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Abstract

Applications to Condensed Matter and Integrable Systems are explored through the choice of
boundary conditions for the gravitational field in three dimensions and negative cosmological con-
stant (AdSs GR).

First, a map between two-dimensional Integrable Systems and General Relativity was estab-
lished. We considered a family of boundary conditions depending on the integer N that reveal the
equivalence between first-order Einstein equations and the Ablowitz—Kaup—Newell-Segur (AKNS)
system. The latter encodes a broad family of integrable equations, e.g., KAV, MKdV, Sine-Gordon
and Nonlinear Schrodinger. For N = 1 and odd values of N, and after some settings, we recovered
the Brown-Henneaux boundary conditions and the KdV-type, respectively. The integrability of
the AKNS system was mapped to an abelian infinite-dimensional asymptotic symmetry algebra of
gravitational charges. We identified the conjugacy classes of the spatial holonomy, from where we
conclude that particle sources and (extremal) black hole configurations are attainable.

Lastly, transport properties were studied in a two-dimensional holographic description of AdS3
GR. This scalar theory, invariant under anisotropic scaling and known as the anisotropic chiral
boson, is obtained after the choice of suitable boundary conditions that generalized the Brown-
Henneaux case. Using bosonization techniques, we identified a fermionic current operator. In
the context of linear response theory, we employed the Kubo formula to calculate a two-terminal
conductance which, in its DC limit, reduces to the Ohm’s law. An important feature of this result
lies in the fact that the holographic DC conductivity depends explicitly on the dynamical exponent
that controls the anisotropic scaling. The bulk realization of the linear response is related to a type

of gravitational memory emerging in the context of near-horizon boundary conditions.

Keywords: Boundary conditions; Asymptotic Symmetries; Integrable Systems; AKNS hierarchy;

Anisotropic scaling; Kubo formula.
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Dedicatory

Vi Vert Universum Vivus Vici.

Fausto (7).
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“Dormia y soné que la vida era belleza; desperté y adverti que es deber”.

Immanuel Kant.
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Notations

In this thesis, we set A = 1.

K = (/4G is the Chern-Simons level, where ¢ is the AdSs radius and G the three-dimensional

Newton constant.
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Chapter 1

Introduction

1.1 The holographic principle

Initially conceived by Thorne, 't Hooft, and Susskind [1-3], respectively, the holographic correspon-
dence states that the dynamical content of a gravitational theory living on a D-dimensional volume
is contained on a (D — 1)-surface. Its first concrete realization was given in the context of string
theory [4], known as the AdS/CFT conjecture. For a theory living on a D-dimensional asymptot-
ically Anti-de Sitter (AdS) space, there is a dual (D — 1)-dimensional conformally-invariant field
theory. Specifically, the seminal correspondence was shown between a type IIB superstring theory
on AdS5 x S° with a /' = 4 super Yang-Mills theory at the large N limit [4-7]. Since General
Relativity, but seen as the low-energy regime of string theory, was mapped to a non-gravitational
quantum field theory, the duality was also referred to as gauge/gravity correspondence.

Many works have continued AdS/CFT correspondences in its original context [8—11] (for classical
reviews, see e.g., [12-15]), and it has been realized that this duality allowed to connect different
branches of physics, for instances, quantum chromodynamics [16-22|, particle physics [23], fluid
dynamics [24-30], condensed matter theory (CMT) [31-44] and mathematics [45, 46].

A precursory result of the AdS/CFT correspondence, formulated almost ten years before Malda-
cena’s article [4], is the one of J. D. Brown and Marc Henneaux [47], who proved that by describing
the fall-off of the gravitational field on AdS3, the theory exhibits asymptotically two independent
copies, *, of the 2D conformal symmetry,

i{ L5, L} = (m =)L+ 15m S
where m,n are arbitrary integers and ¢ = 3¢/2G stands for the Brown-Henneauz central charge.
This lower-dimensional result emphasizes the role of the asymptotic behavior of fields in order

to elucidate holographic properties of gauge theories.



1.2 Asymptotic symmetries and holography beyond AdS

The imposition of suitable boundary conditions define asymptotic symmetries. These correspond
to the set of gauge transformations that preserve the form of boundary conditions (a more de-
tailed discussion regarding this topic can be found in article [48], reviews [49, 50] and thesis [51]).

Concretely they can be defined as the following quotient group,

Gauge transformations preserving boundary conditions

Asymptotic symmetry group =
yip Y y eroup Trivial gauge transformations

Here, trivial gauge transformations are those carrying no global charges [52]. Thus, asymptotic
symmetries extracts improper gauge transformations that alter the physical state of the system,
and they allow to construct conservations laws associated to gauge symmetries, e.g., energy and
angular momentum in General Relativity (GR) [53-55], electric charge in electrodynamics and in
nonabelian gauge theories [56]; and from the holographic point of view, they correspond to global
symmetries of the dual description [4].

In this context, let us briefly review how asymptotic symmetries played an important role in

what is known as flat holography.

1.2.1 Flat holography

Bondi, van der Burg, Metzner and Sachs showed that the symmetry group of asymptotically flat
spacetimes is an infinite-dimensional extension of Poincaré, labeled as the BMS group [57-59],
which correspond to the semidirect product between the Lorentz group and the infinite-dimensional
abelian group of spacetimes supertranslations, being the latter a generalization of spacetime trans-
lations.

In this regard, an infinite-dimensional extension of Lorentz transformations corresponds to local
conformal transformations, known as superrotations. This allows to enhance the BMS group as the
semidirect product between superrotations and supertranslations.

According to Barnich and Troessaert [60-62], this reconsideration corresponds to the compatible
asymptotic symmetry group in asymptotically flat four-dimensional spacetimes. As a consequence,
this result allows to employ the techniques of 2D conformal field theory at the null infinity as
an holographic four-dimensional reduction of gravity, as suggested long time ago in [63-65]. The
existence of this asymptotic symmetry group gives an indication that the holographic principle can
be extended to its flat counterpart, known as flat holography.

Motivated by the aforementioned works, in recent years this asymptotic symmetry has gained
a lot of interest due its higher-dimensional uplift [66, 67], its appearance in the near-horizon region
of nonextremal black holes [68], the soft hair proposal to solve the information loss in black hole

evaporation [69-79] (for details, see [80]), its connection between soft theorems in Quantum Field



Theory and memory effects [81] through the Strominger’s triangle [82, 83| and the newly Celestial
Holography program (for a review, see e.g., [84-87]).

1.3 Three-dimensional gravity

Without sources, three-dimensional General Relativity (3D GR) is a trivial theory from the bulk
perspective [88-90], namely, since the Weyl tensor vanishes identically in three dimensions, the
theory does not propagate bulk degrees of freedom, such as gravitational waves. This implies that
the Riemann tensor may be fixed in terms of the Ricci tensor, so the geometry can be locally
classified according to the value of the cosmological constant.

Although this property, boundaries let asymptotic degrees of freedom arise [91]. So the dynam-
ical content is encoded in the choice of asymptotic boundary conditions. Besides, the theory can
be written as a Chern-Simons action for all values of the cosmological constant [92, 93], allowing
to perform the asymptotic analysis bypassing the metric formalism. Moreover, black hole solutions

are admitted for negatively curved spacetimes [94, 95].

1.3.1 BTZ black hole

The Banados-Teitelboim-Zanelli (BTZ) [94, 95] black hole is an exact stationary and axially-
symmetric solution to 3D GR with negative cosmological constant. In Boyer-Lindquist-like co-

ordinates (¢,r, ¢), the metric is

2

N2(r)

ds® = —N2(r)dt? + +12 (do+ N*(r)dt)”

where the lapse and shift functions are

2 16G2J2 1/2
N(r):(—8MG+22+ 6GJ) . N?

r2

respectively, and the angular coordinate ranges from 0 < ¢ < 27. Here M denotes the mass and J
the angular momentum.
This black hole has Killing vectors 9, and 04, and possess two event horizons radii 4+ when the

condition N(ry) = 0 is fulfilled, with

J 2
ri =4AMGE | 14£4/1— (W>

Positive roots are characterized when |J| < M{¢ with M > 0. Hence, extremal configurations are

reached when the former inequality is saturated, i.e., |J| = M.



The BTZ black hole has some similarities and differences with the Kerr black hole. Regarding
the similarities, its causal properties are akin, it has an outer event horizon radius » = r, with
Killing horizon given by the vector field £ = 0, + 2,04, where €, is the angular velocity of the event
horizon Q) = — (g1¢/9t¢)|r=r, = —N?(r4); an ergosphere region is present, fufills the Bekenstein-
Hawking area law, possess a Hawking temperature, emerge when gravitational collapse occurs and

exhibits mass inflation [96]. Regarding the differences, it is asymptotically AdSs,

2 2
dsas, = — (1—&—;) +(1(jr7“223)+d¢27
rather than asymptotically flat, and no curvature singularity appears at the origin.

Because the Ricci tensor of the BTZ is equal to the one of AdSs, it reveals that this solution is
locally AdSs, just as we discussed previously.

From the holographic point of view, this solution has shown its versatility by being a fruitful toy
model in the understanding of the semiclassical properties of black holes. An important question
concerning the aforementioned object is to understand the microscopic origin of the Bekenstein-
Hawking macroscopic quarter of the area law [97]. Motivated by successful results in string the-
ory [98], and using the fact that GR on AdS3 with the Brown-Henneaux boundary conditions is
dual to a theory with conformal global symmetry, Strominger found [99] that the entropy of the

BTZ black hole can be microscopically computed by means of the Cardy formula

Cr, CR
=2 —E —E
S W(\/G L+\/6 R) )

where ¢y, g, stands for the left and right copies of the Brown-Henneaux central charge, and Ey,

the left and right energies that depend on M and J.

This features led the using of the BTZ black hole as a laboratory to test new ideas in holography.

1.3.2 Infinite-dimensional symmetries and 3D gravity

Choosing suitable boundary conditions allows us to explore aspects of the holographic nature of
the gravitational field in 3D, which enjoys infinite-dimensional asymptotic symmetries. In this
regard, it is worth mentioning successful examples, such as the ones on AdSs, asymptotically flat

spacetimes, and higher-spin gravity.

Symmetries on AdS; and its deformations

The Brown-Henneaux case [47] is the starting point to explore conformal holography on AdS;. In
the presence of minimally and nonminimally coupled scalar matter field, the usual central charge ¢ =

3¢/2G was obtained in [100], while in higher-curvature gravity, a modification of the latter quantity



was provided by scaling arguments in [101]. In the context of Topological Massive Gravity [102, 103],
the latter was modified in [104], while specific fall-off for asymptotically AdSs3 solutions, compatible
with conformal symmetry, were described in [105, 106]; and in New Massive Gravity [107, 108], in
article [109].

Different infinite-dimensional asymptotic symmetry algebras were obtained by the use of novel
asymptotic boundary conditions, e.g., warped conformal [110-112], centerless warped conformal [68],
twisted warped conformal [113], Heisenberg [114], a generalization of conformal, Heisenberg and
warped [115], si(2,R) current algebra [116], a generalization of the latter through [117], and a two
centrally extended Virasoro plus a centrally extended (time-dependent) Weyl sector [118], never-
theless, what we will show along this thesis is that conformal symmetry (and its deformations) is

not the only part of this “landscape” in three dimensions.

Symmetries on asymptotically flat spacetimes

An appealing feature of holography on AdS;3 is that many of their results and lessons can be
pushed towards its flat limit after a suitable contraction [119-124]. In 3D asymptotically flat
spacetimes, the three-dimensional version of the BMS group appears, labeled as BMS3. The latter
corresponds to the semidirect product of the diffeomorphism group on the circle with an abelian

ideal of supertranslations [125], whose symmetry algebra admits a nontrivial central extension [126],

Z{jmy jn} = (m - n)jm—i-n ’

. 1
Z{jma Pn} = (m - n)Pm+n + Emgfsm—i-n y

i{Pm,Pn} =0,

where P,, and J,, are the superrotation and supertranslations generators, respectively. (Re-
markably, the two-dimensional Virasoro algebra reduces to the Galilean conformal algebra (GCA)
through the nonrelativistic contraction ¢ — oo [119, 127, 128], being the latter isomorphic to
BMS3.) The latter algebra appear in different physical contexts, e.g., string theory [129-136],
higher spins [137-144] and massless Klein-Gordon fields [145], and in recent years has shown its
importance by appearing in the near-horizon geometry of three-dimensional black holes [68, 146—
148], applied in holographic entanglement entropy [149-164] and asymptotically counting of grow-
ing microstates by means of compatible Cardy formulas [165-167] of the flat-analogue version of
the BTZ black hole, which is framed in the context of the so-called flat cosmological solutions; and
it was generalized [168] to supersymmetry [169-171] and hypergravity [172, 173].

A comprehensive review in 3D flat holography can be found in [174], while selected thesis in

this topic, in references [175-177].



Symmetries in higher-spin gravity

As we have seen, Virasoro symmetry plays a central role in holography. Nevertheless, it is possible
to further generalize it when we study higher-spin theories.

Higher spin gravities are gauge theories containing a massless spin 2 particle that couples to
higher-spin fields. These theories are interesting since they might have better quantum properties
than Einstein’s gravity, whose quantum behavior is not understood, along with several holographic
applications, e.g., [178-184].

Although higher-spin fields suffer inconsistencies in their interactions [185, 186], these can be
circumvented by means of Vasiliev equations [187, 188], which non-minimally couple them with
an infinite tower of spin fields s = 0,1,2,...,00, in the presence of cosmological constant. It is
important to mention that the perspective provided by Vasiliev reconciles spacetime and gauge
symmetries in a non-trivial form [189], thus allowing to avoid the no-go theorem of Coleman and
Mandula [190] (for a review on no-go versus yes-go examples on higher-spin gravity, see [142]).

Since there is no action principle and only certain sectors of Vasiliev’s theory are known, one
possible route to gain insights is to reduce the theory to a toy model that captures the most relevant
properties of higher-spin fields. In this regard, the three-dimensional case can be fruitful since
interacting higher particles with gravity can be non perturbatively described by a Chern-Simons
field theory [191-193] (for a review, see [194]).

The above can be further simplified since it is possible to consistently truncate the infinite tower
of particles to the case of a finite number of fields with spin s = 2,3, ..., N. Therefore, the simplest
case to deal with corresponds to N = 3, which is gravity non-minimally coupled to a spin-three
field with a negative cosmological constant. This allows to find exact black hole solutions, endowed
with a non-trivial spin 3 hair, as reported in [195-198].

In the previously mentioned context, asymptotic symmetries were studied in [199-204], along
with introduction of chemical potentials [197, 198, 205], unambiguously characterizing their global
charges, which turns out to be the Zamolodchikov W algebra [206].

W algebras appeared originally in the context of 2D Conformal Field Theory [206-209] and they
are closely related to Integrable Systems as a second Hamiltonian structure in KdV-like hierarchies

such as the Boussinesq equation [210].

1.4 Integrable Systems and the asymptotic dynamics of 3D
GR

Just as infinite-dimensional symmetries emerge naturally in 3D GR, they also appear in the context

of Integrable Systems.



Several well-known nonlinear equations, such as the Korteweg-de Vries (KdV) [211, 212], Non-
linear Schrodinger (NLS) [213], Sine-Gordon (SG) [214], Toda lattice [215], and many other that
appear in nature [216-218], including in GR [219], are known to be solvable. These equations belong
to a more broad topic, known as Integrable Systems (classical textbooks are, e.g., [220-222]).

Different definitions of Integrable Systems can be found in the literature. For example, by Liou-
ville’s theorem, an integrable equation admits sufficiently conserved quantities in order to integrate
the equations of motion [223]. Concretely, for a finite 2n-dimensional symplectic Hamiltonian sys-
tem, we say it is completely integrable if a maximal set of n functionally-independent conserved
quantities are admitted, partially integrable if there are less than n, superintegrable if there are
greater than n, and mazimally superintegrable when an amount of 2n — 1 conserved quantities
exists [224].

Although Liouville’s theorem provides a definition of what finite-dimensional integrable systems
are, there is no universally accepted definition for its infinite-dimensional analogue [222]. This is

the reason why integrable systems manifests through the following broadly criteria [225]:
e The existence of “enough” conserved quantities, and
e the possibility to obtain explicit solutions,

A relevant type of solutions, supported by a solid experimental basis [226-230] are solitons. Ac-
cording to [221], these waves are localized within a spacetime region, they are of permanent form,
scatter with other solitons and emerge from the collision unchanged, up to a phase shift. They
appear due to a “fine process”; the nonlinearity is canceled with certain effects (such as dissipation
in the KdV or dispersion in the Burgers equation). Examples are the kink and breathers (peri-
odic solitons) of SG, n-soliton and cnoidal waves of KdV [231], peakons of Camassa-Holm [218],
Peregrine [232] and Akhmediev [233] breathers of NLS, among others.

These waves are constructed by particular methods, for instances, the Inverse Scattering [234—
237| and Bécklund transformations [238-242]. The first is a nonlinear extension of Fourier analysis
(for details, see [243]), while the second extends the superposition principle to the nonlinear case
(for a introductory discussion, see [244]; for concrete examples, see [245-248]; and for a detailed
treatise on the subject, see [249]). Other techniques are the Hirota’s bilinear method [250], Painlevé
criteria [251, 252|, Lie groups [253], Consistent Tanh Expansion [254-259], nonlocal symmetries [260,
261] and Darboux transformations [262, 263].

The existence of conserved charges is a consequence of the invariance under particular trans-
formations [264]. In this context, a large number of equations in field theory [265, 266] admit the

following formulation,

L (6Hy\ . (6H,



where u = u(t, ¢) stands for the dynamical field, H,, = [d¢ H,, with H, = H,[u] a density
depending on u and its spatial derivatives, d/du denotes the functional derivative operator with
respect to w and D; 5 are integro-differential operators. If D; and D, are compatible Hamiltonian
operators, we say that Eq. (1.4.1) is a bi-Hamiltonian system [253]. If we are able to solve the

recurrence relation

SHpi1 4 SH,
st =DloDy( =" ) (1.4.2)

for all positive integers n (namely, we are able to find H,,y1 in terms of H,,), the bi-Hamiltonian
formulation with this property implies the existence of infinite Poisson-commuting quantities [267,

268],
H,={H, Hpn} ,=0, n=012,.., (1.4.3)

where {,}, , stands for the Poisson bracket associated to the Hamiltonian operators D; o,

(Pl Glul), = [ a0 5opia () (1.4.4)

respectively. The involution of charges H, in (1.4.3) reveals then the integrability of the sys-
tem [269-274]. This fact implies that these nonlinear equations possess a thoroughly symmetric
structure.

It is in this context where Integrable Systems meet 3D GR: Through the imposition of suitable
boundary conditions for the gravitational field, the involution of the infinite conserved charges of the
treated integrable hierarchy translates to the infinite-dimensional abelian asymptotic symmetries
of gravitational charges devoid of central extensions.

In holography, the above means that sectors of the asymptotic dynamics of 3D GR will be
described by an integrable hierarchy, i.e., the Einstein equations of motion will be shown equivalent
to the aforementioned system and the global symmetries of the putative dual field theory satisfies
the classical algebra (1.4.3).

Recent works have shown indications about the holographic relationship between the asymp-
totic nature of 3D GR and Integrable Systems. On AdS3, motivated by articles [197, 198], Pérez,
Tempo, and Troncoso introduced suitable field-dependent asymptotic behavior of the Lagrange
multipliers of the Chern-Simons 1-form gauge connection, so at the boundary, gravitational excita-
tions were governed by the KdV hierarchy [275], from where, exploiting its anisotropic scaling and
the duality between the high and low-temperature behavior, a compatible Cardy formula for the
entropy was found. Moreover, its Hawking-Page phase transition was analyzed in [276]. Similarly,

the holographic connection with the Benjamin-Ono [277], the KdV/MKdV [278] and, for the case



of gravity coupled to spin-N fields, the Boussinesq hierarchy [279], was also established.
On the other hand, in the context of asymptotically flat spacetimes, the flat analog of the KAV
hierarchy [275] was found in [280].

1.5 Nonrelativistic holography and General Relativity

Lifshitz symmetry appears in physical systems that are invariant under the following anistropic

scaling
t—=Nt, =Xt i=1,2,..., (1.5.1)

where z is known as the dynamical exponent. When z =1 and z = 2 it is possible to enhance the
symmetry of the spacetime in order to include the Lorentz and Galilean group, respectively, while
for others z, boost invariance is explicitly broken.

We have four motivations to discuss this type of holography. First, this symmetry allows us
to explore holographic aspects beyond AdS [281-289] on account with its nontrivial presence in
black hole physics [290-296]; secondly, due its intimate connection with integrable hierarchies in
3D GR, as shown in [275-277|; thirdly, its appearance in a variety of condensed matter systems,
such as heavy fermions [297, 298], semiconductors [299] and quantum critical phenomena [300]
(thus bringing the possibility to address holography in nonrelativistic set-ups); and lastly, it allows
the computation of quantities of physical interest, e.g., (entanglement) entropy [301-304], transport
properties [305-314] and quasinormal modes [315], in analogy to Virasoro and BMS.

It is in the context of 3D GR where we can concretize holographic relationships with 2D
anisotropic scaling field theories, since Lifshitz behavior emerge as global symmetries of the pu-
tative dual theory [275, 277, 278, 280, 316, 317], which are succesfully generalized to higher-spin
gravity [275, 318-325].

2D Lifshitz-invariant models are known to appear in 2D (anti) ferromagnet systems [326, 327]
and in the chiral Potts model [328]. One appealing attribute of these lower-dimensional models are
the duality that they exhibit between the high and low-temperature behavior [329]. If a gap energy
separates both regimes, this duality allows an account for the asymptotic growth of states, leading
to a compatible Cardy-like formula for the entropy that depends on the dynamical exponent z,
where for z = 1, the entropy reduces to the standard one of conformal field theory.

The anisotropic version [329] not only tends to tie with integrable hierarchies, as said, but with

number theory as well [277].



1.6 Aim of this thesis

According to the previous discussion, the general objective of this thesis is to expand the “landscape”
of GR on AdSs through the choice of a new set of suitable asymptotic boundary conditions. By
characterizing its asymptotic symmetries, we will address this through two examples.

Because in 3D the Chern-Simons equations of motion are a zero-curvature condition (see more
in Eq. (2.2.1)), in article [330] we report on a family of boundary conditions labeled on a single
integer, N, N, that reveals the equivalence between first-order Einstein equations and the Ablowitz-
Kaup-Newell-Segur (AKNS) system [234], which comprises a large number of well known integrable
hierarchies, e.g. the KAV, MKdV, SG, and NLS. For example, for N = 1 and odd values of N, and
after some settings, we obtain the Brown-Henneaux [47] and KdV-type boundary conditions [275],
respectively.

In integrable models, a nontrivial task is to find its conserved functionals and prove its involution.

One of the main advantages in the zero-curvature description of spacetime dynamics,

ftd) == 815(14; - 3¢at + [at, a¢] = 0, (161)

lies in the ability to employ the trace formula [331] in order to explicitly reveal the aforementioned
quantities. From the gravity side, it allows to relate boundary conditions, the gauge fields a
that generates the zero-curvature equations of motion, and conserved charges in a single formula.
Particularly, it is described in Eq. (2.1.20), and treated in detail in Appendix C.3.

Thus, the integrability of the AKINS system is mapped to an abelian infinite-dimensional asymp-
totic symmetry algebra of gravitational charges. By characterizing the conjugacy classes of the
angular holonomy, particle sources and (extremal) black hole configurations were shown attainable
from the asymptotic behavior. Hence, local excitations of black holes obey several integrable equa-
tions. Summarizing, integrable systems were provided with a gravitational account, and viceversa,
in such a way that the properties of one flowed into the properties of the other.

In [332], we formulated the anisotropic chiral boson description [333] as a dual field theory
of AdS3 GR through suitable boundary conditions that induce Lifshitz symmetry. We show that
this theory corresponds to local excitations of the gravitational field at the near-horizon sector
of a Rindler spacetime. Due to the fractional statistics of this theory, with help of bosonization
elements, we construct a fermionic quantum charge operator. By means of the Kubo formula [334,
335], we compute a two-terminal conductance at its DC limit. As a consequence of its symmetry,
the latter depends explicitely on the dynamical exponent z. Additionally, we conclude that chiral
bosons stores DC information of the boundary electric current, changing the charges of the system.
These features can be recognized as the lower-dimensional analogue of 4D gravitational memory

effect [82, 330].
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1.7 Outline of this thesis

This thesis is divided in two parts. The connection between General Relativity on AdSs with
Integrable Systems is explored in the first part, while the connection with Condensed Matter Theory
and Lifshitz symmetry is treated in the second one.

In Chapter 2, we introduce the AKNS integrable model and we prove its integrability, according
to [234, 267, 268].

In Chapter 3 we review the role of asymptotic boundary conditions in the Chern-Simons for-
mulation of AdS3 GR. As an example, we treat the Brown-Henneaux case in detail.

In Chapter 4, through the choice of consistent AKNS-type boundary conditions, we connect
AdSs; GR with the aforementioned integrable hierarchy.

This finish the first part of this thesis.

In Chapter 5 we review aspects of linear response theory and we obtain the Kubo formula.

In Chapter 6 we review aspects regarding the anisotropic chiral boson theory. We emphasize
its u(1) symmetry, its anyonic nature and we obtain that the associated u(1) Noether charges can
be interpreted as fermionic quantities.

In Chapter 7 we introduce novel asymptotic boundary conditions that induces Lifshitz symmetry.
Through the Hamiltonian reduction of Chern-Simons theory, anisotropic chiral excitations (with an
external source) effectively describe gravitational boundary degrees of freedom. We use the Kubo
formula to obtain a two-terminal conductance that depends on the anisotropic dynamical exponent
z. We geometrize this result and we understand how can be interpreted as 3D memory effect.

This finish the second part of this thesis.

In Chapter 7 we conclude this thesis work and we discuss future prospects.
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Part 1

Integrable Systems and General

Relativity
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Chapter 2

The AKNS system

As we have reviewed in the introduction, the robustness and diversity of methods for solving inte-
grable nonlinear partial differential equations [238-242, 244-248, 250-263] are of vital significance
for a wide variety of physics areas [243], and the AdS/CFT correspondence as well [337]. In par-
ticular, in this chapter we will focus our attention on the Ablowitz-Kaup-Newell-Segur (AKNS)
system, reported originally in article [234]; a 1+ 1 integrable model that comprises several famous
differential equations, such as the Korteweg-de Vries (KdV), Modified Korteweg-de Vries (MKdV),
Sine-Gordon (SG), and nonlinear Schrédinger (NLS) equations into one single formalism. Its inte-
grability was manifested by means of the Inverse Scattering Transformation (IST) [234]. However,
as is usually the case with several integrable hierarchies, the AKNS model admits a Lax represen-
tation and a zero curvature formulation. The latter will bring us the key relationship for its future
geometrization in the context of 3D GR, as it shows an intimate connection with the sl(2,R) Lie

algebra.

2.1 Aspects of the system

2.1.1 The model

In this section, the AKNS system is postulated. Following recursive methods, we explicitly construct
the first three hierarchies associated to this system.

