2013).

M. Fagotti, M. Collura, F. H. L. Essler and P. Calabrese, Relaxation after
Quantum Quenches in the Spm-% Heisenberg XXZ Chain, Phys. Rev. B 89
(Mar, 2014) 125101.

123


http://arXiv.org/abs/hep-th/9311116

[70]

[71]

[72]

73]

[81]

[82]

P. Calabrese and J. Cardy, Quantum quenches in 1+1 Dimensional
Conformal field theories, J. Stat. Mech: Theory Ezp. 2016 (jun, 2016)
064003.

G. Mussardo, Infinite-time Average of Local Fields in an Integrable Quantum
Field Theory after a Quantum Quench, Phys. Rev. Lett. 111 (2013) 100401.

T. Langen, S. Erne, R. Geiger, B. Rauer, T. Schweigler, M. Kuhnert,
W. Rohringer, I. E. Mazets, T. Gasenzer and J. Schmiedmayer,
Experimental Observation of a Generalized Gibbs Ensemble, Science 348
(2015), no. 6231 207-211.

N. Malvania, Y. Zhang, Y. Le, J. Dubail, M. Rigol and D. S. Weiss,
Generalized Hydrodynamics in Strongly Interacting 1D Bose Gases, Science
373 (sep, 2021) 1129-1133.

M. Schemmer, I. Bouchoule, B. Doyon and J. Dubail, Generalized
hydrodynamics on an atom chip, Phys. Rev. Lett. 122 (Mar., 2019).

P. Calabrese and J. Cardy, Quantum Quenches in Extended Systems, J.
Stat. Mech: Theory Ezp. 2007 (jun, 2007) P06008—P06008.

J. M. Deutsch, Quantum Statistical Mechanics in a Closed System, Phys.
Rev. A 43 (Feb, 1991) 2046-2049.

E. T. Jaynes, Information Theory and Statistical Mechanics, Phys. Rev. 106
(May, 1957) 620-630.

P. Calabrese and J. Cardy, Tvme Dependence of Correlation Functions
Following a Quantum Quench, Phys. Rev. Lett. 96 (Apr, 2006) 136801.

T. Barthel and U. Schollwdck, Dephasing and the Steady State in Quantum
Many-Particle Systems, Phys. Rev. Lett. 100 (Mar, 2008) 100601.

B. Wouters, J. De Nardis, M. Brockmann, D. Fioretto, M. Rigol and J.-S.
Caux, Quenching the Anisotropic Heisenberg Chain: Exact Solution and
Generalized Gibbs Ensemble Predictions, Phys. Rev. Lett. 113 (Sep, 2014)
117202.

M. Mierzejewski, P. Prelovsek and T. c. v. Prosen, Breakdown of the
Generalized Gibbs Ensemble for Current-Generating Quenches, Phys. Reuv.
Lett. 113 (Jul, 2014) 020602.

B. Pozsgay, M. Mestyan, M. A. Werner, M. Kormos, G. Zarand and

G. Takacs, Correlations after Quantum Quenches in the X X Z Spin Chain:
Failure of the Generalized Gibbs Ensemble, Phys. Rev. Lett. 113 (Sep, 2014)
117203.

124



83

[84]

[85]

[36]

[87]

[90]

[91]

192]

193]

[94]

[95]

[96]

E. Nlievski, M. Medenjak and T. c. v. Prosen, Quasilocal Conserved
Operators in the Isotropic Heisenberg Spin-1/2 Chain, Phys. Rev. Lett. 115
(Sep, 2015) 120601.

E. llievski, J. D. Nardis, B. Wouters, J.-S. Caux, F. Essler and T. Prosen,
Complete Generalized Gibbs Ensembles in an Interacting Theory, Phys. Rev.
Lett. 115 (oct, 2015).

F. H. L. Essler, G. Mussardo and M. Panfil, Generalized Gibbs Ensembles
for Quantum Field Theories, Phys. Rev. A 91 (May, 2015) 051602.

E. Vernier and A. C. Cubero, Quasilocal Charges and Progress Towards the
Complete GGE for Field Theories with Nondiagonal Scattering, J. Stat.
Mech: Theory Exp. 2017 (2016).

V. V. Bazhanov, S. L. Lukyanov and A. B. Zamolodchikov, Integrable
Structure of Conformal Field Theory, Quantum KdV Theory and
Thermodynamic Bethe Ansatz, Commun. Math. Phys. 177 (apr, 1996)
381-398.

V. V. Bazhanov, S. L. Lukyanov and A. B. Zamolodchikov, Integrable
Structure of Conformal Field Theory II. Q-operator and DDV equation,
Commun. Math. Phys. 190 (dec, 1997) 247-278.