With coordinates t and ¢, where 0 < ¢ < 2, the (Wick-rotated version of the) AKNS model is

13



given by the following system of nonlinear partial differential equations

r'Jr%(C’erAfoC) =0, (2.1.1a)
1

p-l—Z(B/—F?pA—I—QfB) =0, (2.1.1b)

A'—pC+rB=0, (2.1.1c)

for dynamical functions r = r(t, ¢) and p = p(t, ¢), where ' = Jyu, @ = Ou, ¢ is a constant with
dimension of length (which in the GR side will correspond to the AdSs radius), £ a constant without
dimensions referred in the literature as spectral parameter and A, B and C are composite arbitrary
functions of the fields r(t, ¢) and p(t, ¢) that has to be specified. In order to construct the AKNS
conserved densities, we will assume the fields are identified in 0 and 2, i.e., r(¢,0) = r(¢,27) and
P(t,0) = p(t, 21).

A simple method to find solutions of the previous system consist to perform a polynomial

expansion in £ for the functions A, B and C' as following

N N N—n

A=AV B=Y BN, =) GV, (2.1.2)
n=0 n=0 n=0

where N is an arbitrary positive integer. Replacing in (2.1.1a), (2.1.1b) and (2.1.1c), respectively,

we obtain the following set of dynamical equations

(—C;V‘FQT‘AN), p:

;= (—Bly — 2pAn) (2.1.3)

| =
~| -

while every coefficients of the expansion (2.1.2) satisfy the following recursive relations

Al =pC, —1B,, (2.1.4a)
1
Bn1 = —53; —pAn, (2.1.4b)
1
Cpi1 = 50; —rA,, (2.1.4c¢)

along with conditions By = Cy = 0. The deduction of the above relationships are performed in
Appendix C.1.

It is possible to explicitly construct every term of the previous recursion. If we replace n = 0
in (2.1.4a), we readily find Ay = 0. Integrating, we obtain that Ay is an arbitrary constant. To
simplify the discussion, let us assume for the moment that this constant is fixed to the unity. Then,
readily B; = —p. We can perform the same analysis and find C; = —r. Therefore, we find that
A} = 0, from where we obtain a different constant after integration. For the sake of simplicity,

fixing the latter and subsequent integration constants to be zero, we can find By, C5 and so on.
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However, if we let all integration constants survive, the analysis will be similar (see Appendix C.2).
Hence, for the forthcoming analysis, we will consider the aforementioned homogeneous choice.

We write here the first three coefficients

1
AO_la A1:O7 A2:_§p7"»
1
BO = 07 Bl =—-Dp, BQ = Qp/a (215)
1
COZO, 01:—7“, 022—57“/

With them, we can explicitly write the first three dynamical equations according to (2.1.3) and
recover the mentioned integrable hierarchies. For N = 1, we replace its associated coefficients, Ay,

B and C1, and we obtain the chiral boson equations
p=p, =1, (2.1.6)

while for N = 2 we arrive to the following nonlinear differential equations

'—1 2 _1// -_1 2 1// .
p—g( r 2p>, r—€<pr +5r" )5 (2.1.7)

and for N = 3 we get the following nonlinear system with third derivatives

_]' 3 / ]‘ /11 ~_1 3 !/ ]‘ "
p= é( 2pp7"+4p , T=g 5PrT +4r . (2.1.8)

It is possible to compute subsequent equations for N > 3, however, let us recover different integrable
equations at this point. Case N = 1 correspond to the chiral boson system, N = 2 to the Wick
rotated nonlinear Schrédinger equation®, and N = 3 recovers KAV and MKdV when 7 = —1 (or
p=—1) and p = —r, respectively.

As we have said, the Sine-Gordon (SG) equation is also included in this formalism. To make it

appear explicitly, let us redefine the fields as

1 1 1
p=—gu, r=—-u, A:4—£cosu, BzC:Qsinu, (2.1.11)

I The argument is the following. The nonlinear Schrédinger equation and its complex conjugate equation are given
by

.. 1 2 1 1 .. 1 2 1 "
= (= L) i =L (- L) 2.1.9
D 7 (p p 2p o) 7 p ep 2p ( )
Performing a Wick rotation ¢ — 7, we obtain
R 1 9 1, . 1 2 1 ., 21
R (N S B ) (N A 1.10
p 7 (P p 2P p 7 pp 2P ( )

Labeling p* = r, we arrive to (2.1.7). We stress that the functions p and r must be real, so as a final step, we must
impose r € R.
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at the level of equations (2.1.1), yielding

1
W = Zsinu. (2.1.12)

Aspects regarding the geometrization of this equation will be given in future works.

2.1.2 Conserved quantities as a recursive construction

As said in the introduction, the identification of conserved charges is crucial to prove the integra-
bility of any system of nonlinear partial differential equations. Following [234], here we present a
recursive deduction of these quantities.

From the equations of motion (2.1.1b) and (2.1.1a), it is possible to write B and C' as

1

b=

(—2pA—B' —tp), C= %(—QTA-FCI-F&;) . (2.1.13)
Using A’ given in (2.1.1¢), and after an integration by parts, we arrive to
1 1 1
A’:Q—Q(Epr)—i——i(pCJrrB)——( 'C +1'B) . (2.1.14)

Repeating the process, we have the following recursive series

, 0D 19 Lo,
1 9 {0 l
_ - Y rA) — R o !
22 39 (2prA) 20 ot (P'r—pr') + % ®'r + pr') (2.1.15)
1

2e° [(2p2r -p')C— (2pr2 —r")B],

which can be written in the following form,

A ¢ a9,

, 0
A:ia(pr)—@&(pr—pr)—l—a—qﬁ(...)—l—.... (2.1.16)

We encoded all terms with spatial derivatives in the first ellipsis, while lower powers in £ in the

second one. Integrating in ¢ between 0 and 27, we obtain

{0 2 Y] o 2 , ,
A(27r)—A(O)=i&/O dqbpr—(%)zat/o de (p'r—pr'). (2.1.17)

The total derivatives on the angular component vanishes because p and r are identified when
¢ = 0,2m, as said below Eq. (2.1.1). Besides, the latter identification implies that A(27) = A(0),

and since £ is arbitrary, we obtain a sequence of globally conserved quantities.
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Thus, the first nontrivial densities are

1
Ho = —pr, Hz= 1 (p'r—pr'y, ..., (2.1.18)

where H,, = [d¢ H,. An explicit list of these quantities can be found in Appendix C.5.

2.1.3 Integrability

In this section we address the integrability of the AKNS system. An important step is to establish
the relationship between the coefficients A,,, B, and C,, with the found conserved quantities H.,,
and its functional derivatives, dH,, /dp and 0H, /or. This will lead us to easily write the AKNS
equations of motion as a bi-Hamiltonian system.

In Appendix C.3, it is established the aforementioned relationship,

n—1 - 6Hn+1 o 5Hn+1

A, = n, Bn =Rpr1, Cp =Pni1, 2.1.19
7 or i p i ( )
for n > 1 by means of the trace formula [331]
0 Oay _, 0 Oay
— /| t — |dp=€6T7=£"¢ — ] . 2.1.20
i [ (e )ao=e e (a52) (21.20)
Here, u = P , tr stands for the matrix trace, v an arbitrary constant to be determined and a are

r
1-form gauge fields (this quantities will make sense when we write the AKNS system in the zero-

curvature formulation, in Section 2.2). The aforementioned is a general tool in the zero-curvature
formulation of Integrable Systems that allow us to establish a relationship between the coefficients
of the polynomial expansion (2.1.2) and functional conserved densities H,,. Succesful applications
of the trace formula are, e.g., the N-AKNS [331], Kaup-Newell [338] and Camassa-Holm [339]
hierarchies. For details, see Appendix C.3.

Thus, naturally we can write the AKNS system (2.1.3) in a bi-Hamiltonian fashion

P R R
=D, [N =D, [ TV, (2.1.21)

p 7)N—',-l PN+2

where D; and Dy are the following compatible Hamiltonian operators [253]

1 —2r97 r —0 4 2ro; " 1
Dl - Z ¢ ¢ ¢ P 5 DQ = Z

(2.1.22)
—0y + 2p8¢:1r —2p8(;1p
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The Poisson bracket of the first {,},; and second {,}, Hamiltonian structures are defined then as

oG

(Pl Glrplho = [do (3£ 50) Do | 2] (2129

op

respectively.

The involution of charges is a consequence of the bi-Hamiltonian formulation and the compati-
bility of operators Dy o [253, 267, 268] (see Section 1.4 for a detailed review). Define the transpose
operator M' = Dy ! o Dy, which satisfies the following recursion relation (recall Eq. (1.4.2))

6Hn+1 o t 6Hn+2
ou —93?( du

) » n €N, (2.1.24)

then it is possible to prove that the conserved quantities H, Poisson-commute with each other

under the first and second brackets (2.1.23), i.e.,
Hy={Hy Hpn} ,=0, n=12,... (2.1.25)

As showed in Appendix C.4, since all charges are in involution, we have thus proven the integrability

of the AKNS system.

2.2 Zero-curvature formulation

Integrable systems can be written in different forms. One of them, and the AKNS is not the

exception, is the zero-curvature formulation,
fto = Oray — Opay + [at,a4] =0, (2.2.1)

where a4 and a; are some connections spanned in a particular Lie algebra. In the context of AdSs
GR, the dynamics of the gravitational field is equivalent to (2.2.1), since Einstein equations can be
written as two independent copies of the zero-curvature equation in the Chern-Simons formulation

of gravity
Fr=dAT + A*2 =0, (2.2.2)

where AT = Af (t,r, d)dx*, with p = t,r,¢. After a suitable choice of function by in the gauge

transformation

a* =b;" (d+ AF) by, (2.2.3)
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it is possible to gauge-away the radial dependence of the fields [91], so Eq. (2.2.2) turns equivalent
to (2.2.1).
Regarding the deduction of Eq. (2.2.1, the zero-curvature equation of motion arise as a com-

patibility condition of a more fundamental auxiliary system. Consider the following linear problem

6¢U = U(I¢, an = Uat y (224)

where U is a column vector with dependence on ¢, ¢ and £. Equation (2.2.1) can be obtained by the
following procedure: Derive with respect to the time and the angle the first and second equation

of (2.2.4), respectively,

8t8¢U == 8tUa¢ + U@ta¢, 6¢8tU = 8¢,U(Lt + U8¢at . (225)

Substracting them we find

U (8,5% — 8¢,at) + 8tUa¢ — 8¢Uat =0. (2.2.6)

Replacing (2.2.4), we finally obtain

Ufig =0. (2.2.7)

If U # 0, we arrive to (2.2.1).

Regarding to the AKNS system, it can be obtained if we consider the following gauge connections

ap = 725[/0 7pL1 + T‘L_1 5 ay = (72AL0 + BLl - OL_l) 5 (228)

|

where Lo 41 are the generators of the sl(2,R) Lie algebra,

[Lna Lm] = (n - m)Ln—i-m y (229)

for n = 0,+1 (see Appendix A for further properties of the sl(2,R) Lie algebra). As emphasized in
the introduction, one of the advantages to write integrable equations as a zero-curvature formulation
lies in the possibility to construct its conserved functionals by means of the trace formula (2.1.20).

As we will see in next chapters, the zero-curvature formulation of Integrable Systems finds a
natural application on AdSs GR, since the Einstein equations can be written as a zero-curvature
equation of motion (2.2.1), as we previously emphasized. From the holographic perspective, the
choice of the 1-form gauge connection will correspond to boundary conditions for the gravitational

side, from where it will be possible to obtain the AKNS system as the asymptotic dynamics of
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AdS3 GR . This map will be addressed in Chapter 4.
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Chapter 3

The role of boundary conditions in

three-dimensional General Relativity

3.1 Preliminary discussion

In three dimensions, GR is known is abscent of propagating degrees of freedom, such as bulk
gravitational waves. Physically, this is due the vanishing of the Weyl tensor, leaving the theory
as a topological field one. We can prove this argument by counting the numer of independent

components that the Riemann tensor has, since it can be written in terms of the Weyl tensor as

2 2
Ryunp = Winrp + 5= (93 Bulp + Bajugulp) — mgx[ug,},ﬂ. (3.1.1)

Due the antisymmetry properties and the Bianchi identities, the Riemann tensor has D?(D?—1)/12

independent components. Therefore, the Weyl tensor has

D*(D*—1) D([D+1) D(D+1)(D+2)(D-3) 519
12 B 2 - 12 ’ (3.12)

independent components, vanishing identically in D = 3, proving that in this dimension there are
no gravitational waves. Another consequence of this result lies in the ability to classify the geometry
of each 3D solution in the vacuum with the value of the cosmological constant A.

Taking the trace of vacuum Einstein equations, we obtain that R = 6A. Replacing this value on
the latter equations, we can fix the Ricci tensor to R, = 2Ag,,,. Because the Weyl tensor vanishes,

it is possible to prove that the Riemann tensor is proportional to the cosmological constant,

RMV)\/) =A (g)\/tgpu - g)xugpu) . (313)
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Therefore, we conclude that every solution of 3D Einstein equations can be classified as following,
e A > 0 correspond to solutions that are locally dSs,
e A =0 correspond to solutions that are locally Minks,
e A < 0 correspond to solutions that are locally AdSs.

This is the reason why the discovery of the BTZ black hole on AdSs [95] was surprising, since it
was believed that no black hole solution was allowed in this theory.

Although 3D GR is a trivial theory from the bulk perspective, characterizing asymptotic degrees
of freedom will be given by fixing boundary conditions [91]. Thus, all of the dynamical content
of the theory is captured in the election of suitable boundary conditions of the gravitational field.

The criteria to choosing them, originally reported in [54], are:
(a) To ensure the differentiability of the action principle,
(b) generators of conserved charges must be finite,
(c¢) includes gravitational solutions of physical interest, such as black holes.

In this chapter we review the asymptotic aspects of three-dimensional General Relativity with
negative cosmological constant by using the Chern-Simons formulation [92, 93]. The Brown—
Henneaux example is treated in detail in order to illustrate the previous criteria, and to prepare

the necessary concepts of Chapter 4.

3.2 Three-dimensional General Relativity

In the vacuum and with negative cosmological constant, General Relativity can be described in

terms of two copies of the Chern-Simons action [92, 93]
I = Ics[.AJr} - Ics[.Ai] , (3.2.1)
where the Chern-Simons action is defined as

K 2 ..
I3 [A%] = o /M <AidAi + 3Ai3> : (3.2.2)

K is known as the level of the theory and is defined as K = ¢/4G, where ¢ is the AdS3 radius and
G the three-dimensional Newton constant. M = ¥ X R is a manifold in three dimensions, with X a
two-dimensional spacelike manifold with coordinates (r, ¢), with 0 < r < oo and 0 < ¢ < 27, and
R correspond to time. Wedge product is understood and (.) stands for the invariant nondegenerate

bilinear form.
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For GR on AdSs, the 1-form gauge connection A4 is spanned in the Lie algebra g = g4 +g_, where
g+ denotes the two independent copies of si(2,R). For Minkowski space, the gauge connection is
spanned in the iso(2,1) Lie algebra, while for dS3 in si(2,C).

The connection splits as A = AT + A~, and it is related with the triad e® = ey, dx" and the

spin connection wydz" as following
:t e
AF=w=+ 7 (3.2.3)
The first-order Einstein equations reads as the zero-curvature condition
Fr=dA* + A*2 =0. (3.2.4)

This is the same equation where we can write the AKNS system of Chapter 2, but now there are

two (decoupled) sI*(2,R) copies.

3.2.1 Constraint analysis and boundary terms

Here we review the constraint structure of Chern—Simons theory, following [340, 341]. Further
details can be found in Appendices D.1 and D.2.
Performing a 2 4+ 1 splitting Af = (Ag, ,élz-i)7 in components, we can write the Chern—Simons

action as

K

) ——
H
A Jrur

dtd®ze’ <A}Aji -~ A§F§> + B, (3.2.5)

where B* is a boundary term chosen such that it ensures the differentiability of the action I Ij_EI,
d’z = drd¢ and €7 = "7, We can see that A§ is a Lagrange multiplier and Fg a constraint of

the theory. Performing an infinitesimal variation of (3.2.5), we obtain
K g
+ i + s g4+ + ot + st + s g+ +
0l =—1- /dtd% € J<2FZ.O SAT —0AG F 40, (AF 0AT) — 0 (A7 0A7) > +6B%, (3.2.6)

Vanishing the terms that contributes to the equations of motion, the action (3.2.6) is just surface

integrals
51 = i [ dte 90, (AF6A%) — 0, (245 6A7) ) + 08+ (3.2.7)
H= ~ o t (A 04, i 0 94 : 4
Assuming the fields vanishes for ¢; and ts, as following

SAF (1) =0, and 0AF (1,7 6) 0.
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the surface integral reads
K
+ 2 re g+ + ¢r g% + +
0l = ~ox /dtd x <8T (e Aj 5A¢) + 0y (e Ay AZ ) > + 0B~ . (3.2.8)

Choosing manifold orientation ¢"® = 1, and angular periodicity in the fields, the angular surface

integral also vanishes. Using Stokes’ theorem, we arrive then to the following surface integral

K
=+ =+ =+ +
07 = o7 Jon dtde <A0 5A¢ > +0B~F . (3.2.9)

Because the action principle must be differentiable, we find that the infinitesimal variation of the

boundary term is

+ K + ¢t
ot =5 | duds <A0 6,4¢>. (3.2.10)

We can see from (3.2.10) that specific asymptotic behavior of the fields is necessary in order to
integrate the boundary term 6B*. The choice is subtle, since Ay is a Lagrange multiplier and is
not fixed by the equations of motion due the presence of first-class constraints [52].

According to [91], if we perform a gauge transformation
a* =0by" (d+ AF) by, (3.2.11)

where b (r) its a particular global gauge parameter, it will capture the radial dependence of the
connection A*.
The gauge fields now are a®* = ati(t, @)dt + af; (t, ¢)do, i.e., they do not depend on the radial

coordinate r. Thus, the boundary term reads

K
+_ 8 *sat ). 2.12
3B 3 [, ddo <at 6a¢> (3.2.12)

Suppose we have boundary conditions of the form ai = L*(t,¢) Lo and af = %ui (t,¢) Lo, where
p* is a composite function of £*(t,$). With this election, we do not know how to integrate the
associated surface integral (3.2.12), since it is unknown the explicit field-dependent form of u* [197,
198] and [275]. Following the latter reference, imposing pu* = %, the boundary term (3.2.12)
readily integrates. Moreover, the equation of motion is £+ = :i:%(%%. This is a Hamiltonian ap-

proach of the zero-curvature equation of motion. The latter election shows the connection between

AdSs GR with Integrable Systems.

3.2.2 Generator of charges
Using the approach of Jackiw [342], the constraint analysis is performed in this section.
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In the Chern-Simons formulation, gauge transformations can be seen as the following infinites-
imal transformation (we discard the +-notation although the forthcoming results stands for both

copies)
0A =dA+[AA]. (3.2.13)
According to [340], gauge transformations are generated by the constraint of the theory,

GIA] = %/X 2o a‘j<AFij> + QA (3.2.14)

with a boundary term chosed such that ensures the differentiability of the constraint. Regarding
this boundary term, we will take care of it the next page.
It is necessary to compute the symplectic structure, namely, the Poisson bracket of the theory.

For this purpose, consider the action (3.2.5)

LS

T JExR

Iy = dtd*w g, (ALAL ~ AGFY ) (3.2.15)

where gop = (Lq, Lp) is the Killing metric of si(2,R). Define
P(z) = —e*g.aAl(x). (3.2.16)
4
Then, the 2-symplectic structure reads
5l (x) HED) K

ij n_ _ — g @y — o 2.1
oo (@) ALY BAN) o€ gar0 (x — a') (3.2.17)

where it is possible to explicitly compute its inverse, ijb(x, a’)
JP (@, 2') = —%gbdeﬂé@) (x—2a'). (3.2.18)
Therefore, the Poisson bracket of the theory is
[ A2 (), (2"} = J (2" = %”qjgab(s(?) (x—2). (3.2.19)

We can now compute the infinitesimal variation of the field A¢(z) as

0A} (x) = % / d*z’ g A () {AS (), F(a')} . (3.2.20)

By means of Poisson bracket (3.2.19) we find that indeed the constraint generates gauge transfor-
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mations
SA} (x) = {Af (2), G [A]} = A" (2) + [, AL (2)A(2) . (3.2.21)

Following [54], we will now take care of the boundary term Q[A]. By Noether’s theorem, if § A? is a
symmetry of the theory, then a conserved charge G exists, and also conversely: If a conserved charge
G exists, then an associated symmetry 6.4¢ exists. If we compute the variation of the constraint,
we see that it must be suplemented by a boundary term §@Q in order to make it differentiable. We

define then the improved generator 6G as

GAl=G[A]+QIA], (3.2.22)
where
SQIA] = —g [ <A 5a¢> . (3.2.23)

Explicit calculations regarding the latter procedures can be found in Appendix D.2.2.
As said in the previous section, we must consider appropriate boundary conditions in order to
make 6B and now §@) integrable. This election is not trivial, since boundary conditions must also

generate the asymptotic symmetry algebra.

3.3 Example: Brown—Henneaux boundary conditions

In this section we reconsider the previously discussed concepts by means of the celebrated Brown-
Henneaux boundary conditions [47]. We will explicitly compute the boundary term (3.2.12), the
charges (3.2.23), asymptotic symmetries and the algebra they fulfill, which will be two independent
copies of Virasoro, with central extension ¢ = 3¢/2G.

The Brown-Henneaux asymptotic boundary conditions in the Chern—Simons formulation are
+ 27 + Ly
ad) = Lil - fﬁ (t,d))L;l y a; = iza(b . (331)
The equations of motion are known as the chiral boson equation

: 1
L = izci’. (3.3.2)

Any general solution of this equation will have the form £* = £*(t — ¢).
In what follows we will find that these boundary conditions are suitable, namely they fulfill the

criteria [54] of Section 3.1.
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We computed the Hamiltonian action of 3D GR and we obtained the boundary term (3.2.12).

With the Brown-Henneaux choice (3.3.1), the boundary term readily integrates as
K

B =5 | drdo (af?) 3.3.3

+ A7l Jors o ay ( )

Therefore, we accomplished the first item of the criteria listed in Page 22. Now we must find the

set of gauge transformations that preserve the form of the boundary conditions and calculate its

symmetries at the boundary.

The 1-form gauge field a* is preserved if satisfies (3.2.13), where AT is an infinitesimal gauge

parameter whose general form is
AT [ai, uwt, Bi] =at Lo+ puTLli F ﬁiL:Fl ) (3.3.4)

a®, pu* and B* are arbitrary functions on the time and the angle.

The infinitesimal gauge transformation of the angular component is

2 4
Sat = —%5ﬁiLIl = (—%i + %uiﬁi + ai') Lo
N (3.3.5)
T
+ (Kaiﬁi f ﬂi’> Loy + (ozi n ui’) Liy.
The latter implies the following system of equations
1 ./ 27 K ’
+ + + pt + + pt + + +
= _ —urL LT = LT — — = — . 3.3.6
BT = o + ot £ ﬂF(a 2W6)7 o I (3.3.6)
We can replace the value of a® and leave % as a function of u*, as promised,
1 »n 27
+ + + ot
=—= —utLE. 3.3.7
e SHT (3.3.7)
With this results, we can find that the infintesimal transformation of £*, which is given by
SLE = £DFp* (3.3.8)
where D* is the nontrivial operator
K
/
Dt = £+ 2LF0, - Ea;j;. (3.3.9)

Transformation (3.3.8) is known as a large gauge transformation, or the asymptotic symmetry that
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preserve the form of the angular boundary condition. Therefore, A* reads

1 2
AF [Ni] = *Mi/LO +pFLa F (2/~Li” + Kﬂi£i> L. (3.3.10)

A* encodes the family of asymptotic permissible transformations that we found before.

On the other hand, invariance of the temporal boundary condition altjE fulfills

2 1 2 .
6ati::|:i5£:l:[q:1: i*/,bi”—/:&i/ L0+i —/.L:tl,ci:':g(/.tiﬁi—f—/liﬁi)
K/ L K¢
Kt . (3.3.11)
ilhr/li”] Ly F (iélﬁi/ - ﬂi> Liy.
Therefore, we arrive to the following set of equations
= 1 £ = 1 +/ + +/ pt + pt st pt Kkt =zt
G = = L = L +E<u LE 4L )*Eﬂ L (3.3.12)

The second and first equations are the chiral boson equations and its derivative, respectively.
Equating the last equation with (3.3.8), and using the two latter obtained, we arrive to the following

condition
w1
Ou* (ci F gci’) =0. (3.3.13)

Because u* is arbitrary, the latter vanishes when we use the equations of motion (3.3.2). The
function p* satisfies the chiral boson equation as showed, thereby it has the form pu* = pu*(t — ¢).
It is important to say that the function p* is not a pure gauge parameter; it has its own dynamics
due the obtained symmetries at the boundary.

Thus, we have separated the gauge transformations from the ones that generate conserved
charges and we have identified its dynamics. Now we aim to compute the asymptotic charges.

The variation of the generator of charges is given by Eq. (3.2.23), where A* is the permissible
gauge parameter found in (3.3.10). Because u* only depends on the time and the angle since satisfies

the chirality condition (so du* = 0), we can find Q% readily. It has the following expression

o* [Uﬂ —F do u*=L* . (3.3.14)
oM

Now we aim to compute the asymptotic symmetry algebra. With (3.3.14), we identify the charge

generator as a Fourier transform,

QF [pF =] =% / dp e”meLE = FLF (3.3.15)
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where
LE = / dp e”moLE . (3.3.16)

In general, the algebra of charges can be computed as the variation with respect to ,uQi of the charge

generator, evaluated in pi [47],

{@F (], Q% (121} = 0,2 @% [ni] - (3.3.17)

This implies that {Q* [,uli] ,Q* [MQi]} = £,z [d¢ pELt =+ [do ,uliéuziﬁi [47]. After some

calculations (see Appendix D.3), the asymptotic symmetry algebra is

K
L LEYy = (m—n)Lh , + ?m36m+n70 : (3.3.18a)

with the known Brown-Henneaux central charge ¢ = 6K = 3¢/2G.

As we see, the choice of boundary conditions is not trivial, since they induce asymptotic sym-
metries that serve as spectrum of the holographic dual theory, as we reviewed in the introduction.
This is not the only election that we can consider.

Let us briefly discuss what kind of spacetime generates the aforementioned election.

3.3.1 Holonomy

The holonomy is a geometrical quantity that measures if parallel transport is preserved or not along
closed loops.

Spatial (angular) deffects are recognized by the angular holonomy M=,

M* =Tr (P exp¢d¢ af;) , (3.3.19)

where the angular gauge connection af; is given, in this case, by Eq. (3.3.1) and P is the path-

ordered operator. We stress the fact that the trace in (3.3.19) ensures the gauge invariance of the
angular holonomy.
For the AdS; set-up that we consider in this thesis, it is important to classify the SL(2,R)

conjugacy classes [343], characterized by the following values:

1. M* < 2 correspond to a elliptic conjugacy class. This type of configurations corresponds to

classical particle sources, inducing conical singularities.

2. If M* = 2 we have parabolic conjugacy classes. They correspond to extremal black holes

configurations.
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3. Finally, if M* > 2, it typifies hyperbolic conjugacy classes that characterize black hole

solutions.
SL(2,R) holonomy conjugacy classes
Holonomy value M* >2 M* =2 M* <2
Conjugacy classes Hyperbolic Parabolic Elliptic
Gravitational configurations | Black hole | Extremal black hole | Particle sources

Table 3.1: SL(2,R) holonomy conjugacy classes and its characterization.

Thus, the holonomy allow to characterize spacetimes without the need to explicitly compute
them [344], although the geometry of every solution in 3D GR with A < 0 will locally coincide with
AdSs.

For the Brown-Henneaux case, then the angular holonomy yields the value

" £y
M= = 2cosh | 27 - | (3.3.20)

where a Fourier expansion was performed. From this result we can see that elliptic, parabolic and
hyperbolic configurations are attainable, leading to conical singularities, extremal and black hole

solutions.

3.3.2 The metric

The metric can be recovered from the asymptotic boundary conditions with the following relation

02 _ _
= 5 (A7 = 45) (42 = 7)) 3321)
where
A =07 (d+ax)by. (3.3.22)

b4 is an arbitrary gauge parameter that captures the radial dependence, as said before.

Consider the gauge parameter
by(r) =etilo, (3.3.23)

In light-cone coordinates % = t/¢ & ¢, the aforementioned metric (that manifestly contains the

30



BTZ black hole solution) can be obtained from the boundary dynamics, yielding
2l 2T (y 2 = (dr—)? or | ATy +dr—
ds? = 2 |dr? + 22 (£ (dot)? 4 £7 (do7)?) = (¢ + Lt ) datdem| . (33.20)

By construction it is a solution of vacuum Einstein equations, there are two arbitrary functions
LE(t,¢). This is the most general metric that makes explicit the Virasoro invariance, known as

Banados metric [345].
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Chapter 4

Geometrization of the AKINS system

In this chapter we describe a novel relation between the large family of integrable models given by
the AKNS hierarchy and the spacetime dynamics of AdS; GR [330]. The diverse properties of the
AKNS system form a large class of suitable boundary conditions that generalize [47] and [275].

We start the discussion based on the formalism developed in Chapters 2 and 3.

Consider a manifold with coordinates ¢ and ¢, with 0 < ¢ < 27. Using the zero-curvature
formulation of Integrable Systems, we postulate the AKNS boundary conditions of the Chern-
Simons formulation of AdS3 GR

ay = F2 Lo —pTLay + 7 L1,

(4.0.1)

1
aif = ;(-24% Lo+ B¥Lyy F C* L),

where ¢ is the AdS3 radius, p* = p*(t,¢) and r* = r*(t,¢) are the fields carrying the boundary
degrees of freedom of the theory, A*, B* and CF are composite arbitrary functions of 7* (¢, ¢) and
pT(t,¢) that has to be specified. As we said in Eqs. (2.2.1) and (3.2.4), Einstein equations in the

first-order formalism now reads as the vanishing 2-form curvature
ftﬂ; = Gtaf; — dgaf + [af,aﬂ =0.

Therefore, for the AKNS boundary conditions (4.0.1), the zero-curvature yields the following set of
differential equations (2.1.1),

1
=7y (Bi’ FoptAT 4 2§iBi) , (4.0.2a)
1
P = ¥Z (Ci/ — AT — QEiCi) , (4.0.2b)
A = pFCF —pEBE. (4.0.2¢)
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Using the same polynomial ansatz of Eq. (2.1.2), we obtain at order fio the following dynamical
equations

1
Pt =7 (B +otag) it =

; (Ci’ —or iAi) (4.0.3)

-1
T

in complete analogy with (2.1.3); while for the remaining terms we obtain the recursion relations

Afl ptCE —rEBE, (4.0.4a)
1

B, = LB - pEaE, (4.0.4b)

CE = -CF —rF A, (4.0.4c)

subjected to conditions BSE = C’gt = 0. As we see, every result of Chapter 2 works in this scenario.

In order to figure if the boundary conditions (4.0.1) are suitable, which is the general objective
of this chapter, it is first necessary to briefly expose the main results of Chapter 2 but in terms of
the chiral/antichiral sector.

+ BjE and C’jE as

n?

Using the trace formula [331] (see Appendix C.3), one may cast A

n—1

HE, BF=R*

n o n n+1>

A:t_

n

CE=Pr, (4.0.5)

for n > 1, where the quantities R 41 and pE .1 are functional derivatives of the conserved charges
HF, defined as following

OH, + OH,

+1
6Ti ’ n+1 (S];Li . (406)

+
Rn+1 -

The latter allows to write the AKNS system as a bi-Hamiltonian equation

+ + +

7 R R
R AR B A A (107)
p PN+ PN 2

where the compatible Hamiltonian operators Dy and D5 are

+9-1 4+ +9-1, +
Df—L:E —2r 8¢r —0p + 21 8¢p

1
/¢ + +a-1, .+ +o-1, + l ’ (4.0.8)
=0, +2p¥0,r —2p=0,"p

respectively. These results will be the basis where we can establish the holographic relationship that
lies between 3D GR and Integrable Systems. The connecting bridge for this formal relationship,
as we have emphasized in the introduction, are asymptotic symmetries, generated by the choice of

suitable boundary conditions [54].

33



In what follows, we will prove that boundary conditions (4.0.1) are suitable, fulfilling the criteria

discussed in Section 3.1.

4.1 Integration of the boundary term

Performing the polynomial expansion (2.1.2), the variation of the boundary term (3.2.12) reads

+ K [dt & o 4 N
OB* =&~ 72 d¢ (CEop* + BFor®) ¢ : (4.1.1)
n=0

By means of (4.0.5), we arrive to

N + +
K dt 5Hn 5Hn N—n
oB* :i§/7§ j/dqs ( 6pi+15pi+ M;léri) S (4.1.2)
n=0

Hence, using the AKNS boundary conditions (4.0.1), we readily have a well-defined action with the

following boundary term
K [di & N
Bt = o / 7 S OH T (4.1.3)
n=0

4.2 Asymptotic symmetries and asymptotic algebra

As we reviewed in Section 3.3, asymptotic symmetries are the set of gauge transformations that
preserve the form of imposed asymptotic boundary conditions, which in this case are (4.0.1). Its

infinitesimal form is
sa* = dA* + [a™, AF]. (4.2.1)

The exercise is analogue as the one performed for the Brown—Henneaux case of Section 3.3. We
want to characterize asymptotic symmetries, i.e., the ones that generate conserved charges, namely,

Noetherian charges. In order to achieve that, notice that the angular component of (4.2.1) is
baf — 9,0% + [A%,aF] =0, (4.2.2)

which is similar to the zero-curvature condition (2.2.1), where we can “recognize” J; <> ¢ and
af < A* [197]. Inspired by this analogy, we write A% in the following (reminiscent of aif in

(4.0.1)) general form

Ai = —20ziL() + /BiLil + ’yiLzFl s (4.2.3)

34



where a®, f* and v* are field-dependent arbitrary functions that has to be specified. As a

consequence, the angular component (4.2.2) reads as the following system of equations

pt =7 (2o¢ipi +26FBF + Bi/) , (4.2.4a)
ort = (—2o¢iri — 2ttt 4 Vi/) ) (4.2.4b)
at’ = pEat _pEgt (4.2.4¢)

Following the lessons of Chapter 2, if we specify a*, g% and 4% according to the polynomial

expansion (2.1.2),

M M M
M—m M—-—m M—-—m
af =) anet, pE=) gt =Y et (4.2.5)
m=0 m=0 m=0

where M is a number that labels the infinite family of permissible gauge transformations (which is
not necessarily equal to V), we readily obtain that the infinitesimal transformation of the fields r*

and p* are just the analogue versions of the AKNS equations (2.1.3) and (2.1.4a),

opt =F (ﬁ]j\[/jl + Qpia]iw> , (4.2.6a)
ot =+ (= +208%) | (4.2.6b)
Q(Ai/[/ = pifyi — ’r‘iﬁi R (426C)

with conditions 85 = v = 0 (analogue to conditions Bf = CF = 0). These are the asymptotic
infinitesimal transformations of the fields that preserve the form of boundary conditions (4.0.1).

It is clear by construction that ati belongs to the above family of permissible gauge parameters
at

1

ati::tg

AF|p—n . (4.2.7)

Because (4.2.1) yields an equation analogue to the zero-curvature condition, conservation along the
temporal component atjE reduces to combinations of the equations of motion. Thus, it does not
imply any further condition on the gauge parameter (see Appendix E.1).

By virtue of relationships (4.0.5), we find that the coeflicients of (4.2.5) satisfy the known

identities

m—1
ot = TH,*,L, BE=RE.., ~E=Pi.,. (4.2.8)
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Therefore, expansion (4.2.5) reads

M
—1 —m
ot =3 (2 )Hi gEM-m. (4.2.9a)
m=0
M M
pE=> RELETTT, (4.2.9b)
m=0
M M
vE=D PR T (4.2.9¢)
m=0

As we reviewed in the previous chapter, from the Hamiltonian point of view, gauge transformation
(4.2.1) is generated by the boundary term Q% [A*] that must be suplemented to the first class con-
straint in order to make it differentiable. Using the boundary conditions (4.0.1), the differentiated
charge (3.2.23) reads

5QF [AF] = —% » d¢ (B*or™ +y*5p™) (4.2.10)

In an analogue version when we integrated the boundary term in Section 4.1, we find then

M
5Q* [A*] S Z/ dg (R or* +Ph opF) =M™, (4.2.11)
2T "m0 OM
yielding
K & M
T AE] — =+ FM—m
Q* [A ]7i§mz::OHm+1£ : (4.2.12)

The charges are finite, and they are just the conserved quantities of the AKNS system.
We are now in position to compute its algebra. Recall that the algebra of charges between
two arbitrary gauge parameters A* and A* was computed in the Brown-Henneaux case, given by

expression (3.3.17). Because, {QF [A*],Q* [A*]} = 6Q* [A%], we readily obtain
(Q* [A*],Q* [A*]} = =25 / do (BE6r% ++6p%) (4.2.13)
21 Jom

We can recast the latter expression as

(@ [(A*),Q* ()} =45 [ do (5= )|, (4.2.14)

21 Jom
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which is the same as

. K RE

+ At +[RE] — + + MA+1
(0¥l (W) =25 [ do (R, )0 | V) (1215)

M+1
This the first Poisson bracket between H,, 1 and Hy;, ,, defined in (2.1.23). Because the conserved
charges of the AKNS system are in involution (see Eq. (2.1.25)), the Poisson bracket of gravitational

charges vanishes,

=0. (4.2.16)

(@8 A, Q4 (N4} = - (i s ) =

2r
We computed the asymptotic symmetry algebra of charges, which realize an infinite-dimensional

abelian one.

4.3 Holonomy and gravitational configurations

For the AKNS boundary conditions, its angular component is given by (4.0.1), from where the

holonomy (3.3.19) reads
M¥* = 2cosh (277 (%) —&—poiroi) : (4.3.1)

p% and roi are the zero modes of the Fourier expansions. The remarkable fact of this result indicates
that all gravitational configurations are attainable, namely, the AKNS boundary conditions includes
particle sources, extremal and ordinary black hole solutions. This is because we can always work
with zero modes and the spectral parameter such that the hyperbolic cosine turns complex and
transforms into a cosine, allowing to reach values less than 2 (See Table 3.1).

Because the action functional is differentiable, the generator of charges are finite and black
hole solutions lies in the conjugacy class of boundary conditions, the imposed AKNS asymptotic

behavior are adequate.

4.4 Recovering specific boundary conditions

Here we recover specific boundary conditions from the asymptotic behavior. For details, see Ap-
pendix E.2.

It is desirable to make explicit how we particularly recover the Brown-Henneaux [47] and KdV-
type [275] boundary conditions.

Recalling expansion (2.1.2), truncated at some integer number N. We have a large family of
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boundary conditions labeled by this number (e.g., see Eq. (E.2.5f)). Fixing N = 1, we have

1
Ny = 7 [—2L0&* + (—p™ Ly + 75 L1)] (4.4.1)
If ¢+ = 0, we define p* = —1 and r* = —%”L:i(t, @), we obtain the Brown—Henneaux boundary

conditions (3.3.1). On the other hand, for odd values of N, i.e.,

1 1
afN:?) =7 {—2L0§i3 + (—piLil + riL:Fl) X2 4 [—2 (pi’ri — piri’) Ly

i% (2pi27" j[”) L, F i (QpiriQ - ri”) LjFl} ¢t
1 (4.4.2a)
-1 (3pE2rt2 4 phiptl _ phiE piri”) Ly
= é (=6pp™r* + p*") Loy F = (6p EpE ) L;l} ,
Gin=s = % {—QLofiE’ £ (—pFLay + 15 L) €51 + [—; (F'rE — pEr¥) Lo
i( 2 pE) L :F4( ot iz_ri//)LjFl} ¢+3
{ i SpE 2R R ity
g( 6ptpt et + pE") Loy F = (6pi it _ i) Lg]fi?
+ { % (3pi 2pk2 g s —piri”) Lo (4.4.2b)
é (=6pTp*'r® +p*") Ly % (6p*rEr® — £ Lm] ¢t
- é[GpiQTiTi/ — I e p e e E pt (Gpi’riz —r=") ] Ly
4 % [— 6% 32 4 6p* 2% 1 4p* (p*/r ¥ 4 9p*rE) 4 op= 2 _ pE L,
¥ %6 [ _ 6pi 2ri3 4 4pi’riri’ + Qpi”riQ —l—pi (Gri’Q + {pEpt 2) _ T:I:////] L¢1} 7

and letting p* = —1 we obtain the KdV-type boundary conditions, reported in [275].

4.5 The metric

Just like for the Brown-Henneaux case of Subsection 3.3.2, the metric may be recovered by means

of the following relation

2
G = % (A=A (AF = A))) (4.5.1)

o
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Figure 4.1: ADM decomposition.

We choose the explicit group element

by (r) = exp [:ﬁ: log (%) LO] ) (4.5.2)

thus we arrive to the following metric components

BtB~r? B . ctoe
gtt:_T+(A+_A )2+B+C++B C —T, (453&)
A — AT
Gir = ¥’ (4.5.3b)
B=pt —Btp )12 ¢
Gte = (B7p 57 pr +3 2(¢t+€7) (AT —A7) - BTr" + B7r”
» (4.5.3c)
—Ctpt+Cp]+ Y (Crt—=C*tr7),
62
grr = ﬁ) (453(1)
€2
o =—— (7 +&7), (4.5.3¢)
+ 2 +,.+ - + et +,.— £
gos = o4 [ptrt b p e 4 (€5 4 €0)7 + 5t (4.5.3)

In ADM coordinates ds? = —N2dt? + (N'dt + dz*)(N’dt + dz?)v;;, the metric can be seen in

the following form. The lapse function is

(4.5.4)
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and the shift functions are

r 1 Q- Qf
N =- (A" AT+ (¢t +¢7) [ — - — 4.5.
€< +2(§ +£)<w_ w+>>, (4.5.5a)
1 /9 Qf
Ne=—[———]. 4.5.5b
20 (w— w+) (4.5.5)
Additionally, the spatial metric reads
o = ~CE ) (156)
T\ e ) eEr o) e
The auxiliary functions QF and w* are defined as
+ G + G
QF=B* - 5CF, wr=pT+ 5t (4.5.7)
r T

The difference with the Brown-Henneaux case lies in the v, component and the form of the lapse
and shift functions.

The boundary dynamics arises from the asymptotic behavior of the lapse function N and shift
vectors N [197], which depends on the dynamical functions and consequently induces a non-trivial
surface evolution at the boundary. This property has been used previously in [275] and [278] to
connect the dynamics of AdS3 GR with the KdV and Gardner integrable hierarchies, respectively.

We constructed the metric associated to the AKNS boundary conditions, which contains two
sets of dimensionless functions {A*, B C* p* r*}, labeled by the 4 superscript, and chosen to
depend only on the coordinates t and ¢. On the other hand, the two quantities £+ are constants

without dimensions.

4.6 Remarks

Proving the consistency of boundary conditions (4.0.1) imply that the AKNS system is equivalent
to the asymptotic dynamics of AdS3 GR.

When we say that the boundary conditions are “suitable”, we refer to the criteria of Section 3.1,
namely, the AKNS boundary conditions integrate the boundary term in the Hamiltonian action,
define finite asymptotic charges, the asymptotic symmetry algebra closes in an abelian infinite-
dimensional form with devoid of central extensions and they includes all possible gravitational
configurations by calculating the angular holonomy. We consistently recovered the boundary con-
ditions [47, 275] and we understood that the dynamical fields p* and r* induce deformations on
the spacetime through the Lapse function (4.5.4) and the Shift vectors (4.5.5).

It would be desirable to translate our results to the metric formalism. For example, to obtain
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the abelian asymptotic symmetry algebra from the group of isommetries at the boundary (namely,
to solve the asymptotic Killing equation by impossing suitable boundary conditions). To recover
the NLS, KdV, MKdV or SG metrics explicitly. Other avenue is to provide an interpretation of the
mass and angular momentum in terms of the dynamical fields. Finally, a more general question
involves the meaning of the Inverse Scattering Transformation and soliton construction under the

light of curved spacetimes.
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Part 11

Condensed Matter Theory and

General Relativity
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Chapter 5

Linear response theory

Response theory aims to understand how a system reacts to a particular applied external pertur-
bation [346], yielding a response function, or susceptibility x(¢,¢') associated to the former. This is
the main quantity that one tries to compute and hopefully, measure in a experiment.

Concrete examples are the application of an electric field or momentum transport in some
liquids. This perturbations will give an associated conductivity and viscosity, respectively.

In general, it is hard to obtain an analytic expression of susceptibilities. Therefore one may
approximate susceptibilities to its first order in the perturbation. This is what is known as linear
response theory. In the second part of this thesis, the aim is to obtain the first-order susceptibility
of a dual theory to 3D GR by means of the Kubo formula [334, 335].

Along with its natural application in Condensed Matter Theory [347], the Kubo formula find
diverse applications in the lines of the holographic correspondence. Black holes [348, 349], Hall [350]
and strongly correlated viscosities [351], anomalies [352, 353], higher-spin interactions [354] (with
spin-3 possible experimental measurement [355]), two-dimensional [356] and three-dimensional [25,
357, 358] relativistic fluids, and electrical conductivity and charge susceptibility fixed by the value
of the central charge [359] are part of them.

The objective of this chapter is to establish the Kubo formula. In Chapter 7, it will be used
to compute a two-terminal holographic conductance associated to the boundary dynamics of AdSs
GR with a specific asymptotic behavior. To deduce it, we will consider the Dirac interaction
picture of quantum mechanics in presence of a time-dependent arbitrary perturbation. Then, by
Taylor expanding the time-evolution operator, we will obtain the first-order approximation of the
mean value of an arbitrary operator sensible to this perturbation. The first-order contribution of
this approximation will correspond to the retarded Green function, from where we will be able to

establish a relationship between the latter and the susceptibility of the theory.
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5.1 Susceptibilities are retarded Green function

Consider a Hamiltonian perturbation
H=Hy+V(t), (5.1.1)

where Hy is the free part of the theory and V() its perturbation.
Consider an arbitrary operator O(t, x). If the perturbation is small, then we write the first-order

change in the expectation value of this operator
5 (0(t,2)) = (O(t,)) — (O, 2)) |y_y (5.1.2)
as

§{(O(t,z)) = /dt’x(t,t’)v(t’), (5.1.3)

where x(t,t’) is the linear response function, or susceptibility associated to the perturbation V.

Consider now the following differential equation
Dly(t)] = F(t), (5.1.4)

where D is some differential operator, y = y(t) an arbitrary function and F'(t) a driving force.

Formally, the solution of this differential equation is

y(t) =yo + /dt’G(t,t’)F(t’), (5.1.5)

with yo the homogenous solution and G(¢,t") stands for the Green function or Kernel of the system.
One thus recognize the susceptibility as the Green function of the system, however, we must consider
causality conditions: The susceptibility follows the perturbation, rather than preceed it. So we may
associate this condition of the response function, or susceptibility, with the retarded Green function,

namely, the Green function that vanishes for negative time. Hence, we have
x(t,t') = GE(t, 1), (5.1.6)

where the index R labels the retarded prescription.
One more condition has to be specified. We will study systems that are invariant under time-

translations, so the susceptibility depend only on the time difference x (¢ —¢'). Thus,
xt—t)=0, for t—t <O0. (5.1.7)
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5.2 Interaction picture

Here we review the interaction picture for a time-dependent perturbation V' = V(¢). By means
of the evolution operator U(t, ), we will calculate the wavefunction |¥). Under the action of the
perturbation we will find that Dyson equation governs the dynamics of the time-evolution operator.
We can solve it recursively [360], whose solution will have a precise form on V().

Again, consider the Hamiltonian of the form (5.1.1),
H=H,+V(t),
In the Heisenberg picture, operators O(t, x) evolve with the full Hamiltonian in the form
O(t,z) = et 00, z)eH(tto) | (5.2.1)

Here we aim compute the expectation value of these operators. This can be achieved by means of

the following formula
(O(t,z)) = Tr [O(t, x)p(t)} : (5.2.2)

where p(t) is the density matrix of the system. Let us rewrite expression (5.2.2) in the following

form
(O(t,z)) = Tr [O(t,x)eiH@*tfﬂp(o,x)e*“f(t*to)] . (5.2.3)

Using the cyclic property of the trace, we obtain

(O(t,z)) = Tr { (eiHo(t—to)O(t’ x)e—iHo(t—t0)> y

(5.2.4)
% (eiHo(t—tO)eiH(t—to)p(()’x)e—iH(t—tg)e—iHo(t—to))} :
which allow us to consider the following definitions
Or(t, x) == ettt Ot g)etHolt=to) (5.2.5a)

pI(t7 x) = eiHo(t—to)eiH(t—to)p(07 x)e—iH(t—to)e—iHo(t—to) = eiHO(t_tO)p(t, x)e—iHo(t—to) , (5'2.5b)

where the subindex I is denoted for the interacting picture. Therefore, we obtain that the mean

value of some arbitrary operator O(t, ) will be given in terms of its interacting operators

(Or(t,z)) = Tt of(t,x)p,(t,x)} . (5.2.6)
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From the Heisenberg picture (5.2.1), and using definition (5.2.5a), we find that O(¢,z) may be

written as
O(t,z) = U(t, to)Or(t, x)UT (t, tg) (5.2.7)
where
U(t, tg) = etHtto)g=ito(t=to) (5.2.8)
Because the wavefunction for ¢t > ¢y evolves as
(W) = et t=to) |0) | (5.2.9)
in terms of U(t, ty), it reads as
|W) = e~ Holt=to) 7t (¢ #4) |0) . (5.2.10)

We aim now to determine the form of operator U (¢, ¢y). Taking a temporal derivative of the previous

equation, we obtain the Tomonaga-Schwinger equation for U(t,t),

L0U (L, to)

En |0) = V(t,t0)U(t, to) |O) , (5.2.11)

with initial condition U(t,t) = 1. This equation can be formally solved in terms of a Dyson-

series [360]

U(t,to) = T exp (z/t V(t’,to)dt’> , (5.2.12)

to

where 7 is the time-ordering operator.
We have the tools to compute the first-order susceptibility associated to an arbitrary perturba-
tion. The relation that is going to allow us to compute it is known as the Kubo formula [334, 335].

In the next section we will obtain it explicitly.

5.3 The Kubo formula

At first order, the evolution operator U(t,ty) can be Taylor-expanded as

t
Ut to) =~ 1 —i/ ' V(t' to) +..., (5.3.1)

to
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where the ellipsis denote second-order contributions. Therefore, by virtue of relation (5.2.7), it is
possible to prove that the expectation value of the arbitrary operator O(t,x) is (see Appendix F.1
for the explicit deduction)

(O(t,z)) ~ (O(t, z)) |,,_, —i—i/_ dt' ([V(t',to), Or(t,z)]) . (5.3.2)

where the initial state was put in the far past t¢ — —oo. According to definition (5.1.2), and
inserting a Heaviside theta function ©(¢t — t’') to extend the range of the time integration, the first

order contribution reads

5 {O(t,z)) = i/oc dt' Ot —t)([Vi(t"), 01 (t,x)]) . (5.3.3)

— 00

Let us suppose now a perturbation of the form

V(t,z) = )\/d;v w(x)B(z), (5.3.4)

with p(z) a source, and B(x) an observable operator. As we will see in the next chapters, the
introduction of this chemical potential on the gravity side will induce an holographic difussion of
chiral bosons that leaves an electrostatic current voltage after its passage, just like in the Quantum
Hall Effect (see Chapter 7, in particular Eq. (7.2.16)).

Then the perturbed Hamiltonian (5.1.1) reads

H = Ho+ )\/dxu(as)B(sc) . (5.3.5)
Hence, (5.3.3) is
5 (O, 2)) :z'/_oo ar /d:z:’ (t', 2Ot — ) ([Bi (¥, a'), Or(t, 2)]) | (5.3.6)

where A was fixed to the unity since we are considering only linear contributions. We can recognize
the integrand expression as the susceptibility of the system. We arrive then to what is known as

the Kubo formula,
Xop(t =t 2,2") = —iO(t — ') {[Or(t, ), Bi(t',2)]) , (5.3.7)
where the linear response of its associated operator is
5 {(O(t,x)) = /dt’ da' xop(t —t' sz, 2 )u(t', 2'). (5.3.8)

We obtained then the first-order susceptibility and mean value of an arbitrary operator O.
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From the holographic point of view, it is important to mention that the susceptibility is local
in the frequency space. This implies that subsequent calculations will enjoy this property, mean-
ing that no global geometric issues, such as global holonomies in black hole backgrounds will be
considered. This implies that we can stand on an event horizon background and perform local

calculations on that region of the spacetime (see Appendix F.2).
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Chapter 6

Anisotropic chiral bosons and

bosonization

Lifshitz holography [283] allows to explore holographic properties in non-relativistic frameworks. In
this context, a simple theory that exhibits anisotropic scaling in 1+ 1 dimensions is the anisotropic
chiral boson theory [333], which naturally generalizes the chiral boson case [91, 361, 362]. Its action

principle is given by

K . z+1 2
I*[ps] = Sq/dtd:v [@ﬂpﬁ_@v (8¢2 ‘Pﬂ:) } : (6.0.1)

where dots stands for time derivatives while primes for spatial derivatives. The number z is odd
integer and corresponds to the dynamical exponent of anisotropic scaling, while v the velocity of

chiral excitations. Its equations of motion are
O (Qbi to (*1)% 8§<pi> =0, (6.0.2)

which reveals the existence of gauge symmetries ¢* — o+ f*(¢). By means of a Fourier expansion,

it is possible to find that the dispersion relation w]f of the theory is,
+ z
wyp = tvk®. (6.0.3)

As we see, different chiralities propagates in differents directions. Observe that the parity P and

time-reversal operators 7, defined as the action + — —z and ¢t — —t, respectively, swaps the
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chirality, since

)
T~
L

1

\
~
_H

(6.0.4)
T [IF] = -I7. (6.0.5)

Thus, the theory is P7-invariant. It is worth mentioning that (6.0.1) recovers the Floreanini-
Jackiw case for z = 1 [361], and 2D conformal algebra is obtained from nonlocal infinitesimal

symmetries [333]. Besides, the infinitesimal transformation
Spr =, np =ekrEat) (6.0.6)
generates a u(1)-current algebra, whose Noether charge is
K
=+—0,04, 6.0.7
T+ 1 O PE ( )
and its conjugate conserved charge, defined as
K
7y =F—0 6.0.8
+ :{:471_ tP+ ( )
fulfills the continuity equation
OJ+ + 0,1y =0. (6.0.9)

Details can be found in Appendix G.1.