D. Bernard and A. Leclair, Residual Quantum Symmetries of the Restricted
Sine-Gordon Theories, Nucl. Phys. B 340 (1990), no. 2 721-751.

J. Mossel and J.-S. Caux, Generalized TBA and Generalized Gibbs, J. Phys.
A: Math. Theor. 45 (may, 2012) 255001.

D. Bernard and B. Doyon, Conformal Field Theory out of Equilibrium: a
Review, J. Stat. Mech: Theory Exp. 2016 (jun, 2016) 064005.

P. Ruggiero, P. Calabrese, B. Doyon and J. Dubail, Quantum Generalized
Hydrodynamics, Phys. Rev. Lett. 124 (Apr, 2020) 140603.

M. Mazzoni, O. Pomponio, O. A. Castro-Alvaredo and F. Ravanini, The
Staircase Model: Massless Flows and Hydrodynamics, J. Phys. A 54 (2021),
no. 40 404005.

J. Cardy and B. Doyon, TT Deformations and the Width of Fundamental
Particles, J. High Energy Phys. 2022 (apr, 2022).

M. Mazzoni, Manuscript in preparation, 2023.

R. Corless, G. Gonnet, D. Hare, D. Jeffrey and D. Knuth, On the Lambert
W Function, Adv. Comput. Math. 5 (01, 1996) 329-359.

125



[97] A. LeClair, Thermodynamics of TT Perturbations of Some Single Particle
Field Theories, J. Phys. A: Math. Theor. 55 (apr, 2022) 185401.

[98] O. A. Castro-Alvaredo, S. Negro and F. Sailis, Completing the Bootstrap
Program for T'T-Deformed Massive Integrable Quantum Field Theories,
2305.17068.

[99] O. A. Castro-Alvaredo, S. Negro and F. Sailis, Form Factors and Correlation
Functions of TT-Deformed Integrable Quantum Field Theories, 2023.

[100] J. L. Cardy and G. Mussardo, S Matriz of the Yang-Lee Edge Singularity in
Two-Dimensions, Phys. Lett. B 225 (1989) 275-278.

126


http://arXiv.org/abs/2305.17068

	Introduction
	S-Matrix Theory and Integrability
	Integrable Field Theories
	A Lagrangian example
	S-matrix theory
	(1+1) dimensional Scattering Matrices
	Elasticity of Scattering
	Factorization and Yang-Baxter equations
	The Bootstrap programme
	Tsiunitxunit-deprecatedࡡ爠barbarT deformations of IQFT
	Definition of the deformation
	Consequences on the theory
	Thermodynamic Bethe Ansatz
	Derivation of the thermodynamics
	The Bethe Wavefunction
	Thermodynamics
	The scaling function
	Diagonal Theories Encoded in Dynkin Diagrams
	Non-Diagonal Case
	Y-systems
	Diagonal Y-systems
	Non-Diagonal theories
	TBA in the presence of Tsiunitxunit-deprecatedࡡ爠barbarT deformations
	Integrable Systems Far From Equilibrium
	Quantum Quenches
	Generalized Gibbs Ensemble
	The problem of Quasilocality
	TBA and Y-systems in GGE
	Generalized Hydrodynamics
	The partitioning protocol
	Generalized Hydrodynamics of Tsiunitxunit-deprecatedࡡ爠barbarT deformed theories: exact results
	TBA and dressing of Tsiunitxunit-deprecatedࡡ爠barbarT deformed theories
	The free fermion
	The large mass limit
	NESS in Tsiunitxunit-deprecatedࡡ爠barbarT perturbed free fermion
	A comment on the conformal limit of Tsiunitxunit-deprecatedࡡ爠barbarT deformed theories
	The general solution to the Tsiunitxunit-deprecatedࡡ爠barbarT deformation in interacting theories
	System at equilibrium
	Partitioning Protocol
	Relationhip with previously known charges
	Generalization of previous results
	Monotonicity of the effective velocity
	Systems with several particle types
	Magnonic case
	ADE theories
	Going out of the conformal point
	The scaling function
	Monotonicity of the scaling function and c-theorem
	First Corrections in the Partitioning Protocol 
	Generalized Deformations
	Free fermion charges
	Non-Equilibrium
	Generalized Hydrodynamics of Tsiunitxunit-deprecatedࡡ爠barbarT deformed theories: numerics
	Simulating GHD protocols
	Free fermion
	Generalized Tsiunitxunit-deprecatedࡡ爠barbarT
	Interacting theories
	Scaling Lee-Yang model
	Sinh-Gordon Model
	Out of the Conformal limit
	Width of fundamental particles?
	Conclusions and Outlook
	Appendices
	Higher currents in CFT
	Bibliography