From the quantum of point of view, the theory was consistently cuantized by means of Dirac [363],
Jackiw symplectic [220, 342] and path integral method [52, 364, 365]. In particular, by means of
the second method (see Appendix G.2), the Dirac bracket of the fields reads

{px(2),0prps(a)} = i%é(m —a'), (6.0.10)

where the passage to quantum mechanics follows the the prescription {,} —i[,].

Because the theory exhibits conformal behavior, it is possible to calculate the entropy of a gas of
non-interacting anisotropic chiral bosons by means of a compatible extension of Cardy formula [275,
277, 329, 333], whose leading term agrees with the asymptotic sum of power-partitions from number

theory [366].
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6.1 Fractional statistics

One of the cornerstones of quantum physics is the exchange statistics that emerges when the many-
particle wavefunction transforms under interchange of indistinguishable particles. In this regard,
anyons are quasiparticles that occur only in two-dimensional systems, whose statistic is fractional;
it is neither bosonic nor fermionic [367-369).

Anyons had two versions: Abelian and non-abelian. When we interchange abelian anyons,
the wavefunction acquires a phase factor e*?, while in the non-abelian case, the wavefunction not
only acquires the latter, but instead, it can change to a fundamentally different quantum state.
They lie at the root of many physical phenomena, e.g., topological quantum computation [370,
371], Fractional Quantum Hall Effect [372-377]*, exclusion statistics (generalized Pauli exclusion
principle for anyons) [379-383] and Majorana fermions in solid state systems [384]. Remarkably,
the abelian flavor was recently detected by two experiments [385, 386].

Here we show that anisotropic chiral bosons fulfill an abelian fractional statistics where the
operator J4, defined as

K
=+ 6.1.1
ji 471_30ia ( )

is the associated Noether current of symmetry (6.0.6), and corresponds to the fermionic number
operator under bosonization. Details of the forthcoming calculations can be seen in detail in
Appendix G.3.

Following [361], we define the fermionic annihilation ¢y and creation cTi operators

cy(z) = e~V EvL(@) od(z) = eV Eer @ 5 (6.1.2)

respectively, where : O : is the normal-ordering of the operator . The bosonic fields ¢+ can be

expanded as a superposition of creation and annihilation modes
o (z) = 0+ () + 04 (), (6.1.3)

where 64 (z) correspond to the creation operator and 93_ () to the annihilation one, while 6_(z)
to the annihilation operator and o () to the creation one. Performing the passage to quantum
mechanics, the Dirac bracket (6.0.10), reads as the following commutation rule

29

[P (@), = (2)] = F 5= sign(e — ') (6.1.4)

n fact, the quantum Hall state at filling fraction v = 5/2 may provide the first experimental evidence of a
non-abelian phase [378].
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This allow us to find the bosonic algebra of creation and annihilation operators, given by
2
01 (z),0% ()| = + = log [~ 2im (z — 2’ +in)] , (6.1.5)

where n — 07 is a regulator. With the bosonic algebra of creation and annihilation operators

obtained, we can prove that operators (6.1.2) satisfy the fermionic anticommutation rule

{cx(z),ce(z)} = {cl(m),cl(w')} = {ci(x)7cl(x’)} =0, x#4a2. (6.1.6)

Performing a Taylor expansion of the operator J1, and by means of commutation rule (6.1.5) , it

is possible to find
el (@)e_ () = —0Opo_(2), (6.1.7)

and

: c+(:c)c:_(:17) = ;T\/faxgm_(x). (6.1.8)

Therefore, for the chiral/antichiral sector, we arrive to

: c+(x)cj_(a:) G J(x) = \/f el (2)e_(x) ;. (6.1.9)

This justifies calling J. as the electric charge density. Besides, by virtue of the conservation law

(6.0.9), we say that Zy is its conjugate electric charge operator.

52



Chapter 7

Holographic two-terminal

conductance and memory effect

In this chapter, we perform the Hamiltonian reduction of Chern—Simons theory by imposing suitable
boundary conditions. The asymptotic degrees of freedom of the theory are going to be captured by
(two independent copies) of the anisotropic chiral boson theory, characterized by the action principle
(6.0.1). Using the tools developed in Chapter 5, particularly by means of the Kubo formula, we
will compute a holographic two-terminal conductance in the DC limit. Finally, we aim to interpret
this result as the dynamics of the gravitational field within a spacetime.

Along this chapter, we follow [91, 316, 387].

7.1 Anisotropic chiral movers as gravitational boundary ex-

citations

7.1.1 From Chern—Simons to Wess-Zumino-Novikov-Witten (WZNW)

In Chapter 3.3, in particular in Eq. (3.2.5), we found that the Chern—Simons action can be written

as
I =15+ BE, (7.1.1)
where

Iij =1 /dt d*z " <AiiAjE —~ A§F§> , (7.1.2)
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is the bulk action, and B* a boundary term, whose variation is
+ K + ¢4+
0B =~ = | dtdg (AFoAT). (7.1.3)
2 OM

As said in Chapter 3, the bulk action has a constraint (3.2.14). Without holonomies, a solution of
the latter is

Af =G11o,G4, (7.1.4)
where i =7, ¢ and G4 (¢, r, ¢) € SLi(2,R). Replacing in the bulk action, we obtain
I =1 [ dtdae <G;E1(')iaic';lajc;i + G;l@Gin@jGi> . (7.1.5)
The second term is a total derivative,
id <G;18iGiG;18jGi> = ¢l <aiG:_JajG'i> = —€y, <G;Iajéi> , (7.1.6)
while the first term may be readily written as
¢l <G;18iGiG;18jGi> = ¢l <G;18iGiG;1C¥iG;18jGi> . (7.1.7)

Choosing manifold orientation €"® = 1, the action may be splitted into

+ + +
Iy = Iyyy + Ixem (7.1.8)
where Ivivz is known as the Wess-Zumino term and [ ﬁlsm is the nonlinear sigma model contribution,
defined as
I T R rar Ye e rle Me e 7.1.9
wz = Te€ + 061G GGy 0G4 ), (7.1.9a)
+ K —1 /v
Fon =1 [ dtds (GT'CL) (7.1.9b)
A Jom

respectively. Primes denote derivatives with respect to ¢. For latter purposes, it is important to

observe that the integrand of (7.1.9a) can be written as

<(G;1dGi)3> = 3¢l <G;18iGiG;1GiG;18jGi> . (7.1.10)
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Let us establish now a bulk/boundary relationship between the solutions of the constraint equation.

The constraint solution (7.1.4) holds at the bulk, but at the boundary we can write
af = g3 dige (7.1.11)

with G4 the bulk extension of g4. Because a radial gauge transformation reads

AF =b1" (d+aF) by, (7.1.12)
we have the following equality
G1'dGy = bi'dby + b1 g dgeby = bt gr d (9+bs) (7.1.13)
This implies that
Gi(t,r,¢) = g+(t,9)bs(r), (7.1.14)

which allows to relate G4+ with g+ and the gauge parameter b, given by the following election

b (r) = e 180/OLo (7.1.15)

Using the cyclic property of the trace, Iﬁﬁsm reduces to

K o K .
Tiem = Z/ dtde (bi'gi'0r (g+bs)') = —/ dtde (g7'd.) . (7.1.16)
T Jom AT Jom

The addition I, + I3 is known as the Wess-Zumino-Novikov-Witten (WZNW) model [388-391].

Ism

We solved the constraint of the theory and we obtained, as a dual theory of AdS3 GR, the

aforementioned model.

7.1.2 From WZNW to anisotropic chiral bosons

Here we address the reduction from the WZNW model to the anisotropic chiral boson theory. This

reduction is going to be addressed through the Gauss decomposition for G4 and g4,

Gi(t,r,¢) = eXx (@) Ly o+ P4 (87,¢) Lo Y (8,7,¢) L , (7.1.17&)

gy = et (B0 L1 o Fox (6,8) Lo pyx (t,0) Ly (7.1.17D)

respectively.

For the chiral sector, the Gauss decomposition (7.1.17a) of G acquires the following represen-
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tation

1 =X\ [e®/2 0 1 0
G, = , (7.1.18)
0o 1 0 e®+/2 ] \Y, 1

while for the antichiral one, the representation of G_ is

1 0\ [e®-/2 0 1 -Y_
G_ = . (7.1.19)
X_ 1 0 e®-/2) \o 1

Replacing the latter in (7.1.10), and after direct calculations, the integrand of the WZ action reads

<(G;1dGi)3> = —3drdt dp ™0, (P95 X210, V) (7.1.20)
yielding
K . .
Ly =1 / dr dt dp e+, <6”¢Xiyi +et¢thEYi) : (7.1.21a)
/I

where periodicity on the fields was assumed. With manifold orientation /"¢ = 1, we arrive then to

the following reduction

K . .
E,=— / dtde e+ (Xin’[ - X;[Yi) . (7.1.22)
A Jom

Now we aim to perform a similar procedure to the nonlinear sigma term (7.1.16). Integrating by

parts the angular derivative in (7.1.16), we readily obtain

K 1
L = o dtde {%w’i — et (Txyl + a:’iy'i)} . (7.1.23)
/I8 OM 2

If we add the WZ-term plus the Nlsm, namely the WZNW-model, we arrive to the boundary
description of AdSs GR, up to the boundary term (7.1.3), which will be treated at the end.

We need a relation between the bulk functions {Xy,®,, Y1} and the boundary {z4, o+, y+}
ones, because they are a different set of functions. The path will be given by means of Eq. (7.1.14),

with gauge parameter by = e=1°6("/0Lo_ Hence, for the chiral sector we have

e~ 0+/2 (1—e®X,Y,) —e®+/2X | _ e_w+/2\/g(1 —ef+rTiyy) —e"’+/2\/§x+
eP+/2y, o4 /2 ew/z\/gy . e+/2\ /T

From elements 22, 12 and 21 we obtain the consistency conditions e®+ = et , X, =z, and

Y, = £y+, respectively. On the other hand, for the antichiral sector, we have the following matrix
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equality

e®-/2 et /2y es-/2 /T —er 2y \JE

e®?-2X_ e /2 (1—e®-X_Y.) e?=2x_\/T e_”*/g\/g(l —e¥-w_y_)

Thus, from elements 11, 12 and 21 we get conditions e®- = 7€, Y. = fy, and X_ = z_,

respectively. In sum, we have the forthcoming consistency conditions for both sectors

oy T J4

e®E = Zewi , Xyp=x4, Yyi= Ty, (7.1.24)

With them, Ifil = I&,ZNW = I\j,tvz + Iﬁﬁsm reduces to the 2-dimensional surface integral

K

1. .
Luznw = I dt dg (2%4&4,0;[ - 26%$/iyi) . (7.1.25)

oM

At this stage, the procedure was general, however, we aim to obtain a further reduction of the

previous action by imposing suitable boundary conditions. These are given by
at = j:4—ﬂji(t #) Lo (7.1.26)
1) K 9 9
af = +0(=1)T 9 lat + u(t, ¢)L (7.1.27)
t A s T ML, 0 L.

]z—l

where v > 0 is a coupling constant with dimensions of [length and, as we will see next, pu

to an external perturbation, and z to the odd integer dynamical exponent of Lifshitz scaling. It
is important to say that for 2 = 1 we obtain the Brown-Henneaux case in the Chern-Simons
formulation.

Recalling solution (7.1.11), we can equate the latter with the angular boundary condition

(7.1.26), as following
1 4
9z Os9x = £7-Tx(t,9)Lo- (7.1.28)
By virtue of the Gauss decomposition (7.1.17b), it implies the following relationships
©+ ./ 1 / 27 O+ .0 Y+ 0 2 / /
efrallys + o¥: = :l:?ji , e¥rrl =0, eFfrlyl +y +Hyre =0. (7.1.29)

Replacing the middle equation into the first one, we arrive to the following crucial relation,
K
=+—0, 7.1.30
T+ 1. 0o ( )

allowing us to connect the angular (spatial) derivative of the field ¢+ with the asymptotic function
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J+(t, ). The exponential of the WZNW action (7.1.25) vanishes by virtue of the second equation
of (7.1.29), so the WZNW reduces to the kinetic integral functional

K ;
Lnetic = 3 /dt do o1y - (7.1.31)

7.1.3 Reduction of the boundary term

Now we must take care of the boundary term (7.1.3). After a gauge transformation, it reads

K
o8B =~ | dtde <ati§ajf> :
21 Jom
where the lowercase fields a* do not have radial dependence.
Replacing the angular boundary condition (7.1.26) and the temporal one (7.1.27) in the variation

of the boundary term, we obtain

K
+_ o 5 z—1 +¢ £\
L (+0(-1)F 05 "a%oa) /aMdtdw(sji. (7.1.32)

Then, the boundary term integrates as following,

z—1 2
gt = =5 [ gras <(a¢2a;;) > f/ dtdé nJs (7.1.33)
oM

A Jom

rendering a well-defined action. According to the Gauss decomposition (7.1.17b) and the sec-

ond consistency condition of (7.1.29), the latter boundary contribution— that deforms the WZNW

z41
2

2
model—, yield a term proportional to ~ (8¢ @i) , namely

z+1

Kv 2 K
dt do (a; @i) jFE/aM dt do s . (7.1.34)

B =F—
CIr oM

We have all the ingredients to obtain the anisotropic chiral boson theory, with a perturbation u,
as an effective description that captures the boundary degrees of freedom of the gravitational field.

Replacing the previous result and the kinetic term (7.1.31) in the action (7.1.1), we obtain

z4+1

K , 2
I*ps] = —/dtdq& [g&iap’i¥v (057 ¢2) $2/Mp/i] , (7.1.35)

81

where the gravitational description is given by the substraction of the two anisotropic chiral boson
actions (6.0.1), with the source p coupled to Jx.
In summary, by solving the constraint equation Fi? = 0 and by means of Gauss decomposition

(7.1.17), we performed the Hamiltonian reduction of AdSs GR . We obtained at the boundary a
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substraction

Ier, ol =T [py] =1 [p-], (7.1.36)

of two anisotropic chiral boson action (7.1.35) [333].

7.2 Boundary two-terminal conductance

In the previous section, we proved that the anisotropic chiral boson theory (with the external source
u coupled to J4), is a holographic description of AdSs GR through suitable boundary conditions.
Using the u(1) operator J1 and its conjugate current Z, given in (6.0.7) and (6.0.8),

K K
Ji(t,x) = :I:E&Ecpi(t,x) . Ii(t,x) = :Fﬂatgoi , (7.2.1)

respectively, we aim to obtain its associated susceptibility through the Kubo formula (5.3.7)

oo

G i) =i [ atewe (Zu(e.t). Tols'0)) (12.)

— 00

As reviewed in the previous chapter and Appendix G.3.2, anisotropic chiral excitations exhibits any-
onic nature, allowing us to interpret J1 and Z4 as electric charge and density fermionic operators,

respectively.

7.2.1 Anisotropic chiral susceptibility

Here we obtain the holographic susceptibility associated to the anisotropic chiral bosons. Consider
the u(1) operators defined in (6.0.7) and (6.0.8). We aim to compute the linear response associated

to these operators, which are given by the following expression
o0

5 <fi(w,x)> = / dr' p(x',w) X%J (wyz, '), (7.2.3)

oo

where [i(2’,w) is the Fourier frequency-space source and )Z% 7(w;z,2") the susceptibility. According
to the bosonization performed, J+ and Z4 are related with electric charge transport, so we expect

that the quantity
5<itot> = 5<L> +5<i>, (7.2.4)

gives the total expected current intensity carried by chiral bosons with AC frequency w. Neverthe-

less, in order to find the latter quantity it is necessary to calculate the susceptibility of the theory.
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Recall that this can be found by means of the Kubo formula

oo

@ wiaa) = =i [ dtOW (Lelot), Ta(w,0)) (7.25)

— 00

We start explaining how to compute the different-time commutator. Because the fields ¢4 (¢, )

satisfies the superposition principle, they can be expanded in Fourier series

> dk i(kxtwit)
oir(x,t) = T e by ks (7.2.6)

— 00

where by j correspond to the k-th wavenumber annihilation operator, bl’ . the k-th wavenumber
creation operator, and wy, its dispersion relation (6.0.3).

Before calculating the commutator of Z, with [J4, it is necessary first to obtain the commu-
tation algebra of annihilation operators b4 ;. Recall that the anisotropic chiral bosons satisfy the

commutation rule (6.1.4),

[ps(2), O ps(2)] = i%é(az —a'). (7.2.7)

If we invert the Fourier transform, we can find the commutation algebra of annihilation operators
2 /
[tk b ] = £ kO (k + K. (7.2.8)

Details can be found in Appendix H.1.
Now we are in position to compute the different-time commutator. Because the operators J4
and Z, are proportional to the space and time derivative of the fields, respectively, we have to take

derivatives of the fields in order to build these operators. Then, using (7.2.8), we readily obtain
K K K [* ; N
T ’ — 4 Ny — ik(z—z") jEiwpt ) 9.
[Zy(z,t), T (2", 0)] [qi4ﬂatgoi(x,t), 747r8w (x 70)} =) /_OO dk wye e (7.2.9)

Thus, we obtained the different-time commutator associated to the operators 7. and J1. Replacing

this result in the Kubo—formula (7.2.5), we arrive to the following integral expression

K oo . ’ o0 i
X7 (wiz,a) = *;? dk wyett@=e )/ dt ©(t)e!H)t, (7.2.10)

oo — 00

The time-integral is just the Fourier transform of the theta Heaviside function, given by

/oo @(t)ei(w:twk)t _ i

- T
oo w =+ wi + i€

where € is a positive regulator that appears as a consequence of the susceptibility causality. As
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proved in Appendix H.2, the susceptibility acquires then the following form

W glina) = 35 [d(e =) 7 (0 +i) P (o — 5] 72.1)
’ ™

where the function F*(z — 2’;w) is the integral expression

0 gk ik(z—z')
FE(z — 2'jw) :/ S (7.2.12)
oo 2T W £ wi + t€
which has p =0,1,2,...,2z — 1 simple poles. Using the residue theorem, we obtain
'kiy ikiy
. wyxe'p _ wyter
wFE(yw) = —iO(y) Y L +iO(-y) Y o, (7.2.13)
W+ W+
k; €lms kp k% c€lm kp
where y = z — 2/ and = denotes the upper/lower complex plane sector, respectively.
The latter result is general, since we never used the dispersion relation wy = wvk* of the

anisotropic chiral boson, so in principle, any dispersion relation is valid at this point.
If we now specialize to the anisotropic chiral boson case, the numerator and denominator of the
latter expression get simplified and the dependence on the dynamical exponent z* emerge through

functions A; yielding
WF* (y;w) = —0(y)9, A% (y;w) + O(—y)9, AL (y;w) (7.2.14)

where Aj%[ is defined as

ikiy
e’'p
AL(ysw) = > — (7.2.15)

ki €lmy

For details in the explicit contour integration of function (7.2.12), see Appendix H.3.

7.2.2 Total current intensity and conductance

We computed the associated susceptibility to the operators Z, and J.. We have to further compute
the associated total electric current, given by the linear response (7.2.3).
We must now specify a particular chemical potential. Turning on an external source that

corresponds to an electrostatic potential that produces a fermionic difussion, as seen in Fig. 7.1,

(', w) =V O(xp — ') + VRO(2' — zRr) . (7.2.16)
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TR Iy, J}/

Figure 7.1: Chemical potential & in frequency space, where we supposed (only for drawing purposes)
Vi > Vg.

and replacing the chemical potential (7.2.16) in (7.2.3) we arrive to

- dy [ViO(xp —z+y) + VegO(x —y —xR)] X.
T J—o0 (7.2.17)

x [-0(y) = O)9, A (y:w) + O(=1) 9, AZ (y:w)] -

5<f¢(w,x)> =

After direct manipulations (see Appendix H.4), the linear response of the mean current intensity
reads
~ K
5 <Ii(w, x)> = F - {~ [V2O(er —2) + VaO(z — r)]
T
+V [0z — )AL (2 — zp;w) — Oz — )AL (2 - rriw)] (72.18)
- Vg [@(x — xR)Aj;(x —zp;w)— O(zg — x)Aﬁ(m — acR;w)}

+[ViO(zr — 7) + VaO(z — zr)] (AZ(0;w) + AZ(0;w)) } .

This expression is valid in the AC regime. Nevertheless, we aim to recover an Ohm’s law in the
DC limit w — 0. This means that it is necessary to calculate expression Ajg (0), given in definition
(7.2.15). It turns out that A; (0) is a constant that counts the number of poles. On the upper and
lower complex plane, the te—prescription implies that we have @ poles on the upper plane and

+
221 poles on the lower one. In sum,

+ +
A>(0) - 9.+ A<(O) - 2ZT .

(7.2.19)

Thus, AZ(0) + A%(0) = 1. This implies that the first and second terms cancel with the seventh

and eigth ones of (7.2.18), from where we obtain

2EF 41
22+

5 <ii(w,x)> o= ;% {VL {@(m —ar)— } — Vg {@(m —aR) - ZZ; 1} } . (7.2.20)

We obtained the mean current intensity in a first-order approximation of the chiral/antichiral

62



sectors. Then, the total mean current intensity reads

B <Lot> =% <i+> +6 <i> - gAV <Zl+ + Zl_> : (7.2.21)

where we defined the electric potential difference AV = V; —Vi. We can recognize the two-terminal

conductance o given by the following expression

IO (L1, 72

AV 8r\zt 2

This is the two-terminal conductance associated to anisotropic chiral excitations as an effective

description of AdSs GR at the radial infinity, subjected to the perturbation u given in Eq. (7.2.16).

7.3 The gravitational side

Through establishing the bulk/boundary correspondence, here we aim to provide a gravitational

perspective of operators J4 and Z4.

7.3.1 The bulk correspondence

Consider the Chern-Simons action coupled to a covariantly conserved current source J%,
+ [ % + [ % 3 +
Ity [A*5 T4 = Igg [AF] —/d z (AT . (7.3.1)
First-order Einstein equations in this formalism reads as

K W Tt
S E = 2. (7.3.2)

This allow to identify a physical process in the bulk where an external source modifies the Chern-

Simons field A%. Choosing orientation €"** = 1, we obtain

K

%Fﬁ; =Jr. (7.3.3)

With a gauge transformation, where b4 (r) is the gauge parameter that captures the radial depen-
dence of the fields, the gauge connection will not depend on the radius. With this transformation,

Einstein equations (7.3.3) simplifies, and acquires the following form

_ 2r .
g U (7.3.4)
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with fi = daE — 9,0 + [ati, aZ]. The source is defined through a current pointing in the radial

direction
r o _K —1 t _ g __
Ji = =5 Oppby Loby,  Jp=J:=0, (7.3.5)
T

where its precise dependence on the group element by ensures the conservation law 0,J§ +
[.Af, Jg = 0. The functional dependence of p will be chosen so that (7.3.4) describes the boundary
perturbation of the previous section.

Because (7.3.4) reduces to ftj; = O, 1Ly and with the following boundary conditions
4 4
af = = JxLo, af = ForLeLo- (7.3.6)
we can write (7.3.4) as
K
0T+ + 0,7y = :I:E(?xu. (7.3.7)
Now, from boundary conditions (7.1.27), we directly obtain that Z is related with J1 as
Ty =T0 +£0(-1)F 917, (7.3.8)
or
= 1
0Ly = tv (—1) 0 Ty, (7.3.9)

where ZI1 is an initial condition to be fixed. Importantly, this constant will be interpreted in light of
a particular initial gravitational configuration where the system consequently evolves. Therefore, by

virtue of relationship (7.3.8), equation (7.3.7) transforms into the anisotropic chiral boson equation
zf1 K
OTe £v(-1)F 03T =+ _dup. (7.3.10)
The formal solution of the latter is
in K / ! ~E / ! o
Jr(t,z) =T+ = dt' da' Gg(x —2',t = t') Opp(t', 2", (7.3.11)

where R dubs the retarded Green function. The reason to consider the retarded prescription lies
in causality, in the sense that we measure after the physical process has been taken place, and not

before. Mathematically, this can be accomplished if we impose that the ordinary Green function
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vanishes for negative time, i.e.,
Gz —a',t—t <0)=0.

Because the retarded propagator emerge after the perturbation has been placed, it is a sensible
quantity that, according to linear response theory (see Chapter 5), can be recognized as the sus-
ceptibility of the theory x(x —a’,t —t'). Thus, Jx — Ji* = § (J+) stands for the expectation value
of the electric charge operator; while analogue analysis stands for 6 (Z), the expectation value of
the intensity current of both sectors.

Expanding in Fourier modes, the retarded Green function reads
1 X / ) " =
GE(x—a/,t—t) = @n? /dk duw eF(r—2") gmiw(t—t VGE (k,w), (7.3.12)

241
where it is possible to obtain the inverse of the differential operator 9; + v (—1) 2 92

xT

7

GEk,w)= ———— 7.3.13
R( ,LU) w L wp + ie’ ( )
with wy = vk?. As proved in Appendix H.5, replacing in (7.3.11), we obtain
in iK / / + / o
Ji(t,x) =T :I:S— dt' dz’ dw F* (x — o', w) Opr pu(t', ') , (7.3.14)
™

where the integral function F* is the same as the definition given in (7.2.12),

Fi(m_x/7w):/oo dk eik(mfm’)

o 2T w t wy + i€
Because Z is related with Jy through Eq. (7.3.8), then with result (7.3.14) it is possible to obtain

N
I, =TI F Zw/dm’Fi(x—x’,w) ulr — 2’ w). (7.3.15)
7r

We have to solve the integral expression. In order to make contact with the holographic result of

the previous section, let us now specify the source in the following form
(' t) =6(t) [Vio(xr — 2') + VRd (2’ — xR)] , (7.3.16)

drawn in Fig. 7.1. The temporal localization of the external source models a process where the
initial and final configurations corresponds to solutions of vacuum Einstein’s equation. This election
yield the same result as the one obtained from the putative dual theory (7.2.22) at the DC limit,

but we recovered it now from the bulk perspective.
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Particular questions must be addressed at this point:

(I) To answer how we recover an associated spacetime where anisotropic chiral bosons evolves

within,
(II) to elucidate the geometric interpretation of operators 7y and Ju,

(III) answer if the computation of o, obtained in (7.2.22) is characterized by an adiabatic process,

and

(IV) to understand what gravitational phenomena can be associated to these boundary excitations.

7.3.2 Linear response for near-horizon boundary conditions

In order to answer points (I) and (II), let us construct a spacetime solution. In terms of Chern—

Simons gauge fields, the aforementioned can be obtained from the following relationship

= DA - A (A - 5 (1:3.17)

Guv

To construct those solutions, consider a particular radial dependence of the group element by [114,
147],

ba(r) = exp [i& (L — L_l)} . (7.3.18)

Because the spatial component of the gauge field (7.1.26) lies on the hyperbolic conjugacy class
(see table 3.1), the resulting gravitational configurations are typified by black hole solutions [343].

Hence, closer to the Rindler horizon r = 0, it is possible to find the following spacetime metric

272\ ”
ds? = ( 7;( ) (Z2:dt* — 2L prordtdr + pioydz®) + dr® + O(r?), (7.3.19)

where we defined Zyot = Z4 +Z_ and pyot = J4+ + J—. The operators Jy and Zy corresponds
to the ones specified in (6.0.7) and (6.0.8), respectively. The O(r?) terms stands for subleading
components.

From the geometry, we can conclude the following. Operators Ziot and piot induces a rotation
to the black hole, while the horizon area is measured by an observer in a rotating frame close to

r = 0, whose operator is defined as an integral of the total charge density in Fourier space

A= /d(E ﬁtot . (7320)

Because pyoy appears in the g,, component, let us study its behavior in the DC limit. After a
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Fourier transform, (7.3.7) may be readily written as
WO Pror — 0p06Lior = 0. (7.3.21)

Recall the integral expression (7.2.12) for function F'* when we computed the retarded Green

function (or susceptibility) associated to Zy and Ji,

% 1k eik(z—x’)

P - |

0o 21w+ wy + i€

In its denominator we have the polynomial equation Q(k) = w &+ vk*® 4+ ie. When we use residue
theorem, we will have a sum of z poles such that Q(k;t) = 0, where k;t x w!/#. Recall now Ax(0),
defined in (7.2.15), which is a sum of this poles at the DC limit (see comment before Eq. (7.2.19)).

It has maximum order of (’)(wl/ Z). Recalling that the integration and algebraic manipulation of

Az (z — 2';w) yields finally the total current intensity, its maximum order at the DC limit then is
Trot|wso = T AV + O(wl/Z) . (7.3.22)

By means of Eq. (7.3.21), then the order of 0o is
Sfor O(wl/z_l) . (7.3.23)

Because in the DC limit this quantity diverges, the metric component g., will have the same
behavior at this regime.
Regarding question (III), the perturbed process we consider when we computed the two-terminal

conductance (7.2.22) is adiabatic, since, from Eq. (7.3.21), we obtain
SA=0. (7.3.24)

If the black hole fulfills the Bekenstein-Hawking area law [97], this result guarantees that this law
holds in the entire process. Thus, we have chiral bosons in a localized near-horizon sector that do
not alter the entropy of the black hole. Moreover, these excitations diffuse anisotropically according

to Ohm’s law.

7.3.3 Memory effect

The strategy to answer question (IV) of Page 66 is to turn off and on the external source p and
map some of the previous results into the language of chiral bosons. The reason is because chiral
bosons corresponds to improper diffeomorphisms of AdS3: They change the physical state of the

system since they capture the boundary degrees of freedom of the theory.
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Without the source pu, the scalar fields ¢4 parametrize the global cover of AdSs;. Recalling
definitions (6.0.7) and (6.0.8), we obtain

K
dpy = :|:47 (Jydx —Zydt) . (7.3.25)
/I

Thus, we can parametrize the AdSs metric as

2

l 12
ds® = 7 sinh? (%) (doy 4 dp_)* +dr? + vy cosh? (;) (dpy —dp_ ). (7.3.26)

The diffeomorphism (7.3.25) makes evident that the degrees of freedom yielding J4+ and Zy belong
to the set of large gauge transformations.
Since we are always standing locally on AdS3, we want to see how the metric evolves from a

certain initial setting ¢'I'. We start with configuration
in 4m in

The latter corresponds to the BTZ black hole with inner and outer horizons % (jjr“ + Ji“),
respectively [392]. In order to make this choice consistent with (7.3.8), we set the initial value of
the electric current to be Z3* = :Fjin.

If we now turn on the source u, the dynamic is dictated by Eq. (7.3.7), which, after replacing
Eq. (7.3.8), transforms into the anisotropic chiral equation for Ji, (7.3.10). The solution of this
equation is given by (7.3.14).

After the choice of the chemical potential (7.2.16), we can write Jy as,

r — Xy

- )l/z

] — VrAi,

L IO ] } : (7.3.28)

: K
— n A'
Je=JEF dm(vat)l/= o) {VL = (vat)'/?

(vzt

where Ai, (z) corresponds to the higher-order Airy function of the first kind, defined in Eq. (B.0.3)
of Appendix H.5 as

Ai(z) = / gk i) (7.3.29)

~or oo

There are two crucial steps in order to write (7.3.28) in terms of anisotropic chiral bosons.
Physically, we perturbed the system with a temporally localized source, so when the perturbation
is turned off, the solution (7.3.28) still holds for ¢ > 0. However, according to (7.3.7), without the

source we can express the following output functions

K K
TR =k 0, I = F 0l (7.3.30)
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We can write the higher-order Airy function as a derivative on x. According to (B.3.2), if we define

¥, (x) as

[eS) ei(TJrk:r)
Vs (z) = ip-V~/ dk ———, (7.3.31)

24 oo k

where 9, (x) is the antiderivative of the z-order Airy function by virtue of Eq. (B.3.1), namely,

0 .
%wz(x) = Ai, (), (7.3.32)
then (7.3.28) reads as
i xr—x r—x
eIt 2) = P (2, t) F VL s (iW) + Vp 1, (i(vzit)l/Ri> . (7.3.33)

In the final evolution of the process, we end again with the AdSs geometry (7.3.26). The difference
lies in the form of the function ¢, which changed nontrivially, storing sensible physical information
of the process that has occured, since it is possible to obtain an electrical two-terminal conductance
from this result.

Consider the total electric current defined as § (Ziot) = 0 (Z4) + 0 (Z4+). Then the conductivity

is defined as the time-average of the total electric current over voltage, as following

1 e K >
g = TV /;oo dt6<L0t> = —m /_OO dt@t(&er — 6@,), (7334)

out

where 0y = 9% (z,t) — ¢P(z,t). After the integration, we arrive to chiral bosons evaluated in
t = +o00. Due the causality condition, the chiral bosons at minus infinity vanishes. Using the fact

that ¥+ (0) = 1/22% (see Eq. (B.3.3)), we can write

AV

o (7.3.35)

dpi(t =o00,2)=F

yielding the same result (7.2.22). This outcome puts in evidence two facts. The first is that chiral
bosons belong to the set of improper diffeomorphisms, as said, since they capture the boundary
degrees of freedom of the theory by storing DC sensible information of the boundary electric current.
This means that, from the canonical point of view, they change the charges of the system, despite
we are always standing on AdSs.

Although the external source is turned off, there are permanent imprints in the solution space of
anisotropic chiral bosons, as showed in (7.3.33). This linear response effect, where a susceptibility
(or retarded Green function) arise from a holographic perturbation, can be mapped as a three-
dimensional version of the 4D gravitational memory effect, where the passage of a gravitational

wave induces a permanent displacement of the detectors [82, 336].
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7.4 Remarks

Through the choice of suitable boundary conditions, we formulated a 2D scalar theory - the
anisotropic chiral boson [333]- as a putative dual description of AdS; GR. Through the Kubo
formula, we obtained an Ohm’s law in the DC limit w — 0. An important feature of this result lies
in the fact that the holographic conductivity depends explicitly on the dynamical exponent that
controls the anisotropic scaling.

A black hole interpretation was given, since we proved that anisotropic chiral bosons corresponds
to local excitations of the gravitational field at the near-horizon region of the BTZ black hole.
Because chiral bosons evolves in a particular form, they change the physical state of the system by
storing boundary DC information. Thus, through the identification of large gauge transformations,

we identified a 3D analogue gravitational memory effect.
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Conclusions

Due the lack of bulk gravitational propagating degrees of freedom, we argued along this thesis, that
the holographic character of 3D GR is given by the choice of suitable boundary conditions. We
emphasized this by working on AdS3 geometries.

On one side, we established a dictionary between Integrable Systems, in particular the Ablowitz-
Kaup-Newell-Segur (AKNS) system, and AdS; GR, through boundary conditions and asymptotic
symmetries.

On the other hand, the introduction of an external source in Lifshitz-type boundary conditions
allowed us to geometrize quantities of a perturbed holographic description of AdS3 GR, and connect
it with 3D memory effect.

Here we conclude this thesis by exposing different possible avenues that can expand what has

been treated along these pages.

Discussion of Part 1

All of the results obtained in Chapter 4 are given in the Chern-Simons approach of GR on AdSs.
Although this framework enjoys some advantages than the metric formalism, it is desirable to
express results in terms of the metric field g,,,, e.g., to explicitly write the spacetimes where NLS,
KdV or MKdV equations evolves within; the form of their asymptotic Killing vectors and how the
mass and angular momentum reads in terms of the dynamical fields p* and r*.

Another path to follow is performing the Hamiltonian reduction of AdS3 GR by solving its first-
class constraint, with [393] and without global holonomies; and obtain at the boundary an action
princple whose Euler-Lagrange equations yields the AKNS system or modifications of it. In this
regard, it is desirable to study this action functional by canonical analysis. It would be expected
to recover the action reported in [316].

More general prospects involves gravitational or black hole interpretations of different methods
used in the Integrable Systems literature regarding the construction of N-soliton solutions, e.g., the
Inverse Scattering Transformation or Backlund ones. Better understanding of this map involves to

construct solitons in the Chern-Simons approach and map these results to the metric formalism. For
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example, we expect that Backlund transformations would allow us to find general Miura-like maps
at the level of Einstein equations, or to find specific (proper or improper) change of coordinates
where a 1-soliton solution maps to a self-interacting one through Bianchi nonlinear superposition
principle.

Hamiltonian methods are not the only ones that have been explored in the construction of grav-
itational charges. Covariant methods, such as Balasubramanian-Kraus [394] or Noether-Wald [395,
396] have been of profound importance for nowadays theoretical gravitational physics. Since general
AKNS black holes are not stationary, it is necessary to work with fixed N.

In the BTZ black hole, the entropy and the mass are generated by the Killing vector £ =
0y — N?9y4, while angular momentum by g, so it is expected that this method works for particular
AKNS black holes.

Other avenue regards higher-spin gravity. We would search to generalize boundary conditions
(4.0.1) for the gravitational field nonminimally-coupled to a spin-3 particle by spanning the gauge
connection in two independent copies of the sI*(3,R) Lie algebra,

[HHH]] = 07 [HlaE]i} = j:KﬂEji7 I:Ej_’E_] = 6i

: H.

J="0
[Ef Ef] =0, |[Ef,Ey|=H +H, |[H,Ef]==E;, (7.4.1)

[EY, By ==*Ey, [Ef Ef]=%E], [BEy Ef]=7ET,

where H;, Ho, Eft, EQi, E3i are the generators of the algebra, and K; its Cartan matrix. Unlike the
sl(2,R) case where two dynamical equations of motion (4.0.3) and three recurrence relationships
(4.0.4) appears, here it is expected to obtain six dynamical equations of motion with eighteen recur-
sion relationships, thus generalizying the AKNS system to the self-interacting spin-3 case. Besides,
an abelian realization through a nonlinear redefinition of the Zamolodchikov W3 generators in terms
of the new dynamical fields should be accomplished. After this warm-up, a spin-N generalization
is desirable.

It is known that the Poincaré algebra iso(2,1) can be recovered from the Anti-de Sitter Lie

algebra so(2,2)

[Jm Jb] = €abeJ”,
[Jtu Pb] = 6abcPC 3 (742)
[Pcu Pb] = _AeachC P
where A = —1/1? < 0 is the cosmological constant, by the Innénii-Wigner contraction ¢ — oo. Fu-
ture prospects for results of Chapter 4, are to recover its flat limit by the aforementioned contraction.

However, the reduction is not straightforward, since we must redefine the dynamical functions in

order to take this limit safely. We expect that some dynamical terms present in the so(2,2) case

72



dissapear after taking this limit. Additionally, it is not clear if the conditions BOi = CSE = 0 holds
in the flat case, in the sense that, in order to achieve the usual recursion relations, a double power
expansion to N and M in the spectral parameters must be taken, so the initial conditions that one
obtained in the s/(2,R) case, maps into initial conditions to row and columns of B,, ,,, and Cy, ,
whose indices will stand in different foots.

Regarding the A > 0 (de Sitter) case, the gauge connection, along with a particular reality
condition, is spanned in the sl(2, C) Lie algebra. In this case, the possible AKNS configuration will

evolve on cosmological set-ups.

Discussion of Part 11

Although the anisotropic chiral boson theory is defined for odd z, a possible prospect to continue
with the research line exposed in Part II of this thesis is to consider the even extension of the
aforementioned theory. That is, to find suitable boundary conditions where the Hamiltonian re-
duction leads to an even version field description. In this context, it is proposed to perform the
same analysis of Chapter 6 and 7, i.e., to perturb the theory with a certain chemical potential
and, since we also expect anyons excitations, to write the possible u(1) operators in their fermionic
formulation, so as find an associated conductivity in the DC limit.

In order to consider an eternal black hole (and not a local one as we treated in [332]), we should
consider two asymptotically AdS; boundaries [393]. When we performed the Hamiltonian reduction
in Chapter 7, we solved the constraint without holonomies, however, if we aim to consider them, it
is necessary to include them in the solution of the zero-curvature equation of motion. This change
the holographic dual theory in the sense that the zero modes couple the dynamical fields on the two
different boundaries. Under the light of linear response theory, it would allow us to find transport
coefficients that interpolate both boundaries.

A natural avenue to pursue is to extend the construction of Chapter 7 but when the gravitational
field nonminimally coupled a higher spin field. In this regard, the simplest case to consider is a spin-
3 field. As mentioned above, in this case the Chern-Simons connection spans into two independent
copies of the sI*(3,R) algebra.

If we generalize the Lifshitz-like boundary conditions (7.1.26) and (7.1.27), but now for sI* (3, R),
then we expect to obtain the self-interacting higher version of the anisotropic chiral boson after a
Hamiltonian reduction (with no global holonomies). In this sense, it would be desirable to compute
transport coefficients using the reviewed methods of Chapter 5.

Another appealing line to explore is to study the fluctuation-dissipation theorem [397, 398§]
from the metric formalism. From linear response theory, it is known that the real part of the

susceptibility, labeled X’ is associated to the reactive part of the theory. It is a function that says
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to which particular frequency w the reaction is concentrated.

On the other hand, the imaginary part of the susceptibility, x”, is associated to dissipative
effects. This functions says us where the system naturally vibrates at some frequency, i.e., the
regime where the system is able to absorb energy.

In statistical mechanics, the two-point correlation function S(t) is associated to the variance
or fluctuation of the system. Using the Kubo formula (5.3.7) [334, 335], and for translational

invariance systems, the theorem reads

S(w) = —2[np(w) + 1] x"(w)

where np(w) = (e — 1)~! is the Bose-Einstein distribution function. We see that ng correspond
to thermal effects while the “—1” term represent quantum fluctuations. Observe that the classical
limit is recovered at high temperatures fw < 1, where np approximates to kT /w, with kp the
Boltzmann constant. Thus, we obtain S(w) = —2 (kT /w) x" (w).

Future prospects involve a possible geometrization of the fluctuation-dissipation theorem. We
would like to find the frequencies where the system absorbs energy and understand it metric coun-
terparts, in the sense to what kind of gravitational phenomena we can associate this absorption
process. Besides, if the Hamiltonian reduction in the eternal black hole set-up is plausible, an
appealing question to ask is if the transport coefficient that interpolates the two boundaries is
dissipative or not, and figure at what kind of frequency naturally vibrates.

Strominger [399] revealed the triangular relation between unrelated different physics topics
associated to the infrared dynamics of physical massless particles theories. There are three corners:
Soft theorems, memory effects and asymptotic symmetries.

From memory effect, according to [82], the Heaviside step function can be interpreted as a
domain wall that connects to inequivalent vaccuas, related by an asymptotic symmetry. We can
move from asymptotic symmetries to a soft theorem since every symmetry has its own Ward identity.

Ward identities are identities of the scattering amplitudes from where physical information can
be obtained, e.g., to constrain the tensor structure of vacuum polarization or to say that longitudinal
polarization of the photon is unphysical in a particular gauge. But soft theorems are relations of
scattering amplitudes with and without soft particles, so we ended at the beginning.

We conjecture that the final part of the triangle can be addressed if we calculate the scattering
amplitude of anisotropic chiral bosons and then finding its Ward identity, allowing us to translate

the other two corners of the triangle in the language of particle physics and quantum field theory.
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Appendix A

sl(2,R) matrix representations and

1dentities

In this appendix we present the sl(2, R) algebra and its 2 x 2 matrix representation, along with the
trace identities that the generators fulfill.

The si(2,R) algebra (2.2.9) is
[Ln; Lm,] = (TL - m)L77,+m, s (AO].)

where Lo, L_1 and L; are its generators that admits the following 2 x 2 matrix representation

0 0 ~1/2 0 0 -1
L= , Lo= , L= . (A.0.2)
10 0 1/2 0 0

The generators satisfy the following trace identities
(Ly1,Lo) =0, (L1,L_1)=-1, (Lo,Lo)=1/2, (A.0.3)

from where the Killing metric gop = (L, Lp) reads

0 0 -1
gav=10 1/2 0 (A.0.4)
-1 0 0
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Appendix B

Higher-order Airy functions of the
first kind

Following [400], in this appendix we show that the z-dependent plane-wave like Fourier integral

f(t,x) = /DO dk exp [i(ky £ wgt)] , z €N, (B.0.1)

—00

where wy, = vk?, can be written in terms of the higher-order Airy functions of the special kind Ai,q,

2 . x
f-(t,x) = CLE Ai, [i (vzt)l/z] : (B.0.2)
defined as
Ai,(z) = % /_Z dk exp [z <kZZ + kx)} . (B.0.3)

B.1 Ordinary Airy functions

Airy functions Ai(z) are special functions defined as the integral expression

[e's] 3 oo (3
Ai(z) = ;/ dk Cos(k3 + kx) = QL/ dk ez<%+kl) , (B.1.1)
T Jo

T J—c0

Along this appendix, we will use the exponential representation of the Airy function. As a particular

objective, we will show that the latter function fulfills the Airy equation

dz . .
@AI(ZL‘) = zAi(x). (B.1.2)
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To prove that, let us take a second derivative on u,

d2 . 1 o d2 i ﬁ kx
1 e 1 k2 x
- 27/ i (ik)2e! (5 +52) (B.1.3b)
T J-—
8] (13
- —%/ di k2’ (55 +42) (B.1.3¢)
T J -

If we add a zero in the integrand in order to conveneniently appear ordinary Airy functions, we

obtain
d? 1 [ (B
T o i (k2 + ) ' (5 5 )+2£/ di ' (5 7) (B.1.3¢)
T J oo T J oo
=5 dk@ [e (s )} + zAi(z) . (B.1.3f)
—00
However, the integral vanishes since
. 3
lim ¢ (5+) — (B.1.4)
k| =00 ’
when arg k = nm, for n € Z. Hence (B.1.1) fulfills the Airy equation
d2
@Ai(x) = zAi(x). (B.1.5)
B.2 Higher-order Airy functions of the first kind
We define the higher-order Airy function of the first kind Ai,(z) as
1 [ e
Aiy(z) = — [ dke('5Hhe) > (B.2.1)
2 J_

This generalized version of the Airy function reduces to particular known functions for lower values

of z, e.g., for z = 1, it reduces to a delta distribution

Ay (u) 1/ dk ™=+ Z §(z 4 1). (B.2.2)

:% .

For z = 2, we arrive to a Gaussian integral

1 > i k2 x 1 . _i
AiQ(:T):%/ die e (7 +50) =ﬁ(l+z)e R (B.2.3)
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when z € R; while for z = 3, we readily recover the ordinary Airy function Ai(z),
Aig(a) = o / dk e (55) = Ai(a). (B.2.4)
™ — 00
Another feature of this generalized special function is that fulfills an extension of the Airy equation

(B.1.5),

0*

o A (z) = (- 12 zAL (). (B.2.5)

The proof is analogue to the one of ordinary Airy equation. Let us take z derivatives of the

higher-order Airy function (B.2.1), as following

ﬁ i = i ~ o i z+kw)

axZAlz(x) = dk o e’ (B.2.6a)
- 7/ dk (ik)*e (5 +52) (B.2.6b)
_ ( 2/2/ z 7,( +ka:)
el L . (B.2.6¢)

In the same spirit as Eq. (B.1.3d), we add now a zero to make appear higher-order Airy functions

z z/2
aiZAiz(:c)z / i (k% + & — x)et (s ko) (B.2.6d)

— 2/2 L kZ —1 %+1 oo L kEZ
:T / dk<k2+x>ei(7+’”)+(;im / dke' (S HR) (B.2.6e)
T o U o

(-1)2
21

/ dk (k% + 2)e ("5 H57) 4 (—1)5+12A1, (x). (B.2.6f)
The latter integral is a total derivative. Because

[ rz+1
lim ez(kzﬁﬂm) =0, (B.2.7)

when argk = 2n7/(z + 1), with n € Z, the integral vanishes, yielding (B.2.5).

B.3 Antiderivative of the higher-order Airy functions

Let us define the antiderivative of higher-order Airy functions of the special kind; i.e., to find a

function v, (x) such that fulfills

Sotha(2) = Ai.(2). (B.3.1)
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The function is readily
1 o) ei(ngkm)
Y, (r) = — p.v./ dk ——— | (B.3.2)
where p.v. stands for the Cauchy principal value.

B.3.1 Zero value

An important result that has direct application in the calculation of anisotropic chiral bosons DC
current (7.3.35) occurs when z = 0, namely,

k2

1 e ez 1
v=(0) 2ir /_OO k 2z (B.3.3)

This result can be proved as following. Using De Moivre’s formula, let us write

= o [ () 4 00n ). B

Because the odd cosine integral vanishes, we only need to compute the sine part
1 > dk k*

With the change of variables g =y, then k*~1dk = dy, yielding

1 °  siny 1 °  siny
.(0) = —p.v. d = —p.v. d . B.3.4
¥.(0) 2WPV[myxn 2ZWPV[myy (B.3.4¢)

By standard complex analysis, it is possible to prove
*°  sin

p-v. / dy—y =m.
—o0 Y

Finally, we arrive then to result (B.3.3),

B.4 Fourier-type integral

Recalling the z-order Airy function defined in (B.2.1) as
1 [ k* k
Ai, [j:x] = —/ dk exp [z ( + 2 ﬂ : (B.4.1)
vzt 2 J_ o z vzt
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with the change of variables kv/vzt = k, we can directly write dxv/vzt = dk, allowing to establish

a relationship between the higher-order Airy functions and plane wave-like Fourier integral. Then,

Al {i\/%} _ Yot / ds exp [i (Kt £ k)] . (B.A4.2)

Defining k — +x (and then k — k), we obtain a propagating wave-like Fourier integral

dk exp [i (kx £ wit)] , (B.4.3)

Aiz[i x }_\/E

ozt

where wy, = vk®. Finally, if we define the Fourier integral

fa(z,t) = /OO dk exp [i(kx + wit)], (B.4.4)

—o0
we are able to establish the following relationship with the higher-order Airy function

2T

vzt

fo(t,x) = ——=Ai, [i . ] (B.4.5)

ozt

arriving to (B.0.2).
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Appendix C

Appendices of Chapter 2

C.1 Deduction of the AKNS recursive equations of motion
In this appendix we aim to obtain the recursive equations of motion (2.1.3)
72

1 o1
=5 (=Cy+2rAN), P =5 (=By —2pAn), (C.1.1)

where the coefficients A,,, B, and C,, satisfy the relations (2.1.4a), (2.1.4b) and (2.1.4c),

Al =pC,, —rB,, (C.1.2a)
Bt = —%B; —pA,, (C.1.2b)
Chi1 = %C;L — 1A, (C.1.2¢)

By =Cy=0. (C.1.2d)

The deduction is the following. Consider the AKNS system,

1
P45 (€ —2rA—260) = 0, (C.1.3a)
1
D+ 7 (B'+2pA+2B) =0, (C.1.3b)
A —pC+rB=0. (C.1.3¢)

Perform a polynomial ansatz in &,

N—n N—n N—n
A=Y AN B=> BV 0= C.N (C.1.4)
n=0 n=0 n=0
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with NV an arbitrary positive integer. Replacing the latter expansion in (C.1.3a), we have

N N
Do (Cr =24, N =2y N =0, (C.L.5)

n=0 n=0

7"+Z

After relabeling indices of the last sum, and gathering terms with the same order in £, we obtain

-1

MZ

P+ % (Ch — QTAN):| + % (CH —2rA, +2C, 1)V + %2005“1 =0. (C.1.6)
n=0

Because £ is arbitrary, we arrive to the equations

T+ %(C’ﬁv —2rAy) =0, (C.1.7a)
1

Chy1 = iC;L —rA,, (C.1.7b)

Oo =0. (Cl?C)

Thus, we obtained in particular the first equation of (C.1.1), (C.1.2b) and the second equality of
(C.1.2d). Performing the same procedure by using the polynomial ansatz we obtain the rest of

equations. This completes the procedure.
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C.2 AKNS recursive construction with integration constants

Here we explicitly construct the recursive form of the coefficients A,,, B, and C,, from expansion
(2.1.2) with all of the integrations constants considered.

Recall from the equations of motion that we obtained By = Cy = 0. Replacing the latter in
(2.1.4a), we readily get Ag = co, where ¢y is an integration constant. Consider now n = 0 in (2.1.4b)
and (2.1.4c): We arrive to By = —cop, C1 = —cor, respectively. Using the latter results, we arrive
to Ay = ¢1. Thus, the equations of motion (2.1.3) for N =1 are

1 1
p= 7 (cop’ —2c1p), 7= 7 (cor’ +2err) . (C2.1)

We can continue and obtain subsequent coefficients Ao, By and C5 in order to obtain the associated
equations of motion for N = 2, and so on.

We index in the following the first five inhomogeneous coeflicients

AO =Co,
Al =cC1,
1
Ay = —5Copr + C2,

1 1
Ag = 760 (p'r —pr') — Sepr +c3,

1 1 1
Ay = 3¢ (p'r" = p"r —pr” +3p°r?) + 14 (p'r —pr') — 2P +cas
By = 0,
B = —Cop,

1
By = 500]3/ —cp,

1 1 1
By = 5co (—217” +p27‘> +5ap — op,

1 1 1 1 1
By = —>c (—p’” + 3pp’7") +5a (pzr - p”) + s cap’ —eap,

4 2 2 2 2
Co=0,
Cl = —Cor,

Lo
Cy = —5cr —ar,

1 1 1
Cs = —5¢ <2r” —p7’2> - 5011"’ — cor,

1

1 1 1
Cy=—-cp (27"”’ - 3p7"7"'> + - (pr2 - 27“”) — 5627“/ —csr.



The first five equations of motion are

2

N=0: P:*ZCOPa
f—gcr
_e or,
. 1 /

N=1: p:z(Cop*%lP)?

1
7= 7 (cor’ +2c17)

1 1
N=2: p=7 | (—Qp”—s—p2r>+c1p’—202p},
1: 1
== lco | =r" —pr? ) +cir’ 4+ 2cor|
l | 2
__ 9. _1_ 1 ’ 1" 1// 2 /
N=3:  p=g =50 0ppT—p")—cr| 50" —p7r | +cop’ = 2esp]
~_1 [ 1 / " 1 1 2 !
r=—|—=co(6prr' —r"") —cy [ —=r" + pr® | + cor’ + 2¢37|
] 4 2
_ . ~71 _1 3,.2 /2 /.. // 2.1 // /111
N =4: P=7 g% —6p°r° + 6p" "r + dpp'r’ + 6pp”'r + 277" + 2prp” —p
1 / /11 2 1 /! /
+01 (=6pp'r 4+ p) +e2 | pTr = op” | +eap’ — 2eap)
. 11 2.3 food /2 " 2. 1 "
T_Z gco 6p°r°> —4Ap'rr’ — 6pr’” — 8prr’ — 2r°p” 4+ r

1 1
74 (—6prr’ +1"") + co (—pr2 + 2r”> +e3r’ + 2647'] :

Let us focus now in the equations of motion for the dynamical function p for case N = 0 and
N = 1. We can readily see that the right-hand side equation associated to N = 0 is written in the
N =1 case, but the integration constant incremented in one order, namely ¢;. This structure will
be repeated for the following equations in the hierarchy, leading to the previous equations coupled
to the next one. In order to simplify the analysis and decouple them, it is convenient to perform

the forthcoming reduction. If we let ¢o = 1 and ¢; = 0, for ¢ # 1, the coefficients A,,, B,, and C,
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simplify as

(C.2.2)

(C.2.3)

(C.2.4)
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Thus, we obtain the next equations of motion,

2
N=0: )= —p,
p Ep
. 2
= —r
é’
1
N=1: —
p €p7
1/
rfzr,
1 1
N=2: N N 2
p g( 217 +p7")a
1/1
*:e(z’”"‘p’“2>’
1 3
N=3: — | =y 1
p K( 2pp7”—|—4p ),
1 3 1
r= 7 (_2177"7“/ + 4r’”> ,
3 3 1 3 1
N=4: p= (—4p3T2+4p’2r+2pp’r’+4pp”r+

3 1 3 1
7= (p2r3 — e’ = S’ — prr’ —

2 4

L m
8p )

N = 1 correspond to the chiral boson system, N = 2 recovers the (Wick rotated) nonlinear

Schrodinger equation, while N = 3 recovers KdV and MKdV when r = —1 (or p = —1) and

p = —r, respectively. The case N = 4 is written for completitude.
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C.3 Trace formula for the AKNS hierarchy

The trace formula [331] is a powerful tool that allows to establish a relationship between recursive
quantities that appear when we consider the zero-curvature formulation, with conserved functionals.
In particular, it has direct implications in the computation of the asymptotic symmetry algebra
of gravitational charges in 3D GR and can be applied for all kind of boundary conditions in the
Chern-Simons formulation.

It is given by the following expression

Su / <at8a¢)d¢:§ v gf'yt ( aaczj)), (C.3.1)

where tr denotes the matrix trace and -y is an arbitrary constant to be determined.

We are interested in the AKNS hierarchy. In this case, the function u takes the form u = P ,
T
where p = p(t, ¢) and r = r(t, ¢). The left hand side of the trace formula is
8a¢ 2A
t — C.3.2
(0% =2 (©32)

while for the right hand side we obtain

dag\  C Oag B
tr (at op ) == tr (at 5 ) =-7" (C.3.3)

Expanding as it was performed in (C.1.4), the trace formula reads

6/dp / N L0 L (Cn e
2A,EN " dp =~ = +y—n
5/6r ;} 3 Z

No[cC
== (0 vy ey

N+1 1
:—Z(N—i—’y—n—l—l) T N
n=1 n—1

Because Ag = 1 (which implies that the first functional functional derivative of the left-hand side

summation will vanish), the left hand side summation thus begins from n = 1. Additionally, on
C

the right-hand side, when n = N + 1, we will have expression v N &1, In contrast, at the

By
left-hand side we will never reach negative powers of the spectral parameter expansion, hence, we



will impose that the latter expression vanishes, yielding

N

5/6p N N Coo1)\ n_
24,67 "de = — N+1+7v- ",
/60 L/ngil 3 ¢ > ( v —n) 3

n=1 n—1

and since £ is arbitrary we can math the coefficient expansions for 1 < n < N,

§/ép

1 @
Apdp=—=(N4+1+~— , C.3.4
s ] [ Ao =g+ 140 (C:34)

n—1
In principle, this is the relationship between the functional derivatives of A,, with B,_1 and C},,_1,
however, in order to unambiguously characterize this relationship, we must now fix the value of ~.

To do that, consider n = 2, which implies

8/0p

v [ordo=(-N+1-1)

p

Therefore, we arrive to the system r = (N +1—v)r and p = (N +1—~)p. Thus, vy = =N,

from where we obtain the important relationship

0/6 —1 (Ch
/% /AM¢=” e (C.3.5)
5/6r 2 \B..
If we recognize
0H, _0H, _
B, 1= 5 =R,, Cn_1 5p =P,, (C.3.6)

the trace formula can be read as

n

5/6 —1(6/6
/op /Andgbfn 1 (6/dp
§/6r 2 \s/or

allowing to establish the following important relationship between the coefficient A,, and conserved

densities, given in Eq. (2.1.19),

Hn, n>1. (C.3.7)
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C.4 Involution of charges

In this appendix, we aim to prove the integrability of the AKNS system, namely, that Eq. (2.1.25)

H,={H, Hpn} ,=0, neN,

(C.4.1)

holds. In order to prove this statement, it is convenient to recall two definitions. First, from Eq.

(2.1.23) the Poisson bracket of the first {,}, and second {,}, Hamiltonian structures

(Fp oy = [ao (2) 0 (59).,
(Pl = [ao (32) 2, (59

where u = P , whose operators D; and D, are defined as
r
1 —2r0;'r =0y +2ro " 1{0 —2
Dl = ¢ ¢ ¢ b 9 D2 = = 9
¢ —0y + 2p3¢:1r —2p8¢:1p tl\2 o

respectively. And lastly, the recursion formula between conserved functionals (2.1.24),

H H
D, OHn11 =D, 02 , neENg.
o o

Consider then the following Poisson bracket

§H,\" 6H,,

Applying Eq. (C.4.4), we can write the latter as

e = o0 (752) 2 (5

= {an Hm+1}2 )

0H,
ou

or

{Hm Hm}l = _{Hm+1a Hn}z .

(C.4.2a)

(C.4.2b)

(C.4.3)

(C.4.4)

(C.4.5a)

(C.4.5b)

(C.4.5¢)

(C.4.5d)



Again, according to (C.4.4), the latter expresion can be written as

{H,,Hy}, = —/d¢ (5}{;”;+1>t1)2 (ii”) (C.4.5¢)
- —/d¢ (6}{;;“)t7>1 (6H52L_1> (C.4.5f)
= {Hypir, Hoy}, (C.4.5g)
or
{Hp, Ho}y = {Hp_1, Hpi1}y - (C.4.5h)

Performing the latter procedure n — m times, we obtain

{HnaHm}l = {Hn—laHm—i-l}l = {Hn—27Hm+2}1 = ... = {an(nfm)sz-&-n—m}l

={Hn, H,}, .

(C.4.6)

Thus, {H,,, Hp,}; = 0. In the same fashion, the proof for the second Poisson bracket {,}, is analogue

{Hn,Hm}y = {Hn, Hpn}; = /d¢> (55")t7>2 (?) (C.4.7a)
= /d¢ (ﬁ")tm <MZ’;‘1> (C.4.7b)
={Hp, Hpn 1}, (C.4.7c)
= —{Hp_1,Hy}, (C.4.7d)
_ _/d¢ (51{;2‘1>t1>1 (ﬁ”) (C.4.7¢)
— —/d¢ (51{;2‘1>t7>2 (5H5’;“) (C.4.7f)
= —{Hp_1,Hn1}, (C.4.7g)
={Hnt1, Hn-1},, (C.4.7h)

where Eq. (C.4.4) was applied when passing to (C.4.7b) and (C.4.7f). Performing the latter

procedure m — n times, we obtain

{HnaHm}Q = {Hn+1aHm—1}2 = {Hn+27Hm—2} =...= {Hn+(m7n)aHm7(mfn)}2

= {Hm) Hn}g bl

(C.4.71)
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arriving to {H,,, H,}, = 0. Because charges are in involution for the two Poisson brackets {,},

and {,},, we thus have proved (C.4.1).
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C.5 List of AKNS conserved densities

As showed in the previous appendix, the Hamiltonian densities are related with coefficients A,

according to Eq. (C.3.7)

where the coefficients A,, were constructed in Eq. (C.2.2). Here we appendix a list of the first

Hamiltonian densities H,,, such that its functionals are

H, = /d¢Hn
In particular,
H1=0,
HZ = —-pr,
_ L, /
Hy= Wr—pr),
1
Hy = ﬁ (p/T/ —p”T —pr" + 3p27“2) ,
1
Hs = 372 (—6pp'7“2 4 6p2rr/ —p”?”/ —l—p/?‘” _’_p///,r, _pr///) ,
1
He = 0 (—10p*r® + 5p'?r® + 5p*r’? + 10pp'r® + 10p*rr” (C.5.1)

/1.1 /111 / I 1" ///I)

—p'r+pr+pr —pTr—pr

)

1
Hr = 193 <3Op2p/r3 —30p%r%r" — 10p"rr" + 10pp'r' 2 — 20p'p" 2 + 10pp"'rr’

",

— 10pprr” + 20p%r"r" — 10pp""r? + p"'r" + 10p>rr""

_ p//,r//// _ p/’”r' + p/,r//// +p(5)7‘ _ p’l“(5)) ,

where p(™ | (") stands for the nth angular derivative of functions p and r, respectively.



Appendix D

Appendices of Chapter 3

D.1 Dirac analysis of Chern-Simons theory

In this appendix, we explicitly show the Dirac constraint analysis [363] of 2 + 1 Chern-Simons

theory.

D.1.1 Primary Hamiltonian and Dirac’s algorithm

In components, the Chern-Simons action reads
K 3 uwp 2
ICS = E y d’re AMaVAp + g‘AN‘AV'AP 5 (Dll)

where M is foliated with coordinates (¢,r, ¢), with 0 < r < co and 0 < ¢ < 27. Consider the 2 + 1

splitting A, = (Ao, A;). The previous action decompose as

Ics = g/dtd%c |:60ij <A08i./4j + §AOA¢Aj>
5 5 (D.1.2a)
+€'% <AZ(90AJ + 3.Ai.Ao.Aj> + €40 <A13]Ao + 3AiAjA0>:|

= g/dtde eij< — AlAj + AoaiAj — aj-AiAO + aj (A Ao)
2 (D.1.2b)
+ 5 (Aodidy — AidoA; + AiAjAo)>,

where d?z = drdg, "9 = €, and we integrated by parts the third term. Regarding boundary

terms, we will care about them in Section D.2.1. The last term can be rewritten as

geij <A0A1A] - .Ai.Ao.Aj + AlAJA()) = Gij <A0[.AZ,.A]]> . (D.1.3)
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Thus, we arrive to action

Iy [AO,AZ] = dt d?z ¥ <.A1.AJ - AoFij> + B, (D.1.4)

AT Jsyr

with Fj; defined as
Fij = 0iA; — 0;A; + [Ai, Aj], (D.1.5)

and a boundary term that ensures its differentiability. Recalling the Killing metric definition of

Appendix A, we can write the Lagrangian density as

K ij a Ab a b
L= —Eé ]gab (AZ Aj - AOF'L]) , (D16)

where Fz% = &Ag — @Af + fbch;A'j
We want to compute the Hamiltonian of the theory. Because we are working with a gauge
theory, the constraint nature of the latter will soon appear explicitly. The canonical momentum

can be read from (D.1.4), which is

oL K
k_ 2= _ %k b
11" o7 1€ e A (D.1.7)

For next purposes, it is convenient to invert the latter relationship by contracting with €;,¢°? as
K . K
Mreyged = ———elPe b = ——A¢.
c€lkg I IkGbcg A ar

Then, we can write the gauge field A in terms of the canonical momentum IT according to

47

d _
Al = 7

erlkg“i . (D18)

From (D.1.7), we can identify two primary constraints

(@), =1 ~0, (D.1.9a)
(®7)) = 11k + %ijgbcfl? ~0, (D.1.9b)

where & stands for the usual weakly-equal definition [52]. If T" is the naive 2N-dimensional phase
space, two quantities F' and G will be weakly-equal iff F' = G on the constrained surface T'..

According to Dirac [363], let us compute now the canonical Hamiltonian H., defined as the
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following Legendre transformation

H, = / & (H@;AZ - c) (D.1.10a)
2 i qa K ij a Ab a b
= [ d* WAL + —ega (AiAj —AOFij) (D.1.10b)
. 47‘( . K .. 47'[' ) 47T .
= /d% {HZ (‘Kniﬁijgba) + Meugab[ (—Kﬂfﬁiww) <_KHld€jlgdb>
(D.1.10¢)
- ASFZ}] }
K 3
= /d2x e”gabAgF;}, (D.1.10d)
/I
or
K 2 1]
HC = —47 d“x e <.A()F”> . (DllOe)
7I

Then, the primary Hamiltonian Hy, i.e., the canonical Hamiltonian H. added with the primary

constraints, reads

K 17 a a i K )7 a
H, = /d% { Ee]gabAoFf} + (A1) <Ha + EEJ gbaA§> +(\?) Hg} . (D.1.11)

This quantity generates time evolution of any dynamical variable F'. In this regard, it is important
to emphasize the fact that every constraint of the theory must be preserved along time-evolution.

Define the following Poisson bracket
{A%(), T} (2') } = 63 (x — 2'), (D.1.12)

where §(2)(z — ') is the 2-dimensional Dirac delta along spatial coordinates (r,¢). Before study

the consistency of contraints (D.1.9), it is convenient to consider the following Poisson bracket

{1 (), Fj(a")} = {1 (2), 845 (2") — 05 A (a") + fPaa AT (2) A (') }

(D.1.13)
= — [0 (050, = 605) + fPea (67 AF(a") = 57 AT (a")] 6P (2 — 2).
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Let us begin with ®!, defined in (D.1.9a). Its time-evolution is given by

(cbl)c = {®l(x), H,) (D.1.14a)
= / d?a’ {Hg(m —%e”’gamg(f)pg}(m/)

. (D.1.14b)
PO (Hzxx') + Meﬁgbaft?(w) O ) |
K 2,0 i AL ! b (..
= d*z" € g {102 (z), AG () } F; (2') (D.1.14¢)
T
= f Tga =~ 0. (D.1.14d)
As we see, this constraint leads to a secondary one, namely
K
(@), = —€Vga ) ~ 0. (D.1.15)
ar
The time-evolution of ®2, defined in Eq. (D.1.9b), is
LNk
(@2) = {(@*)F, H,) (D.1.16a)
c
K K ..
= [ {1 + et gn o).~ oA )
. (D.1.16b)
O (M) + e Ale!) ) + O |
K d2 7 Aa / Hk Fb /
47_‘_ — €7 Jab 0(55){ c(l‘), ij(x)}

(D.1.16¢)

+€ﬂgba(>\1 {Hk ?(ZL'/)} +€ gdc {Ad Z(x/)}] )

By means of (D.1.13), we obtain

a

. k
@) = X / P! g [~ AG()0] — fha b )AL) — (V) ()] 6P (@ — o) (D.116d)
76 7 Yac [3 JAS — [ra AGAT — (Al)ﬂmo. (D.1.16¢)

As we see, the time-evolution of ®2 does not generate any new constraint, but a condition that fix

the Lagrange multiplier A!. Regarding the consistency of the third constraint ®3, it can be directly
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computed using (D.1.13) )

—{(® H,) (D.1.17a)
/ { K 1] a(,/ b7
€ gchkl( )s *Ef ? gabAG (T )FZJ(I)
- (D.1.17b)
F M) (qu') i ALE) )+ O |
. %/d%' M gea(W)2 (@) {F (), T ()} (D.1.17¢)
%e Gac [ak (A + e (A l)jAz] ~0. (D.1.17d)

Again, this is another condition for the Lagrange multiplier A\', so we end Dirac’s algorithm here,

since no new constraints emerged. Hence, in sum we have the following constraints

( \

(@), (x) =T(2) = 0,
(@2)k (r) = H’C“(x) + ge-jkgbcA?(x) ~0,

(¢]

K
(@), (x) = EGZchbFZ &

Table D.1: Constraints of Chern-Simons theory

D.1.2 Classification of constraints and Dirac bracket

With the constraints identified and summarized in Table D.1, we aim here to construct the com-

patible Poisson bracket of the theory, i.e., the Dirac bracket {,} 5 defined as

{F(2),G(2)}pp = {F(2),G(z)}
—/d2yd2y’{F(x)"PA(y)}C,Zé(y,y’){‘I’B(y’LG(ar’)},

where Cyp = {<I>A,<I>B} and
CAPOLL =65 = Cpp,CPA. (D.1.19)

So, in order to compute the Dirac bracket of Chern-Simons theory, first it is necessary to obtain the
form of matrix C4%, which allow us to classify the constraints of the theory. According to [363],

if the Poisson bracket between the function F' = F (A,II) and a constraint ®¢, with i = 1,2,3,
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vanishes weakly, i.e.,
{F, '} ~0, Vi, (D.1.20)

then we can say that F' is a first-class constraint. On the other hand, F' will be a second-class one
if there is at least one constraint such that its Poisson bracket with F' does not vanishes weakly,
ie., Ji ({F, <I>i} % O). Regarding Chern-Simons theory, it is direct to prove that ®! is a first-class
constraint, while ®2 and ®3 are second-class, since the only nontrivial Poisson brackets are

{(@)} @), (99, "} = {H’xx) + g Al (a), T () + freﬂgedAm’)}

K (ejlgbd{ﬂf,(x),A?(a:’)} + ejkgbc{.A?(x), Hél(sc’)}) (D.1.21a)

T 4r
_ _%eklgcd(s(Q)(x _ .’El) ,
k / K ; K m e /
(@)@, (#9), 60} = {1 + Leatlo). fdmo @)

K ..
= Ee”gdb{n’g(x),Fg(x')} (D.1.21b)

K .. ’
= %ek] (gdcf?; + fdbcA?(z/)) 5@ (z—2a'),

where Eq. (D.1.13) was used. We can summarize the latter results in Table D.2

4 N

Table D.2: Poisson brackets of constraints. We readily see that ®! is first-class, while the remaining,
®2 and ®3, are second-class constraints
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Although ®3 can be identified with a second-class constraint, it can be linearly combined with &2

((i)s)c(x) = ((PS)C(*T) - [81((1)2)3:(33) + f“bcAf(x)(i)z)Z(x)] ’ (D'1'22)

in order to convert it into a first-class one, since every Poisson bracket of the latter improved
constraint vanishes with the others [401]. Because only ®2 remains as a second-class constraint of

the theory, the Dirac bracket of Chern-Simons theory is defined as

{F(x),G(a")}pp = {F(2),G(2')}

(D.1.23)
k _1\ed l
- [ @y {F@, @) )} (€5 e { (@), 0.6}
where
Kl / 2\ k AW K (2) /
CFl(z,2") = {(cp ) (@), (@)} (@ )} = —5-9:0® (x — ') . (D.1.24)
Because the matrix C' fulfills
i _1\¢ed
[ dwctiww) (€ ) = o562 - ). (D.1.25)
it is possible to find its inverse, which is given by
_1\¢d 2w e
(C 1)kl (x,2) = T k19 5@ (z — 2. (D.1.26)

So now we have all the ingredients to compute the Dirac bracket (D.1.23) of Chern-Simons theory.
Particularly, the bracket between Af(z) with A%(z’) is

alr b_x/ _ 2, 92,/ aly k 216 cds(2) /), o/
(A0 )}y = = [ Py (At 1)} (s 0P 1) -
x {(y'), A3 (2) }
_ %”eijgab(;(z)(x _ o), (D.1.27b)

in agreement with result (3.2.19), obtained by means of Jackiw symplectic method. On the other
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hand, the Dirac bracket between A¢(x) with Hg(x’ ) is

{a@ e} = {ar@ e} - [y {4, @) )

bB . l | (D.1.28a)
< (reus s - ) { (@), 0. 1)}
; 1
=00676P(x —a') — = / d*yd®y 52656@ (z — y)x
2 (D.1.28D)
X €kl96d5(2)(y - y')emlged5§5fn5(2)(y/ —a')
1 .
= 5535125(2) (z—a'). (D.1.28c)
Finally, the Dirac bracket between the canonical momentum turns out to be
) : . k 2
{e.men}  =- [ ey {me. @) o) (Keklgcda@ (y - y'>) x
DB (D.1.29a)
. .
< {(9?), (). (=)}
2 2,1 i K mk e
= —/d yd-y {Ha(m),Me geC.Am(y)}x
) % (D.1.29b)
- .
X (Keklngé(Q)(y — y')) {Me”lghdAZ(y’),H{)(x')}
1 ,
_ _§/d2y d2y/ Gngec(S}n(SC@é(Q) (3? _ y)fklng6(2)(y _ y/)><
% (D.1.29¢)
X Ee"lghdégéflém (y —a)
K . A
- _gdkgacEkngdﬁjlgbd(s(Q) (v —a) (D.1.29d)
K .
= ——gljgab(s(z)(q; — x/) . (D.1.29e)
8w

In sum, we have the following results, according to Table D.3,

/ 2 a !
{A(2), A"} = %eijg b5 (g — 2",

) 1 .
a Jo0 _ —sasi (2) o
{A@ M@} =556 @-a),

I (o), T o)
{ j

K ..
— g 5@ (g — 2.
DB gr¢ Jab l@=a)

Table D.3: Dirac brackets of Chern-Simons theory

Now we can impose the constraints, so the primary Hamiltonian of the theory (D.1.11) turns into

the Chern-Simons Hamiltonian

H= —g/d%e“ (AoFyj) (D.1.30)
7
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allowing us to say that (D.1.4)

Iy [./40,./41] = dt d*z <A1A] — A()Fij> ,

AT Jsyr

corresponds to the Hamiltonian action of Chern-Simons theory, where the canonical momentum is

K .
I (2) = — e ge A ().

D.2 Regge-Teitelboim analysis of Chern-Simons theory

In this appendix we explicitly show the details regarding the constraint analysis of Chern—Simons

theory & la Regge-Teitelboim.

D.2.1 Boundary term

Let us begin with the Hamiltonian action of Chern-Simons theory

K

T JS xR

Iy [.Ao, AZ] = — dt d?z 7 <A1.Aj - A()Fij> + B, (D.Z.l)
with Fj; defined as

Fij = 0;Aj — Op A + [Ai, Ajl, (D.2.2)

where F;; = 0;A; — 0;A; + [Ai, Aj] is a constraint of the theory, Ay a Lagrange multiplier, and B
a boundary term that must ensure that the action functional Iy is differentiable.

The equations of motion are obtained when we perform an infinitesimal variation on the dynamical
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fields, as following

K L . .
5IH = 75 /dtde €Y <5AZ Aj + Al (5./4] - 5./40 Fij

— Ay (06 A; = 0545 + 01 A;, Ay)) ) + 0B

= = [ dtd®n @7 (SAA; — Ai6A;+ 01 (Ai0A) = 6 A0 Fy

™
— Ag (20545 + 5 (Aid; — A A) ) + 08
= —g /dtde € <—2Ai (5./4]‘ + 0 (A (514]') —8Ap Fij
— Ao (20 6A; + 26 (A:A;)) > + 6B

=~ [ dtdPe (24645 + 0, (A 6A;) — 540 Fy

I8
+20; A0 6.A; — 0; (240 0.A;)
—2(ApdA; Aj + ApA; 5Aj) > +4B

= 7% /dtdQSC Eij <72Al 5./4] + 8t (AZ 5./4]) — §Ao Fij

+ 20, A0 6. A; — 05 (2A0 0A;) — 2[Ag, Ai] 0 A; > + 6B,

(D.2.3a)

(D.2.3b)

(D.2.3c)

(D.2.3d)

(D.2.3¢)

where, in order to create the commutator, we used the cyclic property of the traces and changed

indices using the properties of the Levi-Civita symbol. Finally we can write the variation of the

Hamiltonian action as (in agreement with Eq. (3.2.6))

6IH = —E /dtdQ.%‘ € j<2 (—Ai + 81'.»40 - [.Ao,.Ai]) (5./4]‘ - (5.,40 Fij
+ 0y (A 0A;) — ; (240 0A,) > 468 .
Hence, we have the following equations of motion

0Ly 0l

0A,; ' 0 Ao
Vanishing the terms proportional to the latter terms, the action (D.2.3f) reads

6y = ,g dtd*x eii<at (A; 6A;) — 9; (240 6A;) > +0B.

Assuming the fields behave as

0A; (t1,r,¢) =0, and 0A;(t2,7,¢) =0,

- =0; Ao — QoA + [Ai, Ao) = Fio =0 , —=F;=0.

(D.2.3f)

(D.2.4)

(D.2.5)
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the surface integral reads
2, ij
Sy = 4%‘ did*w ¢7(0; (240 54;) ) + 0B (D.2.62)

- % / dtd*z <ar (" A 0As) + Og (97 Ao 0 A,) > + 6B . (D.2.6b)

Choosing manifold orientation €"® = 1 and periodicity of the fields between 0 and 27, the angular

surface term vanishes, obtaining

K K
T = o / dtdrde (0, (Ao dAs) ) + 05 = [ anao (AodAy ) + 68, (D.2.6¢)

where Stokes’ theorem was used. Because the action must reach a minimum, the boundary term

finally reads

K
e WL <A0 5,4¢> : (D.2.7)

in agreement with (3.2.10).

D.2.2 Charge generator

In this section, we aim to prove that the constraint (3.2.14),

G[A] = % g d*x eii<AE-j> = %/Zd%eijgabA“Fil}, (D.2.8)

generates infinitesimal gauge transformations (3.2.13),
0A=dA+[AA], (D.2.9)
which, in components, reads as
SAY(z) = ;A () + feAl(x)A(2), (D.2.10)

where f%,. is the structure constant of the algebra.
From Jackiw symplectic approach of Eq. (3.2.19) and the Dirac brackets summarized in Table D.3,
the bracket between the gauge fields reads

{Af(2), A2’} = JY (2,2)) = Q%eijgabéu(a: —a'). (D.2.11)
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Thus, an infinitesimal variation of the field A%(z) is

0A () = { A (), G[A]}

where

A (), Fy(«) } =

Therefore, the variation is

52 (@) = [ P’ (@) gua (9700050 — ') = g0 o~ )AL (@)

_ /d%/ (A0 (@ — 2') —

4
= %ekl (e,—lgadal'ﬁ@(m
_4rm
K

K C (l
- E/dzm’ M gegAe( {.A F,fl(:v’)},

HLA (@), 0 AN ) — BLAL) + 2 AL AL (o)}
— 9eH (a,;{Ag(a:) Al

Z‘/)} + fdef{A;’l(x)7

(90182 (@ — ') = f'.s9

= [ a7 (o) = " feos A0 AL @) 6o = )
= A(@) + A (@) A5 2)
— [0:A"(2) + f4 AL (2)A(2)]

Ai(a)}Af (@)
o)+ o peng™0C (@ — )AL ()

ac§2(g — x/)A{(x’)) :

9" foes A (2') AL ()3 = o))

(D.2.12a)

(D.2.12b)

(D.2.12¢)
(D.2.12d)
(D.2.12¢)

(D.2.12f)

(D.2.12g)

proving that the constraint (D.2.8) generate gauge transformations (D.2.10), allowing us to classify

it as a first-class constraint [52].

An important aspect of the constraint is that it must be differentiable.

To prove this statement,

let us first recall the definition of the Poisson bracket of Chern-Simons theory. If F' and G depend

on A, then the Poisson bracket is defined as

oF oG
FG d2 d2 / Jab I
(RG)= [ drita s B w)
2 [ o, OF abgs(2(,. _ oG
=% d°zd°x Az(x)ewg 0 (x x>A§-(a:’)
27 JOF 06
=% )@ Ag €119 bAb'

(D.2.13a)
(D.2.13b)

(D.2.13c¢)
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Then, §A?(z) can be calculated as

§A%(z) = {A%(z), G[A]} (D.2.14a)
- %” d2$/(i4/g€k196d 5(;[;] (D.2.14b)
— 2% /d%’ 000% e g°do 3 (z — x’)éi[lf] (D.2.14c)
_ %ﬂgad ; 5?4[;} (D.2.14d)

We must make sense of the functional derivative of G [A] with respect to A¢. Let us consider its

definition, given in (D.2.8) and calculate its variation as,

K ..
OGN = / d*x TN SF, (D.2.15a)

K 17 c
X / 02/ €T Ny (D0 AL + [ ASTAY) (D.2.15b)
Defining the covariant derivative D; := 0; + [4;, '], we can rewrite the latter as
K 2,/ ij b
IG[A] = o dz'e? Ay D0 Aj (D.2.15c¢)
T
Intergrating by parts, we arrive to
sGA = 2 [ @ dip, (a042) — 2 [ o 9 D,a6.A2 D.2.15d
[]_ﬂ '€ i(b j)—% z' €V DAy A; . (D.2.15d)

Let us focus on the right-hand side. As we can see, the first term is not differentiable, since we
cannot calculate its functional derivative with respect to A (it is a boundary term); while regarding
the second term, its functional derivative will be proportional to the desired infinitesimal gauge

transformation. This is the reason why we define the variation of the boundary term as
K 2,0 ij b
0Q[A] = o d*a’ €9 D; (Ay0AY) (D.2.16)
= :

in such a way that the constraint is improved, redefining itself as well as

G[A] = GIA] + Q[A], (D.2.17)

hence, its variation is
dG[A] = 6G[A] + 6QA] (D.2.18)
= 0G[A] — %/d%’ €9D; (ApSAY) (D.2.19)
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where

SG[A] = 725 / d*a" €9 D; Ay AL (D.2.20)
s
Therefore, by construction
SG[A] K
=——€e"D;Ay. D.2.21
SAT T Tapt T (D-2.21)

Replacing the improved constraint in the place where the original constraint was in (D.2.14d), we
see that

2m
342 (@) = 22 g, X0

AT T K

SGIA]  2m adg, (
! 2w

K
—elekAd> = —D,;A®, (D.2.22)
being the right result for an infinitesimal gauge transformation with parameter A. Therefore, it is
the improved constraint (D.2.17) that indeed generates gauge transformations, and not (D.2.8).
Finally, let us compute the boundary term §Q. The covariant derivative acts as an ordinary

derivative for a scalar of the inner group, we obtain

SQ[A] = _% / d*a’ €70; (A,0.A%) (D.2.23a)
__K d*a’ €7 AyS AY (D.2.23b)

27T OM
__K d*a’ [€720, (Ay0AL) + €770y (A0 A)] (D.2.23¢)

27T OM

With manifold orientation €"® = 1, and assuming periodicity on the fields, we finally arrive to Eq.

(3.2.23),

QU =5 | do <A 5,4¢> . (D.2.23d)
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D.3 Virasoro asymptotic algebra

We aim to compute the asymptotic symmetry algebra associated to Brown-Henneaux boundary

conditions in the Chern-Simons formulation, given in Eq. (3.3.1)
+ 27 L+ + Ly
ad) = Lil — fﬁ (t;¢)L:Fl s a; = izc% . (D31)
By means of the procedure developed in Section 3.3, the charge is given by Eq. (3.3.14)
Q1] =7 dé ptL£* . (D.3.2)
oM

Then, with u* as a Fourier mode, we can identify the charge generator as the following Fourier

transform,
QF W= =% / dp e”meLE = FLF (D.3.3)
where
LE = / dp e” MmO LE (D.3.4)
According to Ref. [47], the algebra of charges can be computed as following
(@[], @* 8]} = 0,2 Q% (] = o, [dopiet == [dopisect, (D)
where 5#21 L = :I:Di,uzi, in line with (3.3.8), with operator D* defined as
D =L 209, - gaf;;.

By means of (D.3.5), the asymptotic symmetry algebra of Fourier modes £ is

W LE LEY = i / dp e="™¢ (£DFe™?) (D.3.6a)

. —ime¢ =+ + . K - \3 —ing

=—i [doe L 4+ 2L% (—in) — 4—(—zn) e (D.3.6b)

™

. 4+ . .t iK 3 —i(m+n)

=—i [ d¢p | LT (=) (m+n)—2inl™ — e (D.3.6¢)

ﬂ'
= fi/dgzﬂ (z(m —n)LE - Z4Kn3> e~imEn) (D.3.6d)
77
_ + _—i(m+n) K 3
=(m—mn) [ dp LTe " 27 m4n,0 (D.3.6¢e)
™

K
=(m—-n)LE, ., + 5m35m+n,o : (D.3.6f)



with central charge ¢ = 6K = 3¢/2G. Thus, two independent copies of the 2D Virasoro algebra

were obtained.
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Appendix E

Appendices of Chapter 4

E.1 Conservation of gauge transformations along the tempo-
ral component

In this appendix, we show that gauge transformations (4.2.1)

da = dA + [a, A], (E.1.1)
ba=dA+ [a,A], (E.1.2)

along the temporal component of AKNS boundary conditions reduces to combinations of the equa-
tions of motion.
From the canonical point of view, an infinitesimal gauge transformation with parameter A and

A, respectively, are given by [47]

dag = {ay, QA]}, (E.1.3)
dag = {ay, Q [A]}. (E.1.4)

Thus, the action of two infinitesimal gauge transformations reads

dday = {day, QA]} = {{as, Q[A]}, @}, (E.1.5)
56% = {(SCL¢,Q [[\}} = {{a¢7Q[A]},Q []\} } . <E16)

Hence, the commutator reads

[6,6]ag = {{as,Q [A]},Q[A]} — {{as, Q[A]},Q [A]}. (E.1.7)

148



Recalling the Jacobi identity

we can readily write {{a¢7 Q [A] }, Q [A]}—{{a¢, Q[A]},Q [A]} = {{Q [A] ,Q [A]}, a¢}. Therefore,

the commutator vanishes

[6,6]ap = {{Q[A] . Q[A]}, a6} =0, (E.1.8)

since charges are in involution, according to Eq. (4.2.16). On the other hand, the application of

two successive infinitesimal gauge transformations reads

8dag = 6 (OpA + [ag, A]) (E.1.9a)
= 0y (OpA + [ag, A]) + [06A + [ag, A], A] (E.1.9b)
= 8;[& + 0y [a¢7./_\] + [a(z,/_X,A] + [[adj,[_\],A} , (E.1.9¢)
while
80ay = 6 (OsA + [ag, A]) (E.1.10a)
=0y (0s\ + [ag, A]) + [0pA + [ag, A], A] (E.1.10b)
= 03A + 9plag, Al + [0pA, A] + [ag, A, A] . (E.1.10c)

Therefore, the commutator is

[6,8)ap = OZA + O [ag, A] + [0pA, A] + [[ag, A], A] (E.L118)
= OGN = Oylag, A = [05A, A] = [[ag, AL, A]
=03 (A—A) + 05 [A,A] + 0y [ag, A — A] + [[ag, A], A] — [[ag, A],A] . (E.1.11b)
Recalling the Jacobi identity
[[ag, A, A] + [[A, ag], A] + [[A, A, 6] =0,

we are able to write the last two terms of Eq. (E.1.11b) as

[[ag, A],A] = [[ag, Al,A] = [ag, [A,A]].
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Then, (E.1.11b) is

[6,6]ag = 05 (A — A) + 9s[A, A] + 0 [ag, A — A] + [ag, [A,A]] (E.1.11c)
=04 {0s (A—A) + [A,A]} + [ag, 05 (A — A) + [A,A]]. (E.1.11d)
Let
A:=06A —5A + [A,A] (E.1.12a)
= OpA + [A,A] — A — [A,A] + [AA] (E.1.12b)
=0y (A—A)+ [AA]. (E.1.12¢)

Therefore, the commutator of gauge transformations (E.1.11d) closes as following

[(5, 5] ag = 8¢1=X + |:a;¢7 A} = §a¢ . (E.1.13)

Now we can equate the latter with the canonical result (E.1.8), which allows to find the particular

solution A = 0, or
SA =6A+ [AA]. (E.1.14)

However, as it was said below Eq. (4.2.2), we recognized d; <> & and af < AF [197]. Thus, the

previous condition is analogue to
gat = 8t]\ + [at,]\] . (E115)

As we see, we obtained gauge transformations along temporal components from the angular one,
provided the involution of conserved charges, inner feature of integrable systems. Thus, we do not

obtain further conditions for the gauge parameter A.
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E.2 Recovering specific boundary conditions

Here we explicitly show how the AKNS boundary conditions (4.0.1)

aF = F2* Lo — p* Ly + 15041,

1
aif = ;(-24% Lo B* Ly F C* L),

(E.2.1a)

(E.2.1b)

encodes a family of boundary conditions as coefficients of powers of the spectral parameter £*. Let

us focus on the temporal component, written as

N
+ + £ N-—n
N — Z a’t,ng )
n=0
where

+ _

ai, =5 (—245Lo+ B Ly FCiL+1) -

~| =

(B.2.2)

(E.2.3)

The coefficients AF¥, BF and C:¥ are given by expressions (C.2.2), (C.2.3) and (C.2.4), respectively.

The first six coefficients of the latter expansion are

ai—o ELO,

af,_ = :t% (—=p* Ly +75L1)

Yn=2 = % <piTiL0 + %pi,Lil + ;ri’Lﬂ) ;

Ginma = % {_; (*r* = p ) Lo & i (2p* %" = p*") Ly

4 (2pi +2 i//) L:Fl ;

1 1
afn:4 = 7 |: -1 (3pi2 _’_pi/ri/ N pi//,ri _ piri//) Lo

é( 6pEptrE +p™) Loy F < (Gpi Ep ) Lﬂ] ,

ati,n=5 = 2{ ; [Gp:tQ ST e I R L (6p:t/ £2 ki 1 Lo
+ %[ 6p* 22 4+ 6p* 2 4 dp® (p e 4 2p™ 0 ) 4 2p" 2 — pH Ly
+ % [ — 6p™ 203 4 ap®rEe® 4 op™pt2 4 pE (62 4 grErE2) — p ] L;l} .

(E.2.4a)
(E.2.4b)

(B.2.4c)

(E.2.4d)

(E.2.4¢)

(E.2.4f)



Thus, the first six temporal boundary conditions atiN reads

o= 7% (E.2.5a)
a; Ny = % [~2L06% + (—p* Loy +15L11)] (F.2.5b)
Gin=p = % { Lo&*? & (—p* Loy +75Lg1) €71 = % (p*'r* — pErt) Lo
E.2.5
ii (2pi2ri i//) LT - ; (2pi +2 i,,) Lﬁ} 7 ( c)
Gin=s = % {_QLOEES £ (—p* Loy +rF L) €2 + [—; (p™'r —p*r*) Lo
i% 20" %" —p™) La T i (2p*rE2 — %) Lﬂ} ¢t
_ i (3pT2rt 2 4 phiptl _ pid piri”) Lo (E.2.5d)
% (=6 p™r® + ™) L F ¢ L (6ptrtrtr — ptm) Lﬂ} ,
Gin—i = % {—QLofj[4 £ (—pF Ly + 75 L) €57 + {_; (p*'rE — prrt’) Lo
ii 2 %" —p™) L F le (2p* 12 — %) L:Fl] ¢*?
" [ - i (3722 4+ ™1 — p™'r® — =) Lo (E.2.5¢)

1
+ g (—Gpipi/ri +pi”') Lii F - < (6p ﬂ: +r j:///) LIl:l fi

(3p:t 2T:i:2 er:i:/r:t/ o p:I://T:I: _ p:i:T:t//) Lo

é (6p:t + :I:/ :i:///) Lq:l},

NH

( 6p:|:p:t/T:|: +pi///) Lil =

Oo\»—~

152



N = % {—2Lofi5 £ (=pFLuy +15Ly) & + [—; (p*'r — pErE) L,
ﬁ:i (2p=2rE —p*) Lo F le (2p=rE2 —r®) Lﬂ] ¢+3
I [ i (3% 22 4 pEpt _ pyE )
+ 1 g (6P 4 p) Ly F ¢ (6pi EpE — pE) Lﬂ} S
{ i 3p 22 | it _piri//) Lo (E.2.5f)
é (=60 p™'r +p*") L F ¢ L (ptrrt — ptm) LJH} ¢t
_ %[Gpi Bk _ gk ekl ki (gktyk 2y
4 T16 [— 6p%3rE2 4 6pE 2% 4 dp* (pE'rE! 1 opt®) 4 2pE 2 pEm L
F 1i6 [ = 6p™2r=3 + 4p®rEr® 4 2prE2 4 p* (602 + 8rErE2) — ] Lg} .
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Appendix F

Appendices of Chapter 5

F.1 Kubo formula deduction

The explicit deduction of the Kubo formula [334, 335] is presented in this appendix.
Let us start from (5.2.12)

t
Ult,to) = T exp (—i V(t’,to)dt’) , (F.1.1)

to

where 7T stands for the time-ordering operator. We can Taylor expand the latter as

t t t1
Ult,tg) = 1 —i/ dt’V(t',t0)+(—z’)2/ dt’/ A"V V(") + ..., (F.1.2)
to to

to

where the ellipsis stands for higher-order terms in the expansion. In the interaction picture, as it

was obtained in (5.2.7), every operator can be decomposed in the following form
O(t,z) = U(t, to)Or(t, ) U (t, o) . (F.1.3)
Thus, the expectation value of an arbitrary operator is

<mm»anwmwmd (F.1.4a)

:ﬂpmwww@m@@mmﬂ, (F.1.4b)

where the cyclic property of the trace was used in the last line. Keeping only first-order terms in
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the forthcoming expansion, (O(t,x)) can be approximated as

(O(t,z)) =~ Tr |:p](t,£L') (1 +z‘/t dt' V(t' to) +. ) O(t, ) x

fo . (F.1.4¢)
X (1 —z'/to dt’V(t’,to)Jr...ﬂ
=Tr |:p](t,x) ((’)(t,x) +z/t: dt' [V(t',t9), O(t,x)] + . .. )} (F.1.4d)
= Tr[pr(t,x)O(t, z)] + i Tr {pl(t,x) /t: dt’ [V(t’,t0)7(9(t,m)]] . (F.1.4e)
Defining

(Ot,2)) |,_, = Trlpr(t.2)O(t, )], (F.1.5)

and according to definition (5.1.2), 6 (O(t, 2)) == (O(t,2)) — (O(t,2)) |,,_,. we arrive to
0{O(t,x)) = z/t: dt’ {[Vi(t',to), Os(t,x)]) . (F.1.6)

Placing the initial state in the far past tg — —oo, and plugging a Heaviside theta function ©(¢t —t’)

to extend the range of integration, defined as

1, t>t
Ot —t)= (F.1.7)
0, t<t,
we arrive to (5.3.3),
(Ot x)) = z’/jo dt’ Ot — ') ([Vi(t), O (t, 2)]) . (F.1.8)
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F.2 Localness of the susceptibility

Here we prove that the susceptibility is local in the frequency space w.

We will perform a Fourier transform (FT) to Eq. (5.3.8),
5 (O(t,x)) = /dt' dr' xop(t —t';z, 2" ) u(t', x') . (F.2.1)

For simplicity, consider a FT to the arbitrary operator O(t)

Ow) = /dte“t(’)(t). (F.2.2)
Hence, (5.3.8) reads
d(O(w)) = /dt dt' de'xop(t —t' sz, o) u(t', " )e™" (F.2.3a)
= /dx’ dt’ dt [eiw(t*t/)x(gB(t—t’;x,x’)} et x) (F.2.3b)
= /dx' xop(w;z, z') plw,z') . (F.2.3¢)

Thus, the susceptibility is local in the frequency w: If the perturbation acts at frequency w, it will

responds at the same frequency.



Appendix G

Appendices of Chapter 6

G.1 wu(l)-current symmetry

In this appendix we show that the action principle (6.0.1)

K . z+1 2
I*py] = g/dtd:ﬁ [ﬁpﬂp/i:Fv (af @i) } , (G.1.1)

(where dots stands for temporal derivatives and primes for spatial derivatives) exhibits (1) sym-

metry,
Spr = dniE, ni = eilheEent) (G.1.2)

where wy = vk*; and determine its corresponding Noether charge.

Under arbitrary infinitesimal transformations, the action transforms as

K 41 41
SI+ = 8—ﬂ/dtdm [6<pi<p;[ + 9109 F2u (812 <pi> 02 5904 ) (G.1.3)
Replacing §pL = 77,;'[, we have
K . , 241 2l
51t = 8—ﬂ/dt dx [n,fgo’i + o F 20 (612 <Pi) 0:? nﬂ (G.1.4a)
_ 5 dtd == o “51 6z+1 + 9 +7/ b
= 3 tdx 20, o+ F2v(-1) P+0, "M 1+ O (Wk @ﬁ:) ) (G.1.4b)

where we integrated by parts and assumed periodic boundary conditions on the fields (thus elimi-

nating spatial boundary terms).
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We can rewrite the above equation as

K 241 K
oIF = i /dtdx 040y [at + 0(71)%05} nff + g/dtdl’@t (cpin,f) . (G.1.4¢)

If n,f satisfies the equations of motion,
[0+ v(=1)F 0] i =0,
then the form of n,f is determined as
n,f = el(katwit) (G.1.5)
Hence, the variation of the action is
oIF = g /dt dz 0y (pani) - (G.1.6)

On the other hand, starting from (G.1.3), if we integrate by parts and cancel the terms that

contribute to the equation of motion, then we have that
+ K !
oI+ = o dt dz 9, (5p+¢Ly) - (G.1.7a)
T

If we again integrate by parts, and substitute the corresponding infinitesimal transformation dp =

nE, we obtain

K
SI* = % /dt dz 0, (gpinki/) (G.1.7b)

Equating the last equation with (G.1.6), we arrive to the following Noether charge

Jelny] = /dﬂﬁﬁkiji, (G.1.8)
where
K
Jr = 1 0P (G.1.9)
7

Additionally, we see that Ji satisfies the continuity equation

0 J+ + 0, =0, (G.1.10)

158



so its conjugate quantity Z1 turns out to be

K
I, = *Eaﬁ@ﬂ:- (G.1.11)

As showed in (7.1.36), at the boundary, the asymptotic degrees of freedom will be captured by the

action principle

Ipg o] =T 4] =T [p-], (G.1.12)

so the negative copy will have a global negative sign. This will affect the symmetries, so in this

case, the Noether charge and its conjugate quantity will be readily

K K
ji = ii&z@i s Ii = :Ffat(pi . (G113)
4 4
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G.2 Jackiw quantization of anisotropic chiral bosons

Following [342, 402] it is possible to read the Dirac bracket of the theory by analizying the theory
in its symplectic form.
Define the generalized set of coordinates z* = (¢*,p;)" with @ = 1,2,...,2N. In this formalism,

the action of every theory is
/dt (la2*—H) , (G.2.1)
with [, = (p;,0). An infinitesimal variation of the action reads
/dt [(Daly — Opla) 2° — O, H 62 (G.2.2)
If we define the 2-form symplectic matrix
Wab = Al — Opla, (G.2.3)
the equations of motion can be written as
2% = WO H . (G.2.4)
These equations can be obtained from the Poisson bracket
{f.9} = 0afw Dby , (G.2.5)

where {za, zb} = w. Now we are going to apply the symplectic formalism to the anisotropic chiral
boson in order to obtain the Dirac bracket.

The Lagrangian density of the anisotropic chiral boson theory is!

K 241 2
+ _ .
L+ = ig {‘Pi@’i F+v <8¢2 @i) } ) (G.2.6)
so0 it is possible to read
K
l+(z) = :Fgax@i(z) ‘ (G.2.7)

I'Note that we put a global + sign in front of the Lagrangian density (G.2.6). We did this since in Chapter 7,
it will be proved that with suitable boundary conditions, AdS3 GR will be reduced to an action principle whose
Lagrangian density will have the form L{p4,¢o_] = Llp4] — Llp-].



Therefore, the symplectic matrix w4 is

K
wi(z,2’) = ;Eaza(x —a'). (G.2.8)
Because its inverse satisfies,
[ dveoste ) z.0') = o~ o). (G.2.9)

we can readily obtain the Dirac bracket of the theory,

Ji(x,2') = {ps(x), pi(a")} = i%@;lé(x —a'). (G.2.10)

Taking a derivative in z’ to both sides, we finally obtain

{p+ (), 0px(2)} = 1%6@: —a'). (G.2.11)

With the symplectic structure obtained, the quantization of (G.2.11) proceeds with the prescription

{,}=il.]:
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G.3 Bosonization

In this appendix we perform the explicit computations regarding the fermionic interpretation of
the operators J4+ and 7.
Define the operators [361]

e () =: e~V Eer@ (z) = eV E e (@)

cly i (G.3.1)

where : O : denotes the normal-ordering of the operator O.
We calculated the bosonic equal-time Dirac bracket in Eq. (G.2.10). Performing the passage to
quantum mechanics, the Dirac bracket transforms to a commutator, and the functions ¢4 can be

interpreted as anisotropic chiral boson operators that satisfies

o (&), 2 (2] = F 2076 — o). (©.3.2)

Recalling that J,sign(x — a’) = 2§(x — 2’), where

-1, z—-2'<0,
sign(z —2') =4¢0, x-2'=0, (G.3.3)

1, z-2'>0,

the previous commutator can be read as

[+ (), p+(2)] = :F%sign(x —2'). (G.34)

G.3.1 Bosonic creation and annihilation commutation algebra

Because anisotropic chiral excitations can be decomposed in positive and negative frequency modes,

we can write its excitations as a superposition of creation and annihilation operators, as following
() = 0+ (2) + 0L (). (G.3.5)

It is important to say that for the chiral sector, 6 (z) correspond to a creation operator and 91(1‘)
to an annihilation one, while for the antichiral sector, §_(z) to a annihilation mode and 67 () to
a creation one. The antichiral sector obeys the usual convention, while the chiral one an inverted

one (see Table G.1)

We aim to compute the algebra of the creation and annihilation modes. In order to do that,



Antichiral sector
0" ()
Annihilation operator ‘ 61(1’) ‘ 0_(x)

Chiral sector

Creation operator 04 (x)

Table G.1: Bosonic creation and annihilation modes of each sector.

consider the next useful representation of the Dirac delta

1 1
r—x —in x —xz—in’

2imé(z —2') = (G.3.6)

where  — 07 is a positive regulator. Now, let us calculate the commutation algebra [0, ¢+ (z), p+ (z)]

by replacing the creations and annihilation operators,

[0z (2), 02 (2")] = [@cﬂi(x),@l(x’)] + [axel(x),oi(x’)] , (G.3.7)

where we assummed that
64(2),02(")] =0, [6L(2),0()] = 0. (G.3.8)
Recalling that the commutator fulfills (G.2.11), and using the Delta representation (G.3.6), we can

obtain from (G.3.7) the following relationship

8x9i(x)79l(x/)}+{8x01(x)70i(x/)}::Fz <x LI ) (G.3.9)

K —x'—in ' —x—in

Equating left and right-handed terms, we arrive to the differential equations

[0.6.4(x),01(a")] = ;% (x_;_“J , (G.3.10a)
[0.64(),0:(a")] = q:% (m_;_m7> . (G.3.10b)

In order to obtain the creation and annihilation algebra, we can integrate the first commutation

relation with respect to x, which leads to
T ! 2 ! .
{9 + (2),0) (x )} = j:? log (' —x —in) 4+ c1,

where ¢; is an integration constant. If we integrate the second one, we arrive to
i / 2 r
[Gi(x)7 04 (z )] =Fx log (x — a2’ —in) + co.

If we flip the commutator and relabel x — 2/, we can recognize ¢; = c3. A consistent value for
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the integration constant is given by c¢; = :I:% log(2im), so the algebra of creation and annihilation

operators reads
2
01 (z),0% ()| = :I:E log [—2im (z — 2" +in)] . (G.3.11)
We obtained then the bosonic algebra of creation and annihilation operators.

G.3.2 Majorana fermions

Here we show that the bosonic anisotropic particles possess a non-abelian statistics that allows to

interpret them as Majorana fermiones

Fermionic creation and annihilation operators

We aim to compute the algebra of operators c4 and cl, given in (G.3.1). We are going to prove
that they can be interpreted as fermionic creation and annihilation operators.

Let us compute the anticommutator {cy (), cx(2’)}. Consider the combination
cx(z)ex (') = e iVEeL@ ; mivFex@) (G.3.12)

In particular, let us focus on the negative copy first.
Recalling the creation and annihilation expansion (G.3.5), we make sense of the normal ordering

as following
c_(x)e_(2) = eV EOL (@) =i/ FO- (@) —iV/FOL (@) -/ FO- () (G.3.13)
Using the Baker-Campbell-HaussdorfT identity e4e? = el*BleBeA, we have

c_(z)e_(a')

eﬂ'\/gei(w) (e—g[e_(z),ei(z/)]64\/%9*_(;1/)64\/%9_(@> eﬂ'\/ga_(x') (G.3.14a)
— e VEL@ (el‘“g[‘zi”(r‘z'“’?)]e*i@f’i(w')e”\@e’(% e~ VE-@) (G.3.14b)

= [-2in (x — 2’ + in)] emiVE L@+ @) =iV 5 (0-(@)+0-(1) , (G.3.14c¢)

where we used, from the first to the second line, the commutation relation (G.3.11). On the other

hand, if we relabel  — 2/, we can write c_(a')c_(z), yielding
c—(x')e_(z) = [2im (z — 2')] e~V E(L@+0L()) =i/ 5 (0-@)+0-(1) (G.3.15)

where the limit 7 — 07 was taken. After adding the last two terms, we directly obtain {c_(x),c_(z")} =
0.
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Let us perform now the analogue procedure for the chiral sector,

ci(x)ey () =: e iVEer@ . iV Eer @) (G.3.16a)
— oV E01(2) =i/ E0L (@) j—in/E 01 (2)) =i/ E O] (2) (G.3.16b)
— e V50 (@) (e—%[91<x),9+<r’>}efi\/%u(m')eﬂ‘ %ew)) e WVELE (3,160
— efi\/%@(z) (6log[—2i‘n’(z—m’+in)]efi\/§0+(z')efi %01(9:)) efi\/gﬁj_(w') (G316d)
K

= [2in (z — 2')] e~V E (0+@+0+ @) =iV 5 (0} (@) +0L (@) | (G.3.16¢)

Again, ci(z')cq(x) can be calculated from the latter if z — 2'. So {cy(x),ci(2')} = 0, and

therefore the result holds for the two copies. A direct consequence is that {cl(x),cl(ac’)} =0

fulfills.
We only need to compute the anticommutator of cx(z) and ¢k (/). Let us start with the

negative copy. The combination c_(z)cl (z') is

c_(z)c! (a) = eV EE-@) iV Ee- (), (G.3.17a)
— iV E0 (@) i/ FO(2) i/ T (&) i/ FO- () (G.3.17b)
e~ iVE0L (@) (e%[0-(zwi(z/)]ei\/%ei(m')e—i\/go_m) iV E0-(a") (G.3.17¢)
— V50 (@) (e—1og[—2m(z—z’+m)]ei\/§ei(m')eﬂ'\/ge,(z)) eV E0- (') (G.3.17d)
o~V E (0L (@)-0" (@) p—in/ 5 (6- (2) 04 ("))

= 3.1
—2im (x — 2’ + in) ’ (G:3.17¢)
while ¢! (2/)c_ (2) reads
 (@)e_ () = Vo) 1 e iVEe-@ (G.3.18a)

_ ei\/gei(z’)ei\/ge,(z’)efi\/gei(x)eﬂ'\/ga,(x) (G.3.18b)
= VELE) ( Elo-Gn @] ‘/gei(””)e“/ge‘(z/)) eIV E0-(=) (G.3.18¢)
= VELE (el irte ] O T ) i F ) (G3.150)

e~V E (0L (@)-0" (@) p—in/F (6- (2)-0-(a"))
= e . (G.3.18¢)

Taking the limit  — 07, and adding the latter two results, we readily obtain that {c, (2), al (a )} =
0.
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Now let us compute {c+ (x), cﬂ_ (x’)} for the chiral sector. The combination c (x)c:_ (') is

iV Eer @) . i/ Eor @) | (G.3.19a)
e,i\/§9+(z)e_i\/geum)ei\/?eum')ei\/?ei(w’) (G.3.19b)
= o VER® (E L0 @]V T i Fo ) VL) (G.3.19¢)
_ o iV/E @) (67 1og[72m(m7x/+m)]6i\/§e+<x’>67i\/§91<w>) VELE  (@.3.194)
o~ iVE (04 @)-01 (")) —iy/E (0] ()-01(2"))

o
+
~—~

8
S~—"

o)
+ =
&

Il

_ . G.3.19
—2im (x — 2’ + in) ( )
On the other hand, cj_ (')eq (z) is
ch(@)ey () = eV Eer@) e*i\/g“”(gﬂ) : (G.3.20a)

_ oiVEOL () i EOL(2) i/ Eb (2) i/ K6 () (G.3.20Db)
_ iVEo @) (e%[ T(a").04 T>] i/ K04 (2) i/ 500 )e,i\/gﬂ(m) (G.3.20¢)
= VEN ) (2o =) = F0s 0V FL60) L) (G.3.200)

e—i\/g(agx)—egx'))e—i\/g(ai(w)—aj(w’))
- : : . (G.3.20e)
—2im (' — x + in)

Again, taking the limit  — 0, we readily obtain that {c+(x),cl(x’)} = 0, proving this result
for the chiral/antichiral sector. Therefore, we proved that the following anticommutation algebra

fulfills

{ea (@), cx(z')) = {c;(x),cjt(x')} - {ci(z),cjt(x')} -0, a4z (G.3.21)

Operator c¢_(x) stands for the fermionic annihilation operator, ¢y (x) to the creation one, and for
the chiral sector, c4(z) stands for the fermionic creation operator and ci (z) to the annihilation

one (see Table G.2).

Chiral sector | Antichiral sector
Creation operator cy(x) c (z)
Annihilation operator cl () c—(x)

Table G.2: Fermionic creation and annihilation operators of each sector.

Majorana fermions

Majorana fermions are particles that are their own antiparticle [403], and appear in different con-

texts, such as neutrino physics [404, 405], Quantum Hall Effect [384], and superconductors [406].
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If we define

wi(tv x) + iwj (tv ‘r) T _ wi(tv :L’) — iwj(tv x)

ca(t,x) = 7 , ci(tx) = 7 , (G.3.22)
where 1/)14jE (t,z) denotes a collection of i = 1,...,n fermionic particles, we have
WE(t7) = ci(t,x)\%cl(t,x) , 1/)?:(75,35) _ ci(t,a:)ﬁicl(t,x) (G3.23)
From (G.3.21), we readily obtain that 1/)?: is a fermion, because satisfies
{0F (@), 05 @)} =0 z#a. (G.3.24)

n

Furthermore, from definition (G.3.23), it is possible to prove that g/}fj = (@ij) . This condition

allows us to interpret %ij as Majorana fermions.

We can write the number operators n_(z) = ¢ (z)c_ (), ni(z) = ¢y (m)cl (2) in terms of these

Majorana fermions as following

n_(z) = c (¥)c_(z) = 1+ it ()95 (z), (G.3.25a)

ny(z) = ey (@)cl (2) = 1 — iy (2)9] (@) . (G.3.25D)

The fermionic number (charge density) operator of the two sectors are ni(z) o :szli(x)wji(x)

This operator is the one that is going to provide the fermionic interpretation of 7.

Fermionic charge operator

Here we aim to compute the fermionic number operator in terms of anisotropic chiral fields ¢4 ().

For the antichiral sector, let us calculate : ¢! (z)c_(2') :, just like we did in Section G.3.2,

K

el ()e_(2) s = eV e e iVEe-@ (G.3.26a)
— oVEL @) iV EO- (@) =i/ FOL (@) i/ T O (") (G.3.26b)
— VE (@) (eg[ef<x>,ei<x')]e—i\/§ei<z'>ei\/§0-(z)) e—iVE0- @) (G.3.26¢)
_ ei\/gef_(x) (e—1og[—2iw(z—z/+m)]64\/§ei(w')ei\/go_(z)) efi\/go_(m’) (G.3.26d)

eV E (0L @)=07 () i/ 5 (6- (@) -0 (")) o
_ , 3.26
—2im(x — ' +in) ( )

If we define Az = z — 2/, the Taylor expansions of AG_(z) = 0_(z) — 6_(z') and Ab' (z) =
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0' (z) — 07 (2') are

A (x)=0_(x) —0_(z') ~ Azd,0_(x) — % (Az)* 9%0_(z),

1

AOT (2) =07 (2) — 07 (2) ~ AzD0" (z) — 3 (Az)? 926" (z),

respectively. Therefore, the Taylor expansion of the number operator is
1
el (2)e_(2) 1 & {

N oin o — ' T in) 1+ z\/fAHT_(x) - % (AHT_(x)Y] X

1+ i\/fA&Jx) — % (AG_(x))Q] } .

(G.3.27)

X

At second order, the latter expansion is

el (2)e_(2)) : = M{l + i\/gAxam <9T_ (x) + 0_(z)>
(Ac)” i\/f@i (ei(a:) +o_ (x)) (G.3.28)
K

2
+5 ((aggeT (x)>2 4 (0,0 (2))® + 20,07 ()00 (x)) ] } .

We can recognize the bosonic field ¢_(x) according to (G.3.5), and taking the limit n — 0%, we

can write
cl (z)e_(2)): = QWZA:C{ +i\/§ﬁxaﬂ0($)
et [ (G.3.29a)
— ; i 58§<p,(x) + 5 ((930307(96))2 1}
) 1 K
RV el (G.3.29D)
Al Ko @)~ (0ot ] .

The first term correspond to the vacuum term. If we take the limit Ax — 0, we find that the

number operator is

el (2)e_(z) = —;T\/fﬁxgo_(z). (G.3.30)
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This is operator J_(x), defined in (7.1.30). Hence we can establish the following relationship
K
JI_(z) = ,/5 el (2)e_(z) ;. (G.3.31)
An analogue procedure can be performed for the chiral sector, yielding

Ti(z) = sep (@)l (2) 0 (G.3.32)

o[ =

Therefore, we can say that the u(1l) Noether charge Ji is the electric charge density of the

anisotropic chiral boson theory.
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Appendix H

Appendices of Chapter 7

In this appendix we explicitly show the calculations mentioned in Chapter 7.

H.1 u(1) creation and annihilation algebra

Consider the Fourier-expanded chiral field

* dk i(kxtwit)

(pi(di,t) = — € k bik’7 (Hll)
o k '

where by j, correspond to the k-th wavenumber annihilation operator and bl . the k-th wavenum-

ber creation operator. We want to invert relation (H.1.1) and expand the annihilation operator

in Fourier modes to compute the commutator of by (k) with by(k’). For this, we multiply by

—i(k'ztw,t)

€ )

-y > dk . / .
o (t, x)efz(k rhwyst) / ?ez(kfk )xeztz(wk,fwk/)tbi (Wk, k) ) (H12)

— 00

Integrating on x, we obtain

0o L, o Jk oo ) . )
/ dz Qﬁi(t,x)e*l(k vrwpt) — / - (/ dx 'k )"”) eil(“”“f“”“")tbi(wmk)

> dk -
= / + (2mo(k — ') eFiws =ty (wp k). (H.1.3)
Thus,
N -
by (wg, k) = %/ dx o (t, x)e” (katwit) (H.1.4)
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Then the commutator of operators by (k) is

kK

b+ (k), b (K')] = @2

/ dz da’ [p+ (), o (2o~ Rrth el Filrtwrt (H.1.5)
—0o0

Y] ’ . it
Observe that k'e™* ** = i9,,e~**'*" hence

ok oo . ot
b (0 b ()] = g [ dode’ [pa(a) oo™ 020,040 - (aa.0)
™ — 00
We can integrate by parts, suppose the fields vanishes sufficiently fast in the boundaries and using

the algebra of chiral fields,

dim

(), Qurips ()] = £ 5= 0(x — '), (H.1.7)
we obtain
(b (k). b (K) (2), Opip (oo~ hetentlemt W ewt) - (H.1 8a)
’ dim —i(kxtwyt)
dxd i—é(w—x) e R
(H.1.8b)
% e—i(k’a;’iwk/t).

k > —i(k+k )z  Fi(wp+wys )t

= i§ dz e e k (H.1.8¢)
2

= i?kd(k‘ + k), (H.1.8d)

in agreement with (7.2.8).
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H.2 Susceptibility expression

We aim to obtain Eq. (7.2.11) for the susceptibility. As we have seen in Section 7.2, recall that

o0
Xf s(wiz,al) = —i / dtO(t)e™* ([Is(x,t), Tx(a’,0)]) (H.2.1a)
1K e w * ik(x—a’ 1w
:_8?/_00 dt ©(t)e t/_oodkwke Floa) giont (H.2.1b)
1K > ik(z—z' > i(wtw
=1 dk wie™( >[m dt ©(t)e!wrwn)t, (H.2.1c¢)

As said in Eq. (7.2.9), we consider the Fourier transform of the theta Heaviside function

dt O(t i(wtwg)t _ i
/ (t)e w + wy, + i€’

— 00

where € is a regulator that appears as a consequence of the susceptibility causality, i.e., the suscep-

tibility vanishes for ¢ < 0. Therefore,

XE (w;z, ) = K dk — 2k gik(a=a’) (H.2.20d)
LI 812 J_o wEwg+ie
_ K [T et w9 F Wi e (H.2.20¢)
8712 J_ w =+ wy, + i€
=B [T g ELEatioF WO e (H.2.20f)
72 J_ w =+ wy + i€
K o0 w + 1’6 ik(z—x'
= — dk (+1F ——— | ¢tkl@=2) H.2.2
82 J_ o ( Tox wk + ie) ¢ ( Og)
K * dk  w+ie . /
= (+5(x -2 — 2T ik(a—al) H.2.20h
471'( (@ x):F/,OOQWwiwk—I—iee ( 0b)
K
= [£0(z — 2') F (w +ie) FF (z — 2'sw)] | (H.2.20i)
7r
where the function F*(z — 2';w) is defined as
1k eik(m—m’)
Frz —a'sw) = — H.2.21
(@ —2%w) /_0027rwj:wk+ie ( )

Thus, we arrived to Eq. (7.2.11).



H.3 Complex integral

We start from Eq. (7.2.12),

0 gk gik(z—z")
FE(x —a'; :/ _— H.3.1
(@ —a5w) oo 2T w Wy + 1€ ( )
Using standard complex calculus, we aim to solve this integral and arrive to Eq. (7.2.14).
Define y =  — 2’. The function F'* now reads as
* dk ek
FE(y;w) = e
(v ) /_OO W w =+ wp, + ic
Extending the integral to the complex plane, we see it has a simple pole kff, withp=0,1,2,..., 25—

1 when weE = F (w + i€). In order to fix ideas, let us work with the dispersion relation of anisotropic
+
chiral bosobserve that for this case, the simple pole k;t satisfies the equation w +wv (ki)z +1e =0,

which yields

L\ 1/2F
k;)t — :F62p7r/zi (w + ,L-E)l/zi = :!:62;)71'/ziw1/zi <1 + 7'6) ~ :le/ziei(Zpﬂ-&-e)/zi.
w

Hence, every pole will have w!/ = complex module and § = (2p7 + €)/2T angle. As an example,

consider case z* = 1. Then we have an unique pole given by expression
kT = Fwe' = Fw (cos e + isine) ~ Fw (1 + de) .
On the other hand, for z* = 3, we will have the following poles

e ~ 1+ ie,

p=0
k;: — TWl/3eiPmHea)/3 — £ )1/3 ) Lir+e)/3 o 14 %7 p=1,
ei(dm+e) _% o i\2/§, p=2

The two aforementioned cases can be seen pictorically in figure (H.1).
Now that we settled the idea, we may solve F%. In general, it may be extended to the complex

plane by considering the following contour integral

dz ey dz et*y > dk e'hy
ygcz 2rw w, + i€ jéz 2rww, + i€ /,Oo2wwiwk+ze’

where C> is a general contour that considers the arc I'> and the real line. For y > 0, we will close



Im{k*} Im{%™"}

T - : Re{ki}
| —1¢€ — i€
[ ]

ko kg

Figure H.1: Left picture: Poles for case z* = 1. Right picture: Poles for case 2+ = 3. For the +
sector, the pole kgt is always shifted to the lower and upper complex plane, respectively.

the contour from above and in anticlockwise manner, yielding
dz e dz e * dk  etky
§£C> 2rw tw, + i€ ég 2nwtw, + i€ /,OOZWwiwk—&—ze

By Jordan’s lemma, the I's contour integral goes to zero. Thus, the complex integral is the real

one and it can be solved by using the residue theorem

dz e'?y < dk ethy . etk )
yg> mwtw, +ie /_Oo 2wt wy +ie i0(y) Res [w + wy, +ie’wk =+wtiq| (H3.2a)
ik:iy
e p
=iO(y) > o (H.3.2b)
kEetms  kp

On the other hand, for y < 0, we will close the contour from below and in clockwise manner, and

by Jordan’s lemma, we obtain

00 dk 6iky o R 6iky ) 133

/,ooﬂiwj:wk—&—ie__l (—y) eb[wﬂ:wk—i—ie’wk__(w_'—%) (H.3.3a)

. eikiy

k§6hn< kp

Therefore, F*(y;w) is
" ) eikg:y ) eikzjfy
Fry;w) =+i0(y) Y —— FiO(-y) Y ——. (H.3.4)
W+ W+
k,jfEIm> kb k,j,:EIm< kp
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Thus, if we take the limit € — 0, (w + ie) F* (y; w) reads

. ($wk$) eikp Yy ($wk§) ezkp Yy
WFE(y;w) = +i0(y) Y > FiO(-y) Y. - (H.3.5a)
kfelms kit kXelmo ki
ikEy ikTy
wk,ie’ p . wkie P
=-iO(y) >, ——+iO(-y) » (H.3.5b)
+ Wyt + W+
kp €Im~ P kp €Im< P

The latter result is general, since we did not replace the dispersion relation of the anisotropic chiral
boson on any calculation. On the other hand, If we now specialize to the anisotropic chiral boson

case, we obtain

kEeikny kEeikn v
kpielm> kpiEIm<
eik;jfy eik:z:y

=-0(y)d, > — +0(-1)9, > = (H.3.25d)

k,jfEIm> k:,jfEIm<
= —0(y)9,AL(y;w) + O(—y) 9, AZ(y; w) (H.3.25¢)

where Ag is defined as
n eik;y
A(yw) = > — (H.3.26)
k%éhn%

Hence, we arrived to Eq. (7.2.14).
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H.4 Linear response

In this Appendix we show the explicit calculations in order to arrive to Eq. (7.2.18).

We start from Eq. (7.2.17)

5<fi(w,:c)> = qtg [w dy [ViO(zr — x4+ y) + VrO(x —y — xg)] ¥

x [=8(y) — O(y)d,AZ (y;w) + O(—)d, A% (y;w)]

K
=F— ([ + 1 + I
jF47T(0+ 1+ 1),
where I is

- / "y (VO — x4 4) + Va®(z — y — 2x)] 6(v)

— 00

=—[ViO(ap —x) + VgO(z — zR)] .
On the other hand, I; is

I =— /_OC dy [V.O(xr —z+y) + VRO(z —y — 2r)] O(y)0, AL (y;w)
_ /_Oo dy 9, (VO (a1 — & + ) + VaO(x — y — 21)] O(y)} AL (y: )

- / "y {(Vid(ar — 2+ y) + Vad(e —y — 2r)] OW)

—0o0

VeO(zr — 2 +y) + VeO(z —y — )] 8(y)} AL (y;w)
=ViO(z — z1)AL(z — 2p;w) — VRO(z — 2r)AL (2 — 25;w)
+ [V£O(zr, — 2) + VgO(z — xg)| AZ(0;w) .

Finally, I5 is

L= / "y [ViO(er —x ) + VaO(r — y — 2r)] O(~4)0, A% (3 )

— 00

= _/_‘X’ dy 0y {[VLO(z —z+y) + VrO(z _y_xR)]G(—y)}Ai[(y;w)
= —/_oo dy {[Ved(xr —z+y) — Ved(z —y — 2r)] O(—y)

—[Vi®(zr —x+y) + VaO(z — y — 2r)] 6(—y)} AZ(y;w)
=-V.O(xr — x)Af(x —zp;w) 4+ VrO(zg — x)Af(x —ZR;w)

+ [VeO(zL — x) + VaO(z — zp)] AL (0;w).

(H.4.1a)

(H.4.1b)

(H.4.2a)

(H.4.2b)

(H.4.3a)

(H.4.3b)

(H.4.3¢)

(H.4.3d)

(H.4.4a)

(H.4.4b)

(H.4.4¢)

(H.4.4d)



Therefore, (H.4.1b) is

J <ji(UJ,$)> = :Fg {=[VLO(zr — x) + VgO(z — zR)]
+ Vi [0(z —20)AZ(z — 215w) — Oz, — 2)AT (2 — 213 w)] (H.45)
— Vi [0(z —2p)AZ(z —2p;w) — O(zr — 2)AZ(z — 2R w)]

+[ViO(zr — 2) + VrO(z — 2g)] (AL (0;w) + AZ(0;w)) },

in agreement with (7.2.18).
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H.5 Bulk two-terminal conductance

Here we show how the holographic result exposed in (7.2.22) can be obtained from the bulk per-
spective.

Consider the anisotropic chiral boson equation given in (7.3.10),

+1

{at +o(—1)7

a;*] Te=+5o0., (H.5.1)
47

with odd z*. As said in Eq. (7.3.11), the formal solution to this differential equation comes in

terms of the retarded Green function Gﬁ,
in K ! ! ~t ! ’
Jr(t,x) =T + = dt'da' Gg(x — 2", t =) 0pr (H.5.2)

where J1" is the homogenous solution (i.e., the solution without the chemical potential source) and
G% fulfills the Green equation

zi+1 Zi

8t+v(—1) 2 8

x

} GE(t—t,x—a') =06t —t)5(z—2'). (H.5.3)

In order to find Gﬁ, it is convenient to consider the next Fourier expansion

dk dw (0o e
Gr(t—t',z—a) :/ (%)“2’64’“@—1 )= (=] Gk (w0, k) (H.5.4)

Replacing in (H.5.3), and using the integral representation of Dirac deltas, we arrive to the following

equation in Fourier space

/dk dw [—iwj:v(—l) 41 izikzi] éﬁ(w7k)ei[k(zfz')fw(tft')] _ / dk dwei[k(mfx’)—w(tft’)].

(2m)? (2m)?
(H.5.5)
Hence C;’ﬁ (w, k) is the inverse of the differential operator as following
- 1 1 i
GE(k,w) = = = . H.5.6
r{k) —iw 4+ v(—1) kgt —iw F okt wtwy ( )

As discussed in Appendix H.3, the retarded prescription will be guaranteed by means of the regu-

lator € — in form,

GE (k,w) = ! (H.5.7)

wE wg +ie’



Replacing the latter in (H.5.4), and then in (H.5.2), we obtain

(JJ ! t . II.zi.

This expression is not new, since it is possible to recognize the function (7.2.12),

0 Jk eik(mfz’)
FEr(e—2o = _— H.5.
(@ —o'w) /mmiwkﬂe, (1.5.9)

allowing us to rewrite Eq. (H.5.8) as

Tx(t,x) = T3 ZK dt' dx /dkFi z—a' w)e o, ut ), (H.5.10)

in agreement with (7.3.14). This expression will be useful in memory effect calculations.
With the charge density J. obtained, let us proceed to compute the current intensity Z, being
the latter related with the former by means of equation (7.3.8).

. z:t 1
Ii(tz) =T +o(-1) 7 (H.5.11)

Replacing (H.5.8) in the previous equation, we arrive to the following expression (in frequency

space)

Li(w,w) = Ii—i_iv( 27rwj:wk+ze

ik(z—z')
/d < dk _c )(‘%/M(Jc,x’;w). (H.5.12)

Integrating by parts the chemical potential, we obtain

ik(z—z)
Ii(z,w) =Ty — —v( 8Z _1/d ( /dk c )u(m,x’;w) (H.5.13a)

21w £ wy + i€

=7~ 71}(_1) = 85‘1 /dx’ 0w FE(x — o', w)p(z, 25 w) . (H.5.13b)
If y = x — 2/, then we can rewrite the above expression as

Iy (z,w) = Im——v Fi (y,w)p(z, 2 — y;w) . (H.5.13c)

Explicitly

£+
. . 2z z iky
iK ) < / dydk *" k¥ e 1z, x — ;). (H.5.13d)

T 7in - 1
+(7,w) = el 2wty + ic
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. et ) ELs) .
Noting that i*~ = —i(—1)72 , we can write

. K [dydk wpev
T =7+ — —; H.5.13
i(x,w) + T 47 2r wEwg + Z,Eu(x,x yiw), ( e)

or
. K [(dydk (wp+ (w+ie) F(w+ie)\
(A =I0+ — Y —y; H.5.13f
s(da) =7 4 3 [ B (SEEEER T e i) msas)
K [dydk wiie \
="'+ — | — |+l F ———— ) " —; H.5.1
i—'_471' 27 ( w:l:wk+ie)e pl,x = y;w) ( 38)
in K K . +
=77 :|:8—2u(x,x;w):|:4—(w+ze) dy F* (y,w)p(z,x — y;w) , (H.5.13h)
T T

which is reminiscent of Eq. (7.2.11). If we choose p according to (7.2.16),

(' w) =VO(xp — ') + VgO(2' — zr), (H.5.14)

(see Fig. 7.1) then the vacuum term proportional to p(z,x;w) vanishes and we recover the same

boundary result at the DC limit, but now from the bulk perspective.
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H.6 Chiral bosons two-terminal conductance

In this appendix, we show the details in the obtention of Eq. (7.3.28). In particular, we use results
from Appendix B.
Starting from Eq. (H.5.8),

in Y b zkAxefiwAta .,
ji(t71')—ji / t Xr / (,Um x/l[,l,(t,l'),

and introducing the chemical potential given in (7.2.16), the latter equation reads as

i[k(z—a')—w(t—t")]
J+(t,x) = /dtd /dkdw , X
w Wy + 1€ (H.6.1a)

x 6(t ) [~VLo(a' —zL) + VRS(2' — zR)]

(z— :E)efzwt
da’ /dkdw w L oy T ic [ VL(s(;L'/—l'L)-i-VR(S(l'/—l’R)] (H61b)

Using the following Fourier integral

efiwAt it
do—"——— = —2im(t) " H.6.2
/ ww:&:wk—&-ie imO(t)e ’ (H6.2)
then J4 reads
Ju(t,x) = g / da’ / dk e* =) FRt [V 50! — 1) — Vrd(a! —zg)]  (H.6.3a)
. K . .
_ j:Ln s S?G(t)/dk (VLezk(w—xL) VRG (z— zR)) eizwkt ) (H63b)

According to the integral definition (B.0.1) of Appendix B, we can recognize the function

oo
fult,x— ') = / dk eilb@—a)xwnt] (H.6.4)

—00

which, by virtue of Eq. (B.0.2) admits a relationship with the higher-order Airy function of the
first kind, Ai,, as

2

fz(t,l' — Jf/) = W

Ai, {im] . (H.6.5)



Thus, we can write

; K
Je(t,x) =T F @@(t) [VLff(t, r—ap)— Vaf(t,z— zg)] (H.6.6a)
in K . r— L . T — TR
(H.6.6b)

in agreement with (7.3.28).
Now, for ¢ > 0, and by considering Eqgs. (7.3.30)

K K
jim = :I:Eaxwim ) Iiut = :Fﬂat@?tut ’ (H'6'7)

and also (B.3.1),

0

%wz(x) = Ai,(z),

we can write (H.6.6b) as a sum of total partial derivatives

K out _ 4 K m K 4 T — Ty T — TR
0eptt = 000y — 1 0s {VL% (i(mit)l/zi> — VRip,+ <:|:(vzit)1/zi):| (H.6.82)

. out _ in + r—xL + T — TR

in concordance with (7.3.33). Therefore,

Now, the two-terminal conductance o is postulated in Eq. (7.3.34) as

_ L=
VN

g

dt (5(T) + 6 (1)), (H.6.10a)

thus, with the operator Z1 defined in (H.6.7), we obtain

= —% /_OO dt 0y (04 — dp—) (H.6.10c)
= s (o (1 = 00) — Gt = 00)] ~ By (1 = o) — dp_(t = —o0)]} . (H.6.10d)
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Because chiral bosons vanishes in ¢ — —oo, only the first two term survives, allowing us to write

K
YN [0p4(t =00) —dp_(t = 00)] , (H.6.10e)
with,
— cora) = £V lim g (£ T m gt (£ TTR
530:|: (t = 00, 1’) - :FVL tli)rgo wz <:|: (’UZit)l/zi > + VR tli)ngo wz (i (UZit)l/zi > (HG]‘la)
= FVLY2(0) £ Vv (0) (FL.6.11b)
%3 Vg AV

_ + — = H.6.11

o T e T Ty (H6.11c)

in agreement with (7.3.35).
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